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Decades of antibiotic use and misuse have generated selective pressure toward the rise of antibiotic-
resistant bacteria, which now contaminate our environment and pose a major threat to humanity.
According to the evolutionary “Red queen theory”, developing new antimicrobial technologies is both
urgent and mandatory. While new antibiotics and antibacterial technologies have been developed, most
fail to penetrate the biofilm that protects bacteria against external antimicrobial attacks. Hence, new anti-
microbial formulations should combine toxicity for bacteria, biofilm permeation ability, biofilm deterio-
ration capability, and tolerability by the organism without renouncing compatibility with a sustainable,
low-cost, and scalable production route as well as an acceptable ecological impact after the ineluctable
release of the antibacterial compound in the environment. Here, we report on the use of silver nano-
particles (NPs) doped with magnetic elements (Co and Fe) that allow standard silver antibacterial agents
to perforate bacterial biofilms through magnetophoretic migration upon the application of an external
magnetic field. The method has been proved to be effective in opening micrometric channels and redu-
cing the thicknesses of models of biofilms containing bacteria such as Enterococcus faecalis,
Enterobacter cloacae, and Bacillus subtilis. Besides, the NPs increase the membrane lipid peroxidation
biomarkers through the formation of reactive oxygen species in E. faecalis, E. cloacae, B. subtilis, and
Pseudomonas putida colonies. The NPs are produced using a one-step, scalable, and environmentally
low-cost procedure based on laser ablation in a liquid, allowing easy transfer to real-world applications.
The antibacterial effectiveness of these magnetic silver NPs may be further optimized by engineering the
external magnetic fields and surface conjugation with specific functionalities for biofilm disruption or bac-
tericidal effectiveness.

existence.”” However, in a highly competitive ecosystem, like
that of an industrialized society where antibiotics and anti-

Like any other living organism, bacteria are continuously microbial agents have been used and abused for over a
adapting to their environment to ensure their continued century, bacteria have developed several new abilities that

enable their survival and proliferation." A key feature among
these is the ability to adhere to different surfaces and segregate
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tects bacteria from external threats, such as drugs, and
enables them to proliferate in the form of biofilms.® These

“Institute of Microbiology of the Czech Academy of Sciences, Videriskd 1083, Prague bacterial biofilms have been shown to coat equipment used
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for the delivery and management of water;” medical instru-
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tions;® and the insides of plants and animals, including
humans, provoking persistent infections.” As such, bacterial
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The evolutive “Red Queen” theory® clearly states that
humanity has only one means of fighting this threat in order
to survive, ie., the development of new and more powerful
antimicrobial technologies. Over the last century, several
different technologies have been developed, depending on the
nature of the bacteria, including mechanical or chemical
removal of biofilms from accessible locations or antibiotic
treatments for those lodged inside living organisms. However,
to date, the evolutionary mechanisms of biofilm formation
have guaranteed bacterial survival under both eradication
treatments. On the one hand, during mechanical removal, any
remaining ‘debris’ located in difficult-to-access sites may serve
as a nutrient reservoir and/or seed for scaffold formation, facil-
itating bacterial regrowth.> On the other hand, when using
antibiotic chemical therapies, the biofilm acts as a shield,
ensuring that only those bacteria at the biofilm’s surface suffer
damage while those inside remain unaffected.’ This induced
bacteria to develop resistance against current antibiotics,
leading to the frightening prediction that bacteria-related dis-
eases could well become one of the principal causes of death
in the near future." Thus, even when potent broad-spectrum
drugs against pathogenic bacteria are developed, their
efficiency relies on the drug’s ability to overcome the protective
biofilm barrier, which indirectly determines how long it will
take to develop a new generation of resistant microorganisms.>
The environmental impact of antibacterial technologies is wor-
sened by bacterial resistance, which implies higher doses and
dispersion of antibiotic substances in the environment, as well
as the resorting to synthetic procedures with a lower level of
sustainability and cost.'>'*

One of the newest and most promising approaches for tack-
ling the challenge of the growth suppression of infectious bac-
teria relies on the development of magnetic nanoparticles
(NPs) carrying bactericidal elements."” Magnetic NPs respond
to external magnetic fields, allowing mechanical damage to
the biofilm through particle penetration, mechanical disrup-
tion, and the creation of highways for the permeation of anti-
bacterial drugs.’® Other potential benefits of this process are
that magnetic field generation is inexpensive, it can penetrate
a wide variety of materials over relatively long distances, it is
insensitive to the surface morphology (e.g., tight or deep
locations), and it is not harmful to humans or destructive to
objects.™

The most frequently used ferromagnetic elements for the
generation of magnetically motile motors are cobalt (Co)*>*®
and iron (Fe)."”'® In addition to their magnetic responsive-
ness, these elements are intensively employed in bacterial
treatment due to their capacity to generate reactive oxygen
species (ROS) through Fenton reactions with H,0,, which is
produced by different microorganism metabolic processes.'*°
This has resulted in their use to degrade EPS matrices and era-
dicate biofilms with the help of either H,0, *! or antimicrobial
drugs such as gentamicin."® However, alternative approaches
have also been explored recently, including doping the surface
of magnetic NPs with more potent antibacterial agents such as
antibiotics®® or silver (Ag) NPs,"” the latter being considered
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the most prominent antibacterial nanoelement.'*** Unlike
standard antibiotic compounds, which generally bind to bac-
terium-specific receptors, the Ag NP antibacterial mechanism
relies on its ability to produce ROS and subsequently penetrate
the bacterial membrane. This dramatically reduces the bacter-
ia’s chances of developing resistance and greatly increases
their bactericidal action spectrum.>® However, this scenario is
only possible when the Ag NPs, or their released Ag" ions, can
penetrate through the protective biofilm layer.'*** To this end,
research efforts have been directed toward developing dual-
function magnetic-antibacterial Ag NPs and their successful
deployment as recyclable disinfection agents. Magnetic Ag NPs
(MSNPs) have the ability to arrest the growth of antibiotic-
resistant bacteria, thus preventing biofilm formation,?® or can
be employed as dual-functional platforms for detecting and
inhibiting bacteria.”” Moreover, the synergy between Ag and
magnetic elements such as Fe may enhance its antimicrobial
behavior,”® leading to more powerful antimicrobial action
against multi-drug resistant pathogens.>®

