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Core—shell structured silver-ferrite
nanoparticles for antibacterial
action and magnetic removal of
bacteria from aqueous media

Agnes Maria llosvai'2, Orsolya Alberti*?, Karina Kecskés'?, Lajos Daréczi®, Ferenc Kristaly*,
Miklés Nagy?, Béla Viskolcz2, Emma Széri-Doroghazi*2** & Laszlé Vanyorek'™*

In this work, we synthesized antibacterial core-shell structured magnetic nanoparticles with silver
particles as the core and nickel-ferrite or cobalt-ferrite crystallites as the shell using solvothermal
method. The prepared ferromagnetic amine-functionalized Ag/NiFe,O, and Ag/CoFe,O, particles had
a saturation magnetization (Ms) of 40 emu/g and 37 emu/g, respectively, and were therefore easily
separated from aqueous media by magnetic field, thus making them excellent magnetic adsorbents.
The produced core-shell particles had mean diameters of 276 £ 70 nm (Ag/CoFe,0,) and 337109 nm
(Ag/NiFe,0,). Due to their silver content, these particles showed outstanding antibacterial activity
against Gram-positive (Micrococcus luteus) and Gram-negative (Escherichia coli) bacteria, which was
confirmed by bacteriological studies. For E. coli, a nanoparticle concentration of less than 0.5 mg/
mL was sufficient to inhibit growth on solid surfaces, whereas for M. luteus a concentration of 3 mg/
mL was effective. This difference in antibacterial efficacy can be explained by differences in the cell
wall structure of Gram-negative and Gram-positive bacteria. In addition to being effective in killing
bacteria, both types of Ag-containing magnetic nanoparticles also exhibited excellent adsorption
capacity, removing 100% of microorganisms from the tested solution. In liquid-phase assays, complete
antibacterial and adsorptive efficacy was achieved at 1.0 mg/mL for E. coli with Ag/CoFe,0,, while
Ag/NiFe,0, reached full efficiency at concentrations as low as 0.1 mg/mL; for M. luteus, both 1.0

and 3.0 mg/mL proved fully effective. Time-kill kinetic tests further confirmed the rapid action of the
nanoparticles, with total bacterial elimination occurring within 10 min. This rapid and high removal
efficiency is likely attributed to the silver content and positive surface charge of the magnetic particles,
which facilitates electrostatic interactions with the negatively charged bacterial membranes. Given
their strong antibacterial and adsorption performance demonstrated in our experiments, these
nanoparticles are highly promising candidates for water treatment applications in the future.
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Magnetic nanoparticles (MNPs) are currently receiving considerable attention due to their superior magnetic
characteristics!. The field of biomedicine should be highlighted, where magnetic nanoparticles are being
investigated in applications such as targeted drug delivery, magnetic resonance imaging (MRI), DNA isolation
or magnetic hyperthermia®~’.

Magnetic nanoparticles can be iron oxide, ferrite or core-shell nanoparticles®-1°. Ferrite nanoparticles are
oxides with a magnetic spinel structure, consisting mainly of a combination of iron and other metals such as
cobalt, manganese, nickel or zinc. Their general formula is MFe,O4, where M may denote a different metal
ion'"12, Several synthesis methods are known to produce ferrite nanoparticles, such as co-precipitation,
hydrothermal/solvothermal, microwave synthesis, etc!*1..
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The coprecipitation method is the most widely used manufacturing method for producing high-purity and
high-volume magnetic nanoparticles. In this process, the appropriate materials are weighed and poured step
by step into a flask where they are refluxed at high temperature and with continuous stirring'®!”. However, the
disadvantage of the co-precipitation synthesis method is that the particle size and morphology of the particles
cannot necessarily be controlled, the resulting particles are prone to aggregation and the process does not result
in a perfect crystal structure!®%.

Hydrothermal/solvothermal synthesis uses high pressure and temperature and is a time-consuming process.
The synthesis method employs a Teflon-lined autoclave in which the material is heated at a defined temperature
(typically at 200 °C) for a defined period of time (usually ~ 12-20 h)**2!. Compared to co-precipitation synthesis,
hydrothermal synthesis produces particles with better controllability and higher crystallinity, which can enhance
the magnetic properties of the material. As a result, such materials can be used in catalysis, electronics and
biomedical applications?*?. Controlling the particle size is important because magnetic nanoparticles change
their magnetic properties below a certain particle size, i.e. transition from ferromagnetic to paramagnetic
behavior can occur. Moreover, the degree of crystallinity significantly influences magnetic properties by affecting
the arrangement of magnetic moments and the formation of magnetic domains. Due to these considerations, we
chose the solvothermal synthesis method for preparing our ferrites.

As discussed earlier, core-shell nanoparticles can also be produced in addition to ferrites. Core-shell
nanoparticles are nanostructures consisting of a central core surrounded by one or more outer layers. The
core and shell can be composed of different materials: for example, the core may be a noble metal (Au, Ag) or
magnetite (Fe,0,), while the shell can be silica or another polymer!'®*%. It is also possible to design structures
where the core is Au and the shell is composed of ferrite nanoparticles. The material difference between the core
and the shell enables the combination of the unique properties of each component, thereby broadening the range
of potential applications®”.