Most MSNPs are obtained as heterostructures or core-shells
through sequential synthetic steps, which are energy-consum-
ing and have a heavy environmental footprint due to chemical
by-product generation. This is an issue, considering that Ag
NPs are produced on the tons scale annually.>***' On the other
hand, the ecological impact of Ag NPs has been the object of
serious concern in recent years. Bacteria showed the ability to
develop resistance against Ag NPs after prolonged exposure, in
analogy to what happened after decades of misuse of mole-
cular antibiotics.>**>?? Besides, the release of Ag NPs in the
environment, which is ineluctable due to their widespread
exploitation in various products, may also compromise the
diversity and abundance of microbes in natural ecosystems,
including those involved in the nitrogen cycle and decompo-
sition of organic matter.*’ These studies point to a more
careful use of Ag NPs and a careful evaluation of the risk/
benefits ratio, including after NP disposal,’®*" which are
soothed by the availability of more effective antimicrobial for-
mulations exploitable at lower doses.

Here, we report on the production of Ag NPs doped with
the magnetic elements Co and Fe and describe their exploita-
tion for growth suppression of potentially pathogenic and non-
pathogenic bacteria through biofilm deterioration. In doing
so, we describe how readily the MSNPs respond to an external
magnetic field, which would enhance mechanical interactions
with bacterial biofilms, facilitating the antibacterial activity of
Ag NPs added to the system by increasing the rate of oxidative
stress. The MSNPs are produced in a single step using Laser
Ablation in Liquid (LAL),** a low-cost and environmentally
friendly method with a self-standing automatic setup.** This is
one of the leading techniques for the preparation of multi-
element metal NPs,**” especially when element immiscibility
prevents the use of standard synthetic routes such as the wet-
chemistry approach, which runs under thermodynamic equili-
brium. A key feature of LAL is that the NPs are obtained free of
stabilizing agents or organic contaminants,®® meaning that
they can be tested pure or after surface conjugation with

This journal is © The Royal Society of Chemistry 2022
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specific ligands,*® such as suitably designed antibacterial or
biofilm penetrating agents.

Materials and methods
Synthesis

Ag, AgCo, and AgFe NPs were produced using a slight modifi-
cation of the LAL protocol described in previous studies.*>*%3°
In brief, pulses of an Nd-YAG laser (1064 nm, 6 ns, 50 Hz) were
focused with an f 100 mm lens onto a metal target (99.99%
pure Ag from Sigma-Aldrich, 99.9% pure Ag:Co 1:1 and
Ag:Fe 1:1 foils from Mateck GmbH) immersed in ethanol
(HPLC grade, Sigma-Aldrich) with 0.2% vol/vol of distilled
water. All targets were stored in a moisture-free environment
using a vacuum sealer and rinsed only with ethanol to ensure
the target surface remained unmodified over time. Target pol-
ishing before synthesis was avoided because of the progressive
changes in reflectivity and surface properties during the LAL
procedure, with possible changes in NP structure and compo-
sition during each laser synthesis.>**° Laser fluence was set to
20 ] cm~> and the ablated target area was set to 7 mm X 2 mm
in 300 s by mounting the ablation cell on a motorized XY scan-
ning stage (Standa) managed with a 2-axis stepper and a DC
motorized controller. Following LAL, the colloidal solution was
diluted in a 1:1 ratio with an aqueous solution containing
ethylenediaminetetraacetic acid disodium salt dihydrate (diso-
dium EDTA, Sigma-Aldrich, 3 mg mL™") and kept at 30 °C for
1 h, after which the nanoparticles were washed three times
with distilled water by centrifugation at 3000 rcf and redis-
persed in distilled water.

Characterization

Dynamic light scattering (DLS) and z-potential measurements
were performed with a Zetasizer Nano ZS90 (Malvern
Instruments Ltd) with a laser wavelength centered at
632.8 nm, and the detector placed at a scattering angle of
173°. The UV-visible spectra were recorded with a JASCO V770
spectrometer using 2 mm optical path quartz cells. A NexION
3000D Inductively Coupled Plasma Mass Spectroscope
(ICP-MS; PerkinElmer; detection limit 0.5 ppt) was employed
to ascertain the atomic composition of the NPs. The release of
Ag, Co, and Fe ions from the NPs was examined using the
same instrument operated in the single-particle mode
(spICP-MS). For this, the transient data acquisition speed was
set at <100 ps in order to observe the ion clouds from individ-
ual particles*"**> and the baseline was taken after calibration of
the instrument by employing the corresponding standard. The
samples were diluted in a physiological solution (PS; 0.9%
NaCl) to 50 ng L™ (0.05 ppb) to avoid misinterpretation due to
the overlapping of signals from different particles.’ Each
sample was later measured at 12 different time points (0, 1,
2.5, 4.5, 25, 48, 72, 96, 120, 144, 168, and 504 h). Moreover,
given the difficulty of measuring Fe using spICP-MS at such
low concentrations, it was necessary to do it in the gas mode
(ammonia flow rate of 0.3 mL min~').** The NP morphology
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and elemental composition were assessed using a TITAN 80-
300 (FEI) Scanning Transmission Electron Microscope (STEM)
operating at 300 kV. In addition, the EDX spectra were
recorded using an X-Max 80 detector (Oxford Instruments).
X-ray photoelectron spectroscopy (XPS) analysis was performed
with a modified VG ESCALAB MKII (Vacuum Generators, UK)
equipped with Mg and Al X-ray sources, a sputter gun, and a
hemispherical electrostatic analyzer with a five-channel detec-
tor. The samples were obtained by dropwise deposition of the
NP dispersion onto a copper (Cu) sample holder and drying at
room temperature. X-ray diffraction (XRD) analysis with a
Panalytical XPert 3 powder diffractometer equipped with a Cu
tube (40 kV, 40 mA), a BBHD mirror, a spinner, and a PlXcel
detector was performed on NPs deposited on Si zero-back-
ground substrates by drop-casting and drying at room temp-
erature. Crystalline phase identification and Rietveld analysis
were performed using the Panalytical High Score Plus 4 soft-
ware and Panalytical ICSD, PDF2, and COD databases.

Bacterial culture and exposure conditions

Gram-negative E. cloacae CCM 1903 and P. putida CCM 7156
and Gram-positive E. faecalis CCM 4224 and B. subtilis CCM
1999 bacteria were obtained from the Czech Collection of
Microorganisms, Masaryk University, Brno, Czech Republic
(https:/www.sci.muni.cz/ccm/). Bacterial inocula were always
prepared fresh from 1-2 colonies growing overnight in a soya
nutrient broth (Sigma-Aldrich, USA) at 37 °C (E. cloacae and
E. faecalis) or 30 °C (P. putida and B. subtilis) while shaking at
200 rpm. The overnight cultures were centrifuged to obtain
pellets, which were then resuspended and diluted using a
physiological solution (PS; 0.9% NaCl) to achieve an optical
density (OD) of 0.6 at 600 nm using a DR6000 UV-visible
spectrophotometer (Hach Lange). To determine the Minimal
Effective Concentration (MEC), the bacteria were exposed to
different nanocolloids (Ag NPs, AgCo NPs, and AgFe NPs dis-
persed in PS), and afterward, a spot test was performed by
modifying the procedure initially described by Suppi et al.**
Briefly, 100 pl of the suspended bacteria was pipetted into
each well of a 96 well-plate, after which 100 pl of various con-
centrations of the nanocolloids were added to each well by
two-fold dilution: 100, 50, 25, 12.5, 5.25, 3.125, and 1.5625 pg
ml™. Each 96-well plate was incubated under the same growth
conditions: E. cloacae and E. faecalis at 37 °C and P. putida and
B. subtilis at 30 °C. The bacteria were exposed to the NPs for
3 h (short-term exposure) and 24 h (medium-term exposure),
after which 5 pl from each well plate was pipetted onto a Petri
dish containing an agar growth medium and incubated for
24 h. Finally, bacterial growth was observed on each spot, with
the lowest NP concentration (labeled as “+”) able to inhibit
cells from forming visible colonies and defined as MEC. The
wells with bacteria cells without NPs were considered as the
control.

Biofilm preparation

Resuspended cultures of all bacteria were prepared as
described above, after which they were transferred to a 24 well-
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plate (1 mL to each well). The plates were kept at room temp-
erature for 2 h, allowing bacterial cell adhesion, after which
the PS was removed and washed twice with sterilized PS before
adding the fresh soya nutrient medium. Finally, the plates
were incubated for 16 h under bacterial growth conditions to
obtain bacterial biofilms.

Biofilm perforation experiments

After 16 h, the soya nutrient growth medium was removed,
and the biofilm was washed twice with sterilized PS. The NPs
(Ag, AgCo, and AgFe NPs) were added into the wells in two con-
centrations, the MEC for each bacterial type and a high con-
centration (HC) of 20 pm mL™". A square nickel-plated NdFeB
magnet (80 x 80 x 20 mm, N45) was first placed under the
plates for 1.5 min and subsequently circled around the well for
a further 1.5 min to force NP movement through the biofilm.
This magnetically forced NP movement was repeated three
times using the same cycle (9 min in total). After completing
the three cycles, the biofilms were prepared for observation by
confocal microscopy.

Confocal microscopy

Biofilm observation was performed using an Olympus FV1000
TIRF Confocal Laser Scanning Microscope (CLSM; Olympus)
with a LUCPLFLN 20x NA: 0.45 objective lens. Prior to micro-
scopic examination, the exposed biofilms in the 24-well plates
were washed twice with phosphate-buffered saline (PBS) and
then stained with 1 mL of diluted SYBR green solution for
15 min at room temperature under darkness. The SYBR green
stain was excited by the microscope’s argon laser at 473 nm,
and the corresponding fluorescence was measured at 520 nm.
Transverse cross-sectional images were collected under the XZ
confocal scanning mode, with a section thickness of 1 pum.
Multiple images were used to analyze biofilm damage inflicted
by the particles (channel formation and relative biofilm
thickness).

MDA assay

Determination of malondialdehyde (MDA) in biofilms exposed
to different NP types was performed according to a recently
published method,*® with slight modifications in the extrac-
tion protocol to optimize the assay for bacterial biofilm
exposure. Briefly, MDA was extracted from the bacterial biofilm
culture with 1 mL of 10% trichloroacetic acid (10 min under
darkness) and centrifuged at 10 000 rcf for 15 min to remove
the NPs and cellular debris. Finally, the extracted MDA was
derivatized with thiobarbituric acid and analyzed using High-
Performance Liquid Chromatography with Fluorescence
Detection (HPLC-FLD).*> MDA production is expressed as the
mean of three independent replicates with their respective
standard deviations.

Cell cytotoxicity

The cytotoxicity of Ag, AgFe and AgCo NPs was assessed in
human cells (T47D—breast carcinoma) and rainbow trout cells
(RT—gills) using previously published protocols.*®*” Briefly,
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both cell lines were exposed for 24 h to various NP concen-
trations (1, 5, 10, 20, 40, and 60 mg L™"). The concentrations
were selected considering the HC used in the biofilm deterio-
ration experiments as the middle value. The NPs were dis-
persed in the minimal essential medium L15ex. After the incu-
bation time, the cells were rinsed and incubated again at room
temperature for 30 min in 100 pl of either 1.25% of
AlamarBlue (AB) or 4 pM of 5-carboxyfluorescein diacetate-
acetoxymethyl ester (CFDA-AM) in L15ex. The AB dye was used
to assess the cellular metabolic activity and CFDA-AM to deter-
mine the cell membrane integrity. After the incubation in both
dyes, the cell fluorescence was measured using an Infinite
M200 PRO microplate reader (Tecan). The excitation wave-
length was 532 and 485 nm for AB and CFDA-AM, respectively,
and the emission wavelength was 590 and 535 nm.