Just as gold can serve as the core material in such structures, another precious metal, namely silver, can be
used with equal effectiveness. Ferrite particles provide magnetic properties, while silver contributes antibacterial
activity; thus, combining these two materials yields antibacterial nanoparticles that can be manipulated using
an external magnetic field?*?°. Magnetite can also be employed effectively as a coating material for antibacterial
silver nanoparticles. The resulting magnetic core-shell structures have been shown to exhibit superior
antimicrobial efficacy against pathogenic microorganisms like Salmonella typhimurium and Escherichia coli®.
Building on these properties, silver-containing magnetic nanoparticles (Ag/MNPs) are increasingly explored
for practical applications, particularly in water purification®*-32. Their high surface-to-volume ratio enhances
bacterial interaction, enabling effective removal of both Gram-positive and Gram-negative bacteria, including
antibiotic-resistant strains**~*°. In addition to microbial disinfection, their high reactivity and sorption capacity
toward organic pollutants and heavy metals (e.g. antimony) also make them suitable for industrial wastewater
treatment’®, well water and groundwater purification®”*8. Unlike conventional disinfectants, silver nanoparticles
do not produce harmful by-products and show antimicrobial activity primary under aerobic conditions®*-4!.
They show strong potential for use as point-of-use technologies in water treatment systems. Their magnetic
properties allow for easy separation and recovery from treated water, making them both cost-effective and
reusable®”.

To utilize the antimicrobial properties of nanomaterials different amine-functionalized MNPs (NiFe,O,
CoFe,0,, Ag/NiFe,O,, Ag/CoFe,0,) were synthesized, characterized and evaluated for their ability to inhibit
bacterial growth and remove both Gram-negative (Escherichia coli) and Gram-positive (Micrococcus luteus)
bacterial cells from suspension. Their effectiveness in removing microorganisms from solution was also assessed.
The long-term aim of this study is to explore the potential application of these nanomaterials in water treatment
systems as a practical, efficient, and economical disinfection approach.

Results and discussion

Characterization of the amine-functionalized NiFe,O, and CoFe,O, samples

After the solvothermal synthesis and purification of the amine-functionalized magnetic nanoparticles (MNPs),
their particle size and morphology were investigated by TEM examinations. The TEM images of the cobalt-
and nickel ferrites show spherical particles (Fig. 1A and B). The average particle diameters were 216+ 34 nm
(CoFe,0,) and 292+40 nm (NiFe,0,) (Fig. 1C). These spherical polycrystallites are composed of smaller
crystallites with sizes between 5 and 25 nm, according to XRD measurements.

Elemental mapping analyses were performed to investigate the elemental composition and distribution in the
samples. The elemental maps clearly show the presence of the corresponding transition metals, as well as iron
and oxygen, as constituents of the ferrites (Fig. 2). It can be seen that the spatial distributions of the three ferrite
constituent elements coincide, indicating that the metals are not present in elemental form or other compounds,
only transition metal ferrites are found in both samples.

The formation of the ferrite crystal phase, typical of spinel structures, after synthesis was confirmed by
selected area electron diffraction (SAED) measurements. Based on the SAED results, according to the measured
d-spacing values, the (111), (220), (311), (400), (422), (511) and (440) reflections correspond to characteristic
planes of the ferrite structures of the CoFe,O, (PDF 22-1086) and NiFe,O, (PDF 10-0325) (Fig. 3A and B).
Energy dispersive X-ray (EDX) spectra were recorded to check for the presence of undesired compounds
(contaminants) besides ferrites in the samples. The EDX spectra show peaks of iron, oxygen and the transition
metals corresponding to each ferrite (Fig. 3C and D). EDX also shows a peak characteristic of carbon, which
may be due to organic molecules adsorbed on the ferrite particle surfaces during synthesis or may indicate the
carbon coating of the sample support grid (Ted Pella TEM Grids: Lacey Carbon Type A on 300 mesh, Copper).
The presence of copper peak is due to the TEM grid material. No impurities (such as inorganic salts or metals)
were observed in the spectra, indicating that the samples contain only ferrites.
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Fig. 1. TEM pictures of the amine-functionalized CoFe,O, (A), NiFe,O, (B) MNPs, and box-plot diagrams of
the particle size distributions (C).

Fig. 2. HAADEF picture and element maps of the amine-functionalized CoFe,O, (A) and NiFe,O, (B) samples.

In the X-ray diffractogram of the CoFe,O, sample, reflection peaks were located at 18.2° (111), 29.9° (220),
35.5° (311), 43.1° (400), 53.6° (422), 57.2° (511) and 62.7° (440) two theta degrees, which corresponds to cobalt
ferrite (PDF 22-1086) (Fig. 4A). Another metal oxide phase was found in the sample, namely magnetite. The
characteristic reflexions of the magnetite were identified at 18.3° (111), 30.2° (220), 35.6° (311), 43.4° (400),
53.8° (422), 57.4° (511), and 63.0° (440), with two theta degrees (PDF 19-0629). Besides cobalt ferrite, 7.2 wt%
magnetite was detected as a magnetic by-product. Based on the XRD results, the crystallite sizes were calculated
using the full width at half maximum (FWHM) method. The average crystallite sizes were 13+2 nm (CoFe,O,)
and 25+5 nm (Fe,0,).

In case of the nickel ferrite sample, (111), (220), (311), (400), (422), (511) and (440) reflexions were identified
at 18.1°, 30.1°, 35.5°, 43.2°, 53.8°, 57.2° and 62.8° two theta degrees, which belong to the spinel structure of the
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Fig. 3. SAED picture and EDX spectrum of the amine-functionalized CoFe,O, (A, C) and NiFe,O, (B, D)
samples.

non-stoichiometric (Ni, ,,0, ;O,) nickel ferrite (PDF 10-0325) (Fig. 4B). In addition to nickel ferrite, magnetite
is also found, similarly to the cobalt ferrite sample. In this case the amount of magnetite was 2.1 wt%. Based on
the XRD results, the average crystallite sizes were 8 +2 nm (Ni, ,,Fe, ,O,) and 28 +6 nm (Fe,0,).