Results and discussion
NP structures

A key point for any antibacterial agent is the ability to produce
the agent in scalable amounts, at low cost, and in a sustain-
able manner, particularly in light of the current global efforts
toward a circular economy. The most straightforward approach
for generating NPs containing Ag, Fe, or Co is through the pro-
duction of nanoalloys. Unfortunately, the Hume-Rothery
rules*® state that miscibility is not possible when (i) the atomic
radii of the solute and solvent atoms differ by more than 15%
(Ag = 160 pm, Co = 135 pm, and Fe = 140 pm), (ii) the crystal
structures of the solute and solvent differ (Ag = face-centered
cubic, Co = hexagonal close-packed, and Fe = body-centered
cubic), (iii) the solvent and solute have differing valency (Ag =
1 and Co and Fe = 2 in their metallic state) or electronegativity
(Ag = 1.93, Co = 1.88, and Fe = 1.83). In fact, the thermo-
dynamic phase diagrams of Ag and Co or Fe show total immis-
cibility, even at a few at% of one element in the other.**° In
addition, Co and Fe readily undergo oxidation in air,”"** con-
tributing to element segregation.>® To this end, LAL has been
applied because it is an out-of-equilibrium synthetic approach
that allows immiscible elements to be frozen together at the
nanoscale.??®*%** The Co-doped or Fe-doped Ag NPs were
obtained via laser ablation of bimetallic AgCo or AgFe targets
dipped in ethanol with 0.2% vol/vol distilled water. This is a
slight modification to previously published procedures for bi-
metallic AgCo and AgFe NPs**%3 that allows for boosting
productivity by adding minimal amounts of distilled water.”®
The resulting doped NPs were then transferred from the
ethanol solution to an aqueous environment by centrifuging
after treatment with ethylenediaminetetraacetic acid (EDTA) at
30 °C for 1 h to remove excess Fe or Co compounds unbound
to Ag.

Once redispersed in water, the particles display bimodal
hydrodynamic size distributions (Fig. 1A) that are equivalent
to those of pure Ag NPs obtained through the same procedure.
The slight size decrement displayed by AgCo and AgFe NPs
may be indicative of a more significant surface charge than

This journal is © The Royal Society of Chemistry 2022
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(A) Hydrodynamic size distribution and (B) the optical absorption spectra of Ag, AgCo, and AgFe NPs dispersed in pure water. (C)

Transmission electron microscopy (TEM) images of Ag, AgCo, and AgFe NPs, (D) size histograms, (E) energy-dispersive X-ray spectroscopy (EDX) pat-

terns displaying the elements found in each sample, (F) selected area e
resolution transmission electron microscopy (HRTEM) images displaying
yellow corresponds to Ag, red to hexagonal CoO, blue to cubic CoO, and

pure Ag NPs. As several studies®® have shown that NP surface
charge plays a role in the antibacterial activity of Ag NPs,
z-potential measurements were performed on samples dis-
persed in a physiological solution (PS). The results demon-
strate that all NPs have a negative surface charge, with Ag NPs
at —32.9 + 2.8 mV, AgCo NPs at —41.5 + 0.3 mV, and AgFe NPs
at —38.6 + 0.5 mV, which also implies colloidal stability.

The colloids’ optical absorption spectra (Fig. 1B) clearly
show the absorption band due to the surface plasmon reso-
nance of pure or doped Ag NPs in all three samples, a feature
also reported in previous studies related to the preparation of
these MSNPs.>*?%3° The presence of Fe and Co in the MSNPs
was confirmed by ICP-MS, with the reference Ag NPs showing
the presence of Ag only, CoAg NPs comprising 90 + 9 at% Ag
and 10 + 1 at% Co, and FeAg NPs comprising 59 + 6 at% Ag
and 41 + 4 at% Fe.

The MSNP structure was assessed via transmission electron
microscopy (TEM) micrographs, which confirmed that NPs in
the agglomerates have a bimodal size distribution (Fig. 1C and
D). As recently demonstrated using molecular dynamics calcu-

This journal is © The Royal Society of Chemistry 2022

lectron diffraction (SAED) patterns, where only Ag is visible, and (G) high-
the crystal families found in the samples. Note that in the HRTEM images,
white to FezOg4.

lations,”” bimodality is typical of LAL due to the production of
large particles through hydrodynamic instability at the inter-
face between the heated target and the above-lying vaporized
solvent layer, while smaller particles are produced by vaporiza-
tion in the metal-liquid mixing region.>” The resulting small-
sized NPs have comparable average diameters of 2.9 + 0.2 nm,
2.5 + 0.2 nm, and 2.9 + 0.1 nm for Ag, AgCo, and AgFe NPs,
respectively. Instead, the average sizes of the larger particles
are 6.4 + 0.3 nm, 8.0 + 0.1 nm, and 13.5 + 0.5 nm for Ag, AgCo,
and AgFe NPs, respectively. Since the hydrodynamic size
assessed by DLS is larger, the NPs formed nanometric aggre-
gates during the centrifugation step of the cleaning procedure.
This happens because we are employing ligand-free NPs.
Although NP aggregation is associated with the decrease in the
active area for Ag ion release,”® the absence of stabilizing
ligands is essential for maintaining the NP surface free and
facilitating the effective release of Ag" ions despite aggrega-
tion.>® Besides, the size of the NPs measured by TEM is only a
few nm, which warrants a high specific surface per unit mass
in the aggregates.
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Based on their Selected Area Electron Diffraction (SAED)
patterns, an Ag face-centered cubic crystalline structure with
an Fm3m phase (International Centre for Diffraction Data;
ICDD file: 65-2871) is clearly identified in all samples. This
result was also confirmed by ensemble powder XRD analysis of
dried NP samples (Fig. S1 in the ESIf). Furthermore, energy
dispersive X-ray (EDX) analysis unequivocally identified Co
and Fe peaks in AgCo and AgFe MSNPs (Fig. 1E), neither of
which were detected in the reference Ag NPs. These results
agree with all previous reports on these MSNPs, suggesting
that Co and Fe are embedded as defects in the crystalline Ag
scaffold, clearly seen during the electron diffraction analysis of
all three samples (Fig. 1F). However, the same studies also
highlighted ineluctable surface oxidation of Co and Fe in these
NPs, which, in our case, may be favored by the 0.2% water in
the ethanol used during LAL. High-Resolution TEM (HRTEM,;
Fig. 1G) also shows the presence of crystalline domains with
interplanar spacing ascribable to Co or Fe oxides (CoO, Fe;0,).
These regions are either found around Ag crystals or forming
necks between them. Due to the ultrasmall crystalline size,
corresponding to broad diffraction peaks, and the lower X-ray
scattering cross section compared to Ag, the Co and Fe oxide
phases were not found in the XRD patterns of AgFe and AgCo
NPs, in accordance with what is reported in previous studies
on similar bimetallic NPs.?**°

In more detail, in the AgCo MSNPs, it is possible to find
zones connecting Ag NPs where the d-spacings match either
the cubic CoO crystal with the space group Fm3m (ICDD: file
43-1004) or the hexagonal CoO crystal with the space group
P63mc (ICDD file: 89-2803). In the case of AgFe MSNPs, the
connection zones between the Ag domains are either associ-
ated with the cubic Fe;O, space group Fd3m (ICDD file: 65-
3107) or with the monoclinic e-Fe,O3 space group P (ICDD file:
16-653).

To further substantiate the results of the TEM analysis, XPS
was performed on the three samples. The photoemission line
of the Ag 3ds,, peak (Fig. 2A) is centered at a binding energy of
368 eV, typical of metallic Ag in all samples. In addition, the
Auger parameter and the shape of the MNN Auger peak are
located within the typical range of metallic Ag in all samples
(Fig. 2B).”>° The Co 2p peaks comprise several components
with a complex multiplet structure, with the Co 2ps, and Co
Auger peaks overlapping, while the Co 2p,,, peak fits well with

C) Co 2p

View Article Online

Nanoscale

Co(u) oxide (802-793 eV) and a minority of metallic Co (792
eV) (Fig. 2C). The Fe 2p peaks also have a complex multiple-
component structure, with the Fe 2p;,, and Ag 3s peaks over-
lapping, while the Fe 2p;,, peak fits well with Fe(m) and Fe(u)
multiplets appropriate for magnetite (Fe;0,, 715-707 eV) and
a fraction of metallic Fe (706.5 eV) (Fig. 2D). In previous XPS
analyses for Ag NPs doped with Co or Fe,****° the metal com-
ponent is found inside the particles, while transition metals
with a higher oxidation state dominate on the surface, as
expected in an aqueous environment. Surface stoichiometry
extracted from the XPS analyses indicates ratios of 77:23 for
Ag:Co and 60:40 for Ag:Fe. The AgFe NP value agrees with
the bulk value obtained from ICP-MS analysis, while the AgCo
NP value suggests segregation of Co at the surface.

Previous studies indicated that a comparable percentage of
Fe and Co was found in AgFe and AgCo NPs synthesized by
LAL in pure ethanol (20 at% for AgFe and 17 at% for
AgCo).>**° Due to the immiscibility of Fe or Co with Ag, this
fraction resulted independently from the abundance of the
transition element in the bulk target.*** In the LAL synthesis
in ethanol with 0.2% vol/vol of distilled water, the results indi-
cate that the transition metals reacted with water molecules
and formed oxidized compounds at the Ag NP surface, in
addition to oxidized by-products that are eliminated by the
cleaning protocol with EDTA. However, nanocrystalline cobalt
oxides are more easily dissolved by EDTA than iron oxides.®*!
This suggests that the lower cobalt fraction in AgCo NPs com-
pared to the iron fraction in AgFe NPs is caused by the lower
stability of cobalt oxide and the more effective dissolution
during the NP cleaning procedure.

Ag" release

The dominant mechanism of Ag NP bacterial toxicity involves
the release of Ag" ions through surface oxidation in a physio-
logical environment, allowing the NPs to penetrate the cellular
membrane and undergo ROS generation, ultimately leading to
bacterial death.®>*® While this mechanism has been shown to
be independent of Ag NP size, it is crucially affected by surface
chemistry and is hampered in Ag NPs capped with ligands or
organic molecules.®® In the case of MSNPs, a portion of the
surface is occupied by oxidized Co or Fe atoms. Hence, the Ag"
ion concentration was tracked over time using single-particle
ICP-MS (spICP-MS) measurements. Co- and Fe-doped MSNPs
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and reference Ag NPs were diluted at 50 ng L~" (0.05 ppb) in a
physiological solution of 0.9% NacCl to reproduce the same pH
and electrolyte content of the in vitro medium in which the
bacteria are grown. The Ag- and AgFe NPs achieved maximum
ion release at 25 h, after which ion release remained stable up
to 504 h, i.e. 21 days, while the AgCo NPs reached maximum
ion release at 72 h, thereafter remaining constant up to 504 h
(Fig. 3A). However, both AgCo and AgFe NPs displayed lower
Ag' release than pure Ag NPs after short- and medium-term
exposures of 3 and 24 h, respectively.