Vibrating-sample magnetometer (VSM) measurements were performed on the amine-functionalized ferrite
MNPs, at 303 K. The maximum magnetic saturation (Ms) value (73 emu/g) was reached in case of CoFe,O,
sample, which is close to the reported value for the bulk samples (80 emu/g) and the NiFe,O, showed 57 emu/g
Ms value, which is close to the theoretical value of (bulk material) 50 emu/g (Fig. 5A and B)32 43, As mentioned
above, the average size of the NiFe,O, and CoFe,O, were 292 + 40 nm and 216 + 34 nm, respectively. These
spherical particles are composed of crystallites of a few nanometres (5-10 nm) in size. Due to the smaller
size, the finite-size effect becomes more pronounced, resulting in a lower saturation magnetization for the
nanoparticles compared to the bulk phase*!. The magnetization curves of the ferrite samples show a narrow
hysteresis loop with coercivity (Hc) 197 Oe (CoFe,O,) and 67 Oe (NiFe,0,) with 11.3 emu/g and 5.7 emu/g
remanent magnetization (Mr) as can be seen in the inlets of VSM curves on Fig. 5. The measured values of Hc
and Mr of the two samples indicates the ferromagnetic nature of the synthesized particles at room temperature.
Narrow hysteresis loops indicate that the prepared sample can be easily demagnetized.

The residual magnetization (Ms: 73 emu/g) of the cobalt ferrite nanoparticles produced by our solvothermal
method is close to the results published by Ma et al. (Ms: 70 emu/g)**. In the aforementioned work, cobalt ferrite
was produced using a solvothermal method similar to the one we applied except that they used hexamethylene
tetramine (HMTA) and glycol. For CoFe,O particles produced by other methods (co-precipitation and thermal
decomposition), Ms values of 33 and 57 emu/ g were measured by Aslibeiki et al. and Li et al*®*’. In case of nickel
ferrite, solvothermal synthesis was used to achieve a value of 82.3 emu/g Ms by Wang et al., which exceeds the
57 emu/g measured in our case®. Using other synthesis methods, such as co-precipitation, or sol-gel auto-
combustion saturation magnetization values between 51 and 67 emu/g were also achieved*>*.

We determined the specific surface area of the ferrite samples also using the BET method. The cobalt ferrite
sample had the largest specific surface area (130.8 m?/g), while a significantly smaller value was measured for
the nickel ferrite (39.3 m%/g).

Characterization of the silver contained core-shell structured magnetic nanoparticles
TEM images of the Ag/CoFe,O, and Ag/NiFe,O, MNPs clearly show their core-shell structure in which the
silver core is shown with dark contrast (Fig. 6A and B). The shell (with brighter contrast) builds up from ferrite
crystallites with small diameter (d: 5-10 nm), which provide efficient magnetic separability. The samples contain
a very small number of particles with a fiber morphology, up to 4 micrometers in length (Fig. 6B). Average size
of spherical nanoparticles is 276 + 70 nm (Ag/CoFe,0,) and 337 £ 109 nm (Ag/NiFe,0O,) (Fig. 6C).

To compare the size distribution of samples containing silver with their counterparts without silver, a size
analysis was performed. Larger particle diameters were observed for the core-shell nanoparticles than for the
silver-free ferrites (Table 1). This is not only reflected in the average sizes, but also in a size distribution. For
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Fig. 4. Rietveld refined XRD patterns of the amine-functionalized CoFe,O, (A) and NiFe,O, (B) particles.

NiFe,0,, 95% of the particles ranged between 152 and 356 nm, whereas in the silver-containing samples, the size
range broadened to 111-482 nm. A similar trend was observed for cobalt ferrite samples (Table 1).

In the HAADF images of the amine-functionalized Ag/CoFe,O, and Ag/NiFe,O, samples, silver particles
appear with bright contrast (Fig. 7A and B). These particles are located inside the cobalt ferrite and nickel
ferrite spheres as larger inclusions, clearly visible in both the HAADF and elemental maps (Fig. 7A and B). The
reduction of silver ions (in a basic medium) by the reducing agent ethylene glycol (EG) resulted in the formation
of larger particles. Cobalt and nickel ferrite crystals subsequently began to cluster on their surfaces, leading to
development of the core-shell structures observed in the TEM images. This is supported by elemental mapping,
which shows that silver is present only in the cores of spherical aggregates, while the shell contains only the
elements characteristic of ferrite. Furthermore, in the Ag/NiFe,O, sample, silver nanofibers coated with a nickel
ferrite layer are also observed (Fig. 7B).

XRD measurements were also performed on the core-shell particles to confirm the presence of elemental
silver. In addition to the ferrite and magnetite phases, diffraction peaks corresponding to elemental silver were
observed in both samples at two theta angles of 38.1° (111), 44.3° (200) and 64.4° (302) (PDF 04-0783) (Fig. 8A
and B). The silver contents of the samples were 25.1 wt% in Ag/CoFe,O, and 19.2 wt% in Ag/NiFe,O,. The
magnetite and cobalt ferrite content were 29.3 wt% and 44.2 wt%, respectively. The average particle diameters
were 25+ 5 nm for magnetite and 13 +2 nm for spinel.
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Fig. 5. VSM curve of the amine-functionalized NiFe,O, (A) and CoFe,O, (B) samples.

Furthermore, in the Ag/ CoFe 0, sample, reflections appeared at 44.3 ° and 51.6 ° two theta angles, indicating
the formation of a cobalt-silver alloy phase in amount of 1.4 wt%. The calculated particle size was 15+4 nm.

In the Ag/NiFe,O, sample, both stoichiometric (NiFe,O,, 27.5 wt%) and non-stoichiometric (Ni, ,,Fe, ,O,,
26.6 wt%) nickel spinel phases were present, the average particle sizes of 8 + 2 nm and 25 + 7 nm, respectively. The
sample also contained 26.3 wt% magnetite, present as nanoparticles with an average diameter of 28 6 nm. In
addition to spinel phases and magnetite, a diffraction peak at 44.3° two theta degree, corresponding to the (200)
planes of silver-nickel alloy, was observed in the Rietveld-refined diffractogram of the Ag/NiFe,O,. Its amount
in the sample was 0.4 wt%, with an average particle size of 25+5 nm.