The Ag" release rate is regulated by chemisorption and elec-
tron transfer of dissolved O, over the Ag NP surface;** however,
as the AgCo and AgFe NPs in this study were synthesized
without ligands, the presence of Fe or Co oxides at the particle
surface is likely to reduce the number of possible Ag-chemi-
sorption sites. This hypothesis was supported by the obser-
vation that lower Ag" release rates are recorded in AgFe NPs,
which, according to both ICP-MS and XPS, also had the lowest
atomic Ag abundance at the particle surface. On the other
hand, the presence of Co in AgCo NPs appears to slow down
Ag' release over short and medium-term exposures, though
the release rate following long-time exposure (504 h) was the
same as that for pure Ag NPs. It has been reported previously
that Ag, Fe, and Co NPs experience ion release (Ag®, Fe*", Fe®",
and Co>", respectively) in a biological environment,®
though ion release from Co oxides tends to be lower in physio-
logical solutions.®® Hence, the release of Fe and Co ions over
time was also measured (Fig. S2 in ESIt). Even though the ion
release of both elements was minimal compared to Ag, upon
long-time exposure, Co was not detected anymore and Fe
stayed constant. These data, thus, ratify that after the exhaus-
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tion of Co oxides at the surface of AgCo NPs, the number of
Ag-chemisorption sites and Ag" release increased. Instead, the
constant release of Fe ions agrees with the lower Ag" release of
AgFe NPs compared to Ag and AgCo NPs upon long times of
observation. In summary, the doping of Ag NPs with magnetic
elements has an effect resembling the use of specific ligands,
which provide a controlled release of Ag" ions over time com-
pared to pure-Ag NPs.>*%26°

Antibacterial activity

In order to obtain a broad overview of the eradication behavior
of MSNPs and the reference Ag NPs, MEC was determined for
the opportunistic pathogenic bacteria E. faecalis® and
E. cloacae’® and the non-pathogenic B. subtilis* and P. putida’™
that are considered model bacteria capable of surviving in a
range of environments and conditions, including hospitals,
living organisms, and water management facilities.

The MEC value was defined as the lowest NP concentration,
which inhibited cells from forming visible colonies (Fig. 3B
and C). The values obtained for short (3 h) and medium (24 h)
term exposure showed that pure Ag NPs had the lowest MEC
value for all bacteria, with those for AgCo and AgFe NPs being
consistently higher (Fig. 3D).

In the case of E. faecalis that is resistant to practically all
antibiotics in use,”® the rate of Ag® release from AgCo and
AgFe NPs was too low to produce any antibacterial effect in the
short-term, but both MSNPs were effective over the medium-
term, with MEC values two orders of magnitude higher than
that for Ag NPs alone. In the case of E. cloacae, which, being a
Gram-negative bacteria, is less responsive to antibiotics, it was
possible to observe a trend similar to that for E. faecalis. For
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B. subtilis and P. putida, however, both MSNPs already dis-
played bactericidal behavior after short-term exposure, with a
MEC one order of magnitude higher than that for Ag NPs at
short-term exposure and two orders of magnitude higher after
long-term exposure. Besides the evident benefit of eradicating
pathogenic bacteria, non-pathogenic ones like P. putida are
environmentally relevant for the development of superbugs
because they may serve as exchange platforms for antibiotic re-
sistance genes (ARG).”?

Overall, the bactericidal behavior decreased in the order of
Ag NPs > AgFe NPs > AgCo NPs (Fig. 3D), a pattern that agrees
with the Ag' release rates measured by spICP-MS (Fig. 3A),
suggesting that optimal effects may be obtained using mix-
tures of MSNPs and pure antibacterial agents (Ag NPs in this
case). In addition, Ag NPs had a slightly lower negative surface
z-potential than the MSNPs (—32.9 + 2.8, —41.5 + 0.3, and
—38.6 + 0.5 mV for Ag, AgCo, and AgFe NPs, respectively).
Since the bacterial cell wall is negatively charged, the electro-
static repulsion of Ag NPs may be weaker than that of the
MSNPs, facilitating adsorption to the cell wall and the conse-
quent intracellular delivery of Ag" followed by particle
internalization.

However, the concentration of Ag’ ions released from the
MSNPs was only lower by a factor of 2-4 compared to pure Ag
NPs and the difference in z-potential was negligible. This
suggests that a surface cooperative effect occurs in pure Ag
NPs that enhances their antibacterial activity compared to
MSNPs, whose surface composition also includes Fe or Co. As
such, the overall antimicrobial effect may be optimized as
effective bactericidal agents by using Ag NPs in synergy with
AgCo or AgFe NPs, which can then be made to respond to
external magnetic fields in order to disrupt the bacterial
biofilm.

Biofilm deterioration

Biofilm deterioration analysis was performed using E. faecalis,
E. cloacae, and B. subtilis as they are better able to grow homo-
geneous solid and reproducible biofilms than P. putida,”* and
they support staining by a wide variety of dyes, a necessary con-
dition when employing Confocal Laser Scanning Microscopy
(CLSM). Ag NPs, Ag NPs with AgFe NPs 1:1 mass, and Ag NPs
with AgCo NPs 1:1 mass were added to multi-well plates con-
taining bacterial biofilms at two different concentrations (the
MEC for the corresponding bacteria and at a high concen-
tration (HC) of 20 pg mL™"). Besides, the NPs were tested with
and without the application of an external magnetic field,
used to promote magnetophoretic movement and the inter-
action of the MSNPs with the bacterial culture. The magnetic
field was applied below the multi-well plates using a perma-
nent NdFeB magnet (N45) under constant motion at ~0.25 cm
s~! for 9 min (Fig. 4A). Then, after staining with the SYBR
green dye (15 min), the biofilms were analyzed by cross-sec-
tional confocal microscopy to evaluate the damage qualitat-
ively and quantitatively (Fig. 4B). Confocal images indicated
that the pathogenic E. faecalis and E. cloacae biofilms suffered
the most severe damage (shrinking and deterioration) when
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subjected to 20 ug mL~" of Ag NPs with AgCo NPs and Ag NPs
with AgFe NPs under the external magnetic field (Fig. 4C).
Cross-sectional images showed the formation of channels tres-
passing deep into the biofilm, particularly in the E. cloacae
biofilm. Some channels were also found in the biofilm treated
with pure Ag NPs, presumably because the high Ag NP concen-
tration was enough to mechanically interact with the EPS
matrix through agglomeration and settling related to gravita-
tional forces. Noteworthy, the width of the channels was
greater for the MSNPs due to enhanced NP interaction driven
by their magnetophoretic movement (Fig. 4C-E). In fact, after
forming clusters, the MSNPs inflict damage to the biofilm as
the magnetophoretic force scales up with the mass of mag-
netic particles.'>”>

Moreover, the investigation of biofilm thickness confirmed
that channel formation induced a reduction in biofilm thick-
ness (Fig. 4F), with larger NP concentrations resulting in a
thinner biofilm, denoting increased EPS matrix degradation.
The reduction in biofilm thickness caused by the external
magnetic field was well evident in all MSNP samples at NP
concentrations of 20 pg mL ™" (Fig. 4C-E).