The surfaces functional groups of the nanoparticles were identified using FTIR spectroscopy. The FTIR
spectra of the amine-functionalized ferrite nanoparticles showed two characteristic bands: one between 500
and 600 cm™ ! corresponding to the tetrahedral complexes, and another between 400 cm™ ! and 450 cm™,
which belongs to the octahedral complexes in the spinel structure (Fig. 9A)°"*2. An absorption band at 598
cm™ ! corresponds to Fe**— O?" vibration at A-site of the spinel sublattice. The absorption band at 430 cm™! is
attributed to trivalent metal-oxygen vibrations at the octahedral B-sites®!. The band at 1052 cm™ ! corresponds
to C-O and C-N stretching vibration in all three ferrite samples®.

The bands at 1407 cm™! and 1533 cm™! were characteristic for the bending vibrations of hydroxyl groups
(from the adsorbed ethylene glycol molecules) and the vC=C stretching of adsorbed organic compounds,
respectively. The band at 1630 cm™! indicates the presence of adsorbed water molecules. Absorption bands at
2852 cm™! and 2930 cm™! correspond to the symmetric and asymmetric C-H stretching vibrations, respectively.
The N-H stretching vibration overlap with those of the -OH groups, resulting in a broad band in the 3000-
3700 cm™! region. Due the amine-functionalization of the magnetic nanoparticles, the protonation of -NH,
groups led to positive Zeta potential values: 5+4 mV for Ag/CoFe,O, and 11+5 mV for Ag/NiFe,O, MNPs,
which promotes electrostatic interactions with negatively charged bacterial surfaces such as E. coli (Fig. 9B).

Moreover, the surface functional groups of the magnetic ferrite nanoparticles facilitate easy dispersion
in aqueous media (Fig. 9C). Due to their magnetic properties, the particles can be readily redispersed and
magnetically separated within 30-40 s (Fig. 9C).

VSM measurements of silver-containing core-shell nanoparticles were also performed. The VSM curve of
the Ag/NiFe,O, sample showed a hysteresis loop with coercivity 47 Oe and remanent magnetization 2.3 emu/g
(Fig. 10A). A saturation magnetization (Ms) of 40 emu/g was recorded for the Ag/NiFe,O, sample, which is
slightly lower than that of the silver-free nickel ferrite. The Ag/CoFe,O, sample exhibited a wider hysteresis loop,
with a coercivity of 218 Oe and a remanent magnetization of 8.8 emu/g (Fig. 10B). The Ms value was 34 emu/g,
which is less than half of that the silver-free cobalt ferrite particles (73 emu/g). The measured values also confirm
the ferromagnetic behavior of the silver-containing samples at room temperature.

Characterization of the antibacterial efficiency of magnetic ferrite nanoparticles

For both model organisms (Escherichia coli and Micrococcus luteus), magnetic nanoparticle (MNP) dispersions
were initially tested at a concentration of 30 mg/mL (as the highest concentration used). Antimicrobial activity
was observed only for the silver-containing MNPs, as inhibition zones (areas free of bacterial colonies) appeared
only around these dispersions on the agar plates inoculated with the bacterial suspensions, as shown in the
representative images below (Fig. 11). The applied model organisms were also tested for susceptibility to standard
antibiotics, and the corresponding results are provided in the Supplementary Information (Figure S3 and Table
S5).
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Fig. 6. TEM picture of the amine-functionalized CoFe,O, (A) and NiFe,O, (B) samples and their particle size
distributions (C).

Mean | SD | Min. | Median | Max. | P90 | P95 | P99
(nm) | (nm) | (nm) | (am) | (nm) | (nm) | (nm) | (nm)
CoFe,0, [216 | 34 |[125 |[222 274|252 |261 |272
NiFe,0, 202 | 40 |152 297 371 |336 356 |371
Ag/CoFe,0, |276 | 70 |134 |[289 438|362 [375 |413
Ag/NiFe,0, [337 [109 |111 |[372 599|456 |482 |[599

Table 1. Size analysis of the ferrite nanoparticles and their silver contained counterparts.

Consequently, only Ag/CoFe,O4 and Ag/NiFe,O4 MNPs were selected for further experiments, in which
the minimum inhibitory concentration (MIC) was determined for both E. coli and M. luteus. Determining the
MIC is important because, if particles with antibacterial activity are also intended to be used as adsorbents (e.g.,
in water purification), it is essential to know the minimum concentration that provides not only adsorption
capacity but also antimicrobial activity. Accordingly, the concentration of silver-containing MNP dispersions
was gradually reduced. The tested concentrations were as follows: 30 mg/mL, 3 mg/mL, 1 mg/mL, 0.5 mg/mL,
and 0.1 mg/mL.
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Fig. 7. HAADF pictures and element maps of the amine-functionalized Ag/CoFe,O, (A) and Ag/NiFe,O,
MNPs (B) Specific surface measurements were also performed using the BET method for silver-containing
ferrites. Similar specific surface area values were measured for the silver-containing ferrites with core-shell
structure: 39.5 m*/g (Ag/CoFe,0,) and 27.5 m*/g (Ag/NiFe,0,).

In case of E. coli, inhibitory effect was observed even at 0.5 mg/mL MNP concentration, but not at 0.1 mg/
mL. Given that no intermediate concentrations between 0.1 and 0.5 mg/mL were tested, the MIC of the silver-
containing MNPs for E. coli on agar plates was estimated to lie within this range, based on the observed inhibition
pattern (Table 2).

Micrococcus luteus, a Gram-positive model organism, was less sensitive to silver-containing particles. In this
case, no inhibition zone was observed at 0.1, 0.5 and 1 mg/mL, therefore, 3 mg/mL was identified as the lowest
tested concentration that still showed an inhibitory effect. Accordingly, the MIC for M. luteus is estimated to be
between 1 and 3 mg/mL (Table 2).

The observed difference in the minimum inhibitory concentration (MIC) of silver nanoparticles between
E. coli (Gram-negative) and M. luteus (Gram-positive) in this study aligns well with mechanisms previously
described in the literature. The higher sensitivity of E. coli (lower MIC) and lower sensitivity of M. luteus (higher
MIC) are supported by structural and mechanistic differences in the composition of the bacterial cell envelope.
The thinner peptidoglycan layer and the lipopolysaccharide-containing outer membrane of Gram-negative
bacteria facilitate the adhesion and penetration of AgNPs>, whereas the thick peptidoglycan wall of Gram-
positive cells inhibits these processes®. Additionally, the reactive oxygen species (ROS) generated by AgNPs,
along with their intracellular damaging effects (e.g., DNA damage, enzyme inhibition), result in a greater degree
of inhibition in Gram negative than in Gram positive bacteria®”>%. Therefore, the difference in MIC values can be
well explained by the bacterial cell wall structure and the bactericidal mechanism of the nanoparticles.

Results of adsorption tests

After testing the antibacterial activity of the two types of the MNPs on agar plates, we selected the concentrations
used in those assays (specifically the lowest inhibitory and the highest non-inhibitory (sub-inhibitory)
concentrations) for subsequent adsorption experiments. Our aim was to evaluate whether these concentrations,
determined from plate-based antibacterial tests, could also serve effectively as adsorbent doses in liquid bacterial
suspensions.

In first adsorption test, a high concentration of MNPs (30.0 mg/mL) were applied for both model organism.
This resulted in complete removal of bacterial cells from the supernatant, and no colony formation was observed
when the pellet (containing MNPs and adsorbed cells) was plated on agar, indicating both strong adsorption and
bactericidal activity due to the presence of silver (Tables 3 and 4).

Subsequently, the MNP concentration was reduced to 0.5 and 0.1 mg/mL for E. coli and to 3.0 and 1.0 mg/
mL for M. luteus, based on the previously determined inhibitory and sub-inhibitory concentrations (Table 2). As
summarized in the Tables 3 and 4, the lowest inhibitory concentration for M. luteus (3.0 mg/mL of Ag/CoFe,O,
or Ag/NiFe,0,) was highly effective as an adsorbent, leading to complete removal of cells from the supernatant
and the absence of viable colonies in the pellet. Notably, even the sub-inhibitory concentration (1.0 mg/mL)
showed similar performance, suggesting that concentrations below the MIC (though non-inhibitory on agar)
can still exert strong antibacterial and adsorptive effects in liquid media.
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Fig. 8. Rietveld refined XRD patterns of the amine-functionalized Ag/CoFe,O, (A) and Ag/NiFe,O, (B)
samples.

The observed differences of the effective inhibitory concentration of the Ag-containing MNPs on agar plates
and in broth microdilution may be explained by the fact that, in a well-mixed liquid system, even lower silver
concentrations can exhibit antibacterial effects. In contrast, on solid surface, antimicrobial activity is typically
localized and depends on the diffusion range of the silver ions (i.e., producing zone of inhibition)®.

For E. coli, the MIC concentration of Ag/CoFe,O4 (0.5 mg/mL) did not result in complete bacterial removal,
although the cell count in the supernatant was significantly reduced (below detection limit). Similarly, the sub-
inhibitory concentration (0.1 mg/mL) showed >95% efficiency but did not achieve full antibacterial or adsorptive
effect. Therefore, to further assess performance of Ag/CoFe,O, MNP, an additional concentration of 1.0 mg/mL
(2xMIC, based on the value obtained from agar plate tests) was examined. At this level, complete bacterial
removal was achieved in the supernatant, and no colony formation was observed from the pellet, confirming
that doubling the MIC concentration ensured both full adsorption and antibacterial activity for E. coli when
using Ag/CoFe,O, MNPs (Table 3).

In parallel, experiments with Ag/NiFe,O, nanoparticles at the lowest inhibitory concentration (0.5 mg/ml)
and at a sub-inhibitory concentration (0.1 mg/mL) also resulted in the complete elimination of detectable E. coli
cells from both the supernatant and the pellet phase (Table 4).

These findings highlight the complex interplay between several MNP characteristics (including dispersion
stability, magnetic saturation, particle size) and bacterial adsorption efficiency. Ag-functionalized CoFe,O,
nanoparticles exhibited high bacterial adsorption efficiency, achieving over 95% removal even at concentrations
aslow as 0.1 mg/mL. This performance is likely associated with their slightly lower dispersion stability compared
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containing MNPs. Sterile LB served as negative control.
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E. coli M. luteus
Type of microorganism (Gram-negative) (Gram-positive)
Diameter
of the
inhibition
Diameter of the inhibition zone zone
Type of magnetic nanoparticle | Applied concentration [mg/mL] | [mm] Applied concentration [mg/mL] | [mm]
30.0 11.6 30.0 11.5
3.0 8.9 3.0 5.7
Ag/CoFe,0, 1.0 6.7 1.0 0
0.5 6.7 0.5 0
0.1 0 0.1 0
30.0 10.3 30.0 12.2
3.0 8.6 3.0 6.2
Ag/NiFe,0, 1.0 6.7 1.0 0
0.5 7.2 0.5 0
0.1 0 0.1 0

Table 2. Antibacterial testing results of Ag/CoFe,O, and Ag/NiFe,O, nanoparticles. The MIC values and the
corresponding Inhibition zone diameters are highlighted in grey.