Nevertheless, channel formation does not ensure biofilm
eradication by itself, as the remaining extracellular matrix
could still provide nutrients to sustain bacterial growth and
subsequent biofilm regeneration.” Subsequent overlayer
images (Fig. 4D), however, showed that the MSNPs kept inflict-
ing damage on the E. cloacae biofilm once the channels had
been formed by following the movement of the magnet and
simultaneously destroying the biofilm. Since the magneto-
phoretic force scales with the size of the clusters of NPs,'>”>
the larger clusters will follow the magnetic movement more
efficiently and also at a higher translation speed compared to
smaller clusters. However, in our experiment, the speed of
magnet movement was tuned to attract a majority of NPs and
to achieve a more proficient biofilm deterioration by a collec-
tive magnetophoretic effect. Under these conditions, the
heavily extended deterioration of the E. cloacae biofilm
achieved by MSNPs with Ag NPs leads to more efficient and
long-term bacterial extermination compared to antibacterial
agents alone, which are unable to exert a mechanical effect on
the biofilm.

It is worth highlighting that the experiments were per-
formed on biofilms whose maturity stage is not so advanced
that the dispersal phase is reached. An advanced biofilm
maturity stage may introduce additional challenges, such as
reduced bacterial susceptibility to antimicrobial agents’® or
biofilm disassembly that may provide barriers preventing the
free magnetic-powered movement of the NPs,”” both requiring
specific investigations. On the other hand, the magnetic field’s
intensity and the magnet movement’s speed and frequency are
parameters that need adjustments based on the biofilm matur-
ity stage and 3D morphology.™

Bactericidal mechanism

The statistical analysis of biofilm perforation and thickness
(Fig. 4E and F) confirmed that the biofilm formed by

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (A) Artwork representing the biofilm disruption by MSNPs when following the movement of a magnet located under the petri well. As rep-
resented by the sketch circles with dots under the experiment's pictures, the MSNPs are homogeneously distributed when the magnet is centered
under the petri well. However, once it is moved to the right or left, the MSNPs form clusters and follow it. As represented in the zooming sketch, the
MSNPs disrupt the biofilm when the magnetic motion occurs, leading to efficient biofilm deterioration with the magnet movement. (B) Illustration of
a biofilm loaded with the nanoparticles and the corresponding cross-sectional images to evaluate biofilm deterioration and perforation. (C)
Representative cross-sectional biofilm images taken by CLSM in the presence (on) or absence (off) of a permanent magnetic field. Within these
cross-sectional images, it is possible to appreciate the biofilm channel formation and thickness reduction produced by the MSNPs, denoting biofilm
deterioration. The inset scale bars within the cross-sectional images correspond to 100 pm. (D) The overlayer or biofilm top-view (left side) image
showing the macroscopically appreciable biofilm deterioration after the MSNP disruption and the zoomed image of the biofilm transversal portions
(right side) showing more clearly the channels formed by the MSNPs under the influence of the magnetic field. The scale bars displayed in the
biofilm overlayer images correspond to 500 pm and those in the zoomed cross-sectional images to 25 pm. Channel size was extracted from the
cross-sectional images and indicated with white arrows in the corresponding zoom images (right side). (E) Box chart of channel size distribution
within the biofilms after magnetically powered deterioration by NPs with a 20 pg mL™! concentration. The reduced box size in B. subtilis is due to
the low number of channels found on the inspected CLSM transversal biofilm images. (F) Relative biofilm thickness box charts before and after
biofilm deterioration by the NPs at MEC and 20 ug mL™" concentrations, when not applying and when applying the oscillatory magnet movement.

B. subtilis was more resistant to MSNPs than those formed resist MSNP movement. On the assumption that Ag NPs can

by E. faecalis or E. cloacae, leading to reduced biofilm eradi-
cation. This may be a mechanical effect as this biofilm com-
prises non-motile cells that secrete an extracellular matrix of
proteins, exopolysaccharides, motile cells, and spores, which

This journal is © The Royal Society of Chemistry 2022

trigger bacterial DNA damage via ROS produced through Ag"
interactions or the direct interaction of DNA with the
surface of internalized Ag NPs, we applied the biomarker
malondialdehyde (MDA) after MSNP interaction with the
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biofilms to indicate membrane lipid peroxidation due to
ROS action.”® Significantly higher levels of MDA were
observed in Gram-positive bacteria (E. faecalis and
B. subtilis) after treating the biofilms with Ag NPs with AgFe
NPs at a concentration of 20 pg mL™"' (Fig. 5). Moreover,
MDA levels in B. subtilis were greater when the NPs were
not exposed to the external magnetic field. In the case of
the Gram-negative bacteria, E. cloacae responded similarly to
both MSNPs, though significantly higher MDA production
was observed when Ag NPs with AgCo NPs at 20 pg mL ™
were exposed to the magnetic field. Likewise, P. putida
showed significantly higher MDA generation with Ag NPs
and AgCo NPs at 20 pg mL~' with the magnetic field.
Interestingly, the magnetic field failed to trigger MDA pro-
duction when MSNPs were absent, suggesting that biofilm-
MSNP interaction is necessary to provoke an increase in
MDA, and thus ROS generation.