to the silver-functionalized NiFe,O, nanoparticles, as reflected by their zeta potential (+ 5 mV for Ag/CoFe,O,
vs. +11 mV for Ag/NiFe,0,). At such low concentrations (0.1-0.5 mg/mL), completely homogeneous dispersion
of the Ag/CoFe,0, nanoparticles in the suspension may not have been fully achieved. Partial sedimentation
could have occurred, preventing some particles from contributing to adsorption. Nevertheless, the remaining
dispersed particles, along with the silver ions released, were still effective enough to eliminate over 95% of the
bacteria. This is particularly noteworthy given the moderate magnetic saturation (34 emu/g) and relatively
large average particle size (276 nm). While larger particle sizes generally reduce surface area and may promote
aggregation, the observed results suggest that the nanoparticles maintained sufficient dispersion and interaction
with bacterial cells, especially at concentrations of 1.0 mg/mL and above. Additionally, their magnetic properties
were adequate for post-treatment separation using an external magnetic field.

The efficient adsorption and antibacterial performance of the silver-containing magnetic nanoparticles
can be attributed to their surface charge and morphology. Literature data confirm that positively charged
nanoparticles are more effective adsorbents due to electrostatic interactions with the negatively charged bacterial
cell membranes®*-%3. Our results align with this understanding, as the tested particles exhibited positive surface
charges and achieved near-total bacterial removal.

Furthermore, the spherical morphology of the nanoparticles may have contributed to their antibacterial
efficacy. Spherical silver nanoparticles are known to release silver ions more efficiently than other shapes (e.g.,
triangular plates or disks), enhancing their antimicrobial activity through more effective disruption of bacterial
membranes and interference with essential cellular functions®. Both nanoparticle size and surface characteristics
influence the release rate of silver ions. While size affects the contact area and interaction with the surrounding
medium, surface charge and composition impact colloidal stability and dissolution behavior®®.

Opverall, the nearly complete antibacterial and adsorption efficiency observed, even at very low concentrations,
can be attributed to the favorable combination of positive surface charge, spherical shape, and silver content.
These properties are consistent with existing knowledge on nanoparticle-bacteria interactions.

In all tested concentrations, the silver component of both Ag/CoFe,O, and Ag/NiFe,O4- nanoparticles
contributed significantly to bacterial growth inhibition. These results demonstrate that Ag/CoFe,O, and Ag/
NiFe,O, are highly promising candidates for magnetic-assisted bacterial removal in aqueous systems.

Time-kill kinetic assay

To further evaluate the bactericidal activity of the silver-containing MNPs, time-kill kinetic assays were
performed. For these experiments, we selected MNP concentrations that had previously demonstrated consistent
antibacterial and adsorptive efficacy both on agar plates and in liquid suspension. Specifically, 1.0 mg/mL was
applied for E. coli and 3.0 mg/mL for M. luteus, using both Ag/CoFe,O, and Ag/NiFe,O, nanoparticles. These
concentrations were chosen to ensure reliable antimicrobial performance, as they had already shown complete
bacterial removal in prior endpoint assays.

As shown in Fig. 12, no viable bacterial colonies were detected from either the supernatant or the pellet at any
time point. The MNPs exerted their antibacterial effect within the first 10 min of contact, leading to complete
elimination of bacterial cells from the system. These findings confirm the rapid and potent bactericidal action of
the silver-functionalized MNPs under the tested conditions. The corresponding agar plate images related to the
data shown in Fig. 12 are provided in the Supplementary Information as Table S1-54.

Conclusions

We successfully synthesized core-shell structured particles with average diameters of 276 + 70 nm (Ag/CoFe,0,)
and 337+109 nm (Ag/NiFe,O,) using a polyol-based solvothermal synthesis method. These particles showed
good adsorption onto the cell walls of pathogenic microorganisms such as Escherichia coli and Micrococcus
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30.0 (highest tested concentration) 1.5+0.4x10% | 0 100

1.0 2xMIC) 54+1.5x10% | 0 100
E. coli(Gram-negative)

0.5 (lowest inhibitory concentration on agar plate) | 7.2+1.1x10® | bdl. >95%

0.1 (sub-inhibitory concentration on agar plate) 1.240.3x 108 | bdl >95%

30.0 (highest tested concentration) 3.2+0.6x10° | 0 100 0
M. luteus(Gram-positive) | 3.0 (lowest inhibitory concentration on agar plate) | 2.7+£0.6x10% | 0 100 0

1.0 (sub-inhibitory concentration on agar plate) 2.7+0.6x10% | 0 100 0

Table 3. Adsorption results of Ag/CoFe,O, nanoparticles (bdl: below detection limit). Adsorption efficiency
was calculated as, where is the initial viable cell concentration and is the unadsorbed cell concentration. The
concentration of adsorbed viable bacteria is denoted as. The last column presents representative agar plate
images to visually support the quantitative data shown.

luteus. Adsorption experiments demonstrated that both types of silver-containing nanoparticles achieved near-
complete (approximately 100%) bacterial removal efficiency for both bacterial strains, even at concentrations
as low as 0.1 mg/mL. The high adsorption activity of these nanoparticles can be attributed to a positive surface
charge (their electrokinetic potentials are 5+4 and 11+5 mV) that facilitates electrostatic interactions with
the negatively charged bacterial membranes. Moreover, their high Ms values (73 emu/g for Ag/CoFe,O, and
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30.0 (highest tested concentration) 56+0.4x10% | 0 100
féi::il-negative) 0.5 (lowest inhibitory concentration on agar plate) | 5.2+0.2x10% | 0 100
0.1 (sub-inhibitory concentration on agar plate) 48+0.3x10% | 0 100
30.0 (highest tested concentration) 3,2+0,6x10% | 0 100
?érle:::-l;:ositive) 3.0 (lowest inhibitory concentration on agar plate) | 2.7+0.6x10% | 0 100
1.0 (sub-inhibitory concentration on agar plate) 2.7+£0.6x10% | 0 100

Table 4. Adsorption results of Ag/NiFe,0O, nanoparticles adsorption efficiency was calculated using the
following equation:, where is the initial viable cell concentration and is the unadsorbed cell concentration.
The concentration of adsorbed viable bacteria is denoted as. The last column presents representative agar plate
images to visually support the quantitative data shown.

57 emu/g for Ag/NiFe,0,) enables rapid and efficient separation from aqueus media via magnetic separation.
This dual functionality allows for both the removal and inactivation of microbial contaminants, reducing the
infectivity of magnetically recovered sewage sludge. For E. coli, significant antibacterial activity was observed at
concentrations as low as 0.5 mg/mL, whereas for M. luteus, inhibition was only evident at or above 3 mg/mL.
This discrepancy is attributed to fundamental differences in the cell wall structure of Gram-negative and Gram-
positive bacteria. Viable cell counts in the supernatant dropped below the detection limit, and no colony growth
was observed from the pellet when plated on agar, further confirming bactericidal activity. To further validate
these findings, time-kill kinetic assays were performed using concentrations that had previously demonstrated
complete antibacterial and adsorptive efficacy in both agar and liquid-phase tests. Specifically, 1.0 mg/mL was
applied for E. coli and 3.0 mg/mL for M. Iuteus, using both Ag/CoFe,O, and Ag/NiFe,O, nanoparticles. The
results confirmed that the silver-functionalized MNPs exerted their bactericidal effect within the first 10 min of
contact, with no viable cells detected at any time point. Notably, in the E. coli-Ag/CoFe,O, system, the 1.0 mg/
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Fig. 12. Time-kill kinetic assay results for E. coli and M. luteus. Adsorbent-free bacterial suspension served as
control.

Ag(NO,) Ni(NO,),-6 H,0 | Co(NO,),-6 H,O | Fe(NO,),-9H,0
NiFe,O, 1.75 g (6 mmol) 4.85 g (12 mmol)
CoFe, O, 1.75 g (6 mmol) | 4.85 g (12 mmol)
Ag/NiFe,0, |0.51 g (3 mmol) | 1.75 g (6 mmol) 4.85 g (12 mmol)
Ag/CoFe,0, | 0.51 g (3 mmol) 1.75 g (6 mmol) | 4.85 g (12 mmol)

Table 5. Amounts of the respective transition metal nitrates dissolved in the reaction media for the synthesis
of the NH,-functionalized ferrite nanoparticles.

mL concentration - corresponding to 2x the MIC determined on agar — was required to achieve complete
bacterial removal in liquid suspension, highlighting the importance of medium-dependent optimization.

Collectively, these findings suggest that amine-functionalized Ag/NiFe,O, and Ag/CoFe,O, nanoparticles
exhibit potent antibacterial and bacterial adsorption capabilities at low concentrations, with rapid and effective
performance in both solid and liquid environments. These properties make them highly promising candidates
for magnetic-assisted water purification applications.

Materials and methods

Materials

The silver contained, amine-functionalized ferrite nanoparticles were made from nickel(II) nitrate hexahydrate,
Ni(NO,), - 6 H,0, MW:290.79 g/mol (Thermo Fisher GmbH, D-76870 Kandel, Germany); cobalt(II) nitrate
hexahydrate, Co(NO,), 6 H,0, MW: 291.03 g/mol and iron(III) nitrate nonahydrate, Fe(NO,),-9H,0, MW:
404.00 g/mol (VWR Int. LtD., B-3001 Leuven, Belgium) respectively. As dispersion medium ethylene glycol,
HOCH,CH,OH, (VWR Int. Ltd., F-94126 Fontenay-sous-Bois, France) was applied. For coprecipitation
and functionalization of the ferrites, monoethanolamine (MEA), NH,CH,CH,OH (Merck KGaA, D-64271
Darmstadt, Germany) and sodium acetate, CH,COONa (ThermoFisher GmbH, D-76870 Kandel, Germany)
were used. Decomposition of silver nanoparticles was carried from silver nitrate; Ag(NO),, MW: 169.87 g/mol
(ThermoFisher GmbH, D-76870 Kandel, Germany). For the LB-solution, physiological saline solution and agar-
plates tryptone, yeast extract (Neogen Culture Media, Lansing, MI, USA), sodium-chloride and bacteriological
agar (VWR International, Leuven, Belgium) was used.

Methods
Preparation of the amine-functionalized, silver contained, magnetic spinel nanoparticles
Amine-functionalized ferrite magnetic particles were synthesized according to a solvothermal method. Iron(III)
nitrate nonahydrate and the nitrate salt of the respective transition metal (Co or Ni) were dissolved (Table 5) in
100 mL ethylene glycol. Sodium acetate 2.46 g (30 mmol) was dissolved in the ethylene-glycol based solution of
the metal precursors under continuous stirring, followed by the addition of 20 mL ethanol amine. The solution
was transferred in Teflon lined hydrothermal autoclave (100 mL), and heated at 200 °C for 12 h. After cooling,
the solid phase was separated from the dispersion using magnet and washed several times with distilled water.
Finally, the ferrite was rinsed with anhydrous ethanol and dispersed in distilled water. The synthesis of the silver-
containing ferrite samples differed from the above-mentioned method in that 0.51 g (3 mmol) of silver nitrate
was dissolved in the reaction mixture prior to hydrothermal treatment. In antibacterial tests, silver-free nickel
ferrite and cobalt ferrite were used as controls, thus these materials were synthetized also.

The formation of transitional metal ferrite nanoparticles is assisted by the transformation of monoethanol
amine (MEA), because the presence of M(IT) (whereas M = Co?* or Ni?*) ions reduces the thermal decomposition
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temperature of MEA®® and ammonia is released. Furthermore, Rochell has shown that the presence of Fe(III)
ions promotes the oxidative degradation of MEA, during this process aminium radical is formed which is
deprotonated to imine radical which is further degraded to ammonia and aldehyde (hydroxyacetaldehyde) via
imine®. The alkaline conditions lead to the formation of Fe(OH), and M(OH),, which can be transformed into
CoFe,0, and NiFe,O, through dehydration.

NH, CH>CH,OHFe*Yand — HT HoN*= CH — CH, — OH + H>O Fe** — HY HOCH,CHO + NH;

NH; + H,O — NHJ + OH™
Fe’™ 4+ 30H” — Fe(OH),
M*t 4+ 20H™ — M(OH),

M (OH), + 2Fe(OH), — MFe:04 + 4H>0

Characterization techniques

The particle-size, morphology and crystalline phases of the ferrite particles were determined using high-
resolution transmission electron microscopy (HRTEM). For the HRTEM measurements, Talos F200X G2
electron microscope with field emission electron gun, X-FEG (accelerating voltage 20-200 kV) was used. For
the imaging and selected area electron diffraction (SAED) measurements, SmartCam digital search camera
(Ceta 16 Mpixel, 4k x 4k CMOS camera) was used with a high-angle annular dark-field (HAADF) detector.
During the HRTEM examination, the aquaeous dispersion of ferrite was dropped onto 300 mesh copper grids
(Ted Pella Inc., 4595 Redding, CA 96003, USA). X-ray diffraction (XRD) measurements were performed to
identify and quantify the ferrite samples using Bruker Discovery diffractometer (Cu-Ka source, 40 kV and
40 mA) in parallel beam geometry (Gobel mirror) with Vantec detector, using Powder Diffraction Files (PDFs).
The average crystal size of ferrite domains was calculated using the mean column length method, calibrated
based on the full width of half maximum (FWHM) and the width of the Lorentzian component of the fitted
profiles (for the evaluation, TOPAS 4 software was applied). The ferrite samples were examined with Fourier
transform infrared spectroscopy (FTIR) by a Bruker Vertex 70 spectroscope in transmission mode for identified
their surface functional groups. For the FTIR measurements 15 mg of the sample was pelletized with 250 mg
spectroscopic grade KBr. The magnetic characterization of ferrite nanoparticles was performed using custom-
built vibrating-sample magnetometer system, developed at the University of Debrecen and based on a water-
cooled Weiss-type electromagnet. The powder samples were pelletized for the measurements with a typical mass
of 20 mg. The magnetization (M) was measured as a function of the magnetic field (H) up to a 10,000 Oe
field strength at room temperature. The electrokinetic potential of the magnetic particles was determined from
electrophoretic mobility using laser Doppler electrophoresis with an Anton Paar Litesizer DLS 500 instrument
(Anton Paar GmbH, Graz, Austria). The specific surface area (SSA) measurements of the samples were carried
out by nitrogen adsorption-desorption method at 77 K. For this, the Micromeritics ASAP 2020 equipment was
used, and the evaluation was carried based on the Brauner-Emmett-Teller (BET) method.

Preparation of LB broth, LB agar plates, and physiological saline solution

To prepare the LB (Luria-Bertani) broth, the solid components (10 g tryptone, 5 g yeast extract, 10 g sodium
chloride) were dissolved in 1000 mL of ultrapure water using a magnetic stirrer. Then the LB solution was
distributed into 100 mL Erlenmeyer flasks, 35 mL per flask, and sterilized with cotton plugs in an autoclave
(121 °C, 15 min, 103-117 kPa).

For the LB agar plates, 15 g of bacteriological agar was added to 1000 mL of LB broth, then sterilized in glass
bottles. The hot LB agar was cooled to 50 °C in water bath, and the mixture was dosed into sterile Petri dishes
with 90 mm diameter and allowed to solidify. These plates can be stored in a refrigerator at 4 °C for up to one
month.

The physiological saline solution was used to create a dispersion of the bacterial cells and magnetic
nanoparticles. For the preparation of the saline solution 8.5 g of NaCl was dissolved in 1000 mL of ultrapure
water, then sterilized in glass bottles in an autoclave at 121 °C for 15 min.

Antibacterial property testing of magnetic nanoparticles

The antibacterial activity of magnetic nanoparticles was tested against Micrococcus luteus (M. luteus, Gram-
positive) and Escherichia coli ATCC 25,922 (E. coli, Gram-negative) bacterial strains. Initially, a single bacterial
colony was transferred into a flask containing 35 mL of LB culture medium using a sterile inoculum loop. The
cultures were incubated under optimal conditions: Micrococcus at 30 °C and 160 rpm for 72 h, and E. coli at 37 °C
and 160 rpm for 24 h, in a shaking incubator.

The optical density (OD) of the bacterial suspension was measured at 600 nm to assess cell concentration,
using LB as the blank solution with NanoDrop™ (ThermoFisher Scientific, Waltham, MA, USA). This was
necessary in order to determine the cell density, as a higher OD value indicates a greater number of bacterial
cells in the suspension. Therefore, OD measurements can be used to infer the initial cell concentration for the
tests. To ensure that the antibacterial tests are always performed with uniformly dense bacterial suspensions, the
cultures were diluted to an OD of 0.1.

To determine the cell concentration belonging to OD,,=0.1, a tenfold serial dilution was prepared, and
3% 100 pl of the 10 dilution were spread onto LB agar. The resulting colony counts (30-300 colonies/plate) were
used for concentration calculations.
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For antibacterial testing 100 pl of the 10? dilution was spread on LB agar, forming a continuous bacterial layer.
MNP dispersions (10 ul) were applied to the surface, with distilled water as a negative control to confirm that the
antibacterial