MDA selective production can be understood in terms of
the synergy between NP interactions with the different types of
bacteria and the mechanism utilized for disrupting the bio-
films. For example, the ROS produced by Ag" and Co®" found
in AgCo and Fe*" and Fe** in AgFe can undergo Fenton reac-
tions when in contact with water, resulting in the formation of
OH' and HO, radicals responsible for oxidative stress,”®
thereby increasing MDA formation.”” Thus, even when the
amount of Ag" released is lower for Ag + AgCo and Ag + AgFe,
the ROS produced by the doping elements can still accumulate
with those from Ag, ensuring increased MDA production with
NP concentrations of 20 pg mL™". On the other hand, the mag-
netically powered movement of the MSNPs through the
biofilm allows for their interaction with increasing numbers of
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bacteria, again resulting in increased MDA production (apart
from B. subtilis, owing to its resistance to MNP magnetophore-
tic movement). It has been demonstrated that the B. subtilis
biofilm can absorb certain metal ions, including Fe** and
Fe®*, into the biofilm matrix, thereby becoming more resilient
to erosion by shear forces.?* Moreover, it is worth highlighting
that, as for any other gammaproteobacteria, Co is an obligate
nutrient for E. cloacae and P. putida.®>"®* Thus, Co doping pro-
vides magnetophoretic motility to the Ag NPs and enhances
their interaction with both types of bacteria through their
potential absorption due to their Co content. However, as the
AgCo NPs are mainly composed of Ag, even when the said
absorption could be minimal, this process can lead to the
proximity of the Ag content towards the bacteria resulting in
an increase in ROS and, with this, MDA production. Finally,
for Ag NPs, it is known that ROS generation and subsequent
MDA production are principally mediated by the interaction
between the ions released and the bacterial membrane.®?
Since the Ag NPs cannot move in the biofilm under the exter-
nal magnetic field, their interaction is restricted to the super-
ficial region of the biofilm, where the NPs settle by gravity,
reducing MDA production.

Cell cytotoxicity

Cell cytotoxicity studies are important to gather information in
response to the increasing concerns about the possible impact
of Ag-based antimicrobials on the environment, when they are
cleared from patients or released from substrates and
products.?>*! In our case, these data are particularly interest-
ing because the doping of Ag with transition elements like Fe
or Co may alter the biocompatibility of NPs. In particular, in
the case of Co, where higher cytotoxicity was observed upon
the release of AgCo core-shell NPs from antibacterial poly-
meric matrixes,'® and Co is considered an environmental pol-
lutant if it exceeds the trace limits (10 mg L™").3®> The cyto-
toxicity experiments were performed on human cells (T47D—
breast carcinoma) and rainbow trout cells (RT— gills) as
examples of mammalian and fish fauna exposed to the NPs.

In both the cell lines, the Ag NPs doped with the magnetic
elements are associated with lower cytotoxicity than pure Ag
NPs (Fig. 6). It is worth noting that Ag NP cytotoxicity is related
to particle size, but in this case, the NPs have similar size
distribution,>***> suggesting that size is not the origin of the
observed difference of cytotoxicity. Instead, the results are in
agreement with the lower Ag ion release measured for the
AgCo and AgFe NPs. Overall, the T47D cell line well tolerated
the doped Ag NPs, even at 40-60 mg L™". Instead, the RT cell
line was especially susceptible to the Ag content, as previously
observed in similar experiments of exposure to Ag" ions.®® In
general, these results further confirm the benefits of combin-
ing Ag NPs with MSNPs to efficiently disrupt biofilms at lower
concentrations of Ag but also highlight the need for the
careful exploitation of the Ag NPs to avoid environmental
risks, for instance, for fish fauna which is very sensitive to Ag
ions.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Cell viability of T47D (breast carcinoma human cells) and RT
(gills fish cells) evaluated through cellular metabolic activity (AB) and
cell membrane integrity (CFDA-AM). The cells were incubated for 24 h
with Ag, AgCo or AgFe NPs.

Conclusions

In summary, we showed that Ag NPs doped with magnetic
elements such as Fe or Co can synergize with pure Ag NPs to
increase antimicrobial efficacy by deteriorating bacterial bio-
films under an external magnetic field. This is achieved by the
simultaneous production of ROS, primarily due to the release
of Ag' ions in coaction with mechanical damage and per-
meation of the bacterial biofilm through the magnetophoretic
movement of the doped magnetic MSNPs, with those doped
with Fe exerting the most biofilm damage. This synergy paves
the way for more effective delivery of Ag" throughout the
biofilm. Antibacterial agents with a magnetic responsive com-
ponent are likely to be more efficient for treating biofilms nor-
mally difficult to eradicate, such as those produced by
E. faecalis or E. cloacae, which represent a primary threat in the
health sector by causing hospital-acquired infections.®””*® In
addition, selective MDA generation in Gram-negative bacteria
indicates that selecting appropriate bacterial nutrients to dope
Ag NPs (such as Co or Fe) can result in improved ROS gene-
ration and, subsequently, bacterial eradication, which is of
particular interest for the extermination of bacteria that can
serve as exchange platforms for ARGs like P. putida.””

The increase in the efficacy of Ag antibacterial agents as
well as the expansion of their action to biofilm deterioration
are key steps towards the reduction of Ag NP dosage, resulting
in the improvement of the risk/benefits ratio. This is required
to limit the selection of Ag-resistant bacteria and to avoid the
alteration of the microbial communities in the natural ecosys-
tem receiving Ag NP waste.>! Regarding these relevant issues,
we believe that the methods outlined in this study show
additional positive prospects, particularly in tailoring doped
MSNPs using LAL, an environmentally friendly method. A key

This journal is © The Royal Society of Chemistry 2022
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feature of LAL is that NPs are obtained free of ligands or
organic contaminants, meaning they can be tested pure or fol-
lowing surface conjugation with specific ligands. The conju-
gation of such MSNPs with other suitable antibacterial or
biofilm penetrating agents will open many new possibilities in
bacterial control and the realization of a safer living
environment.
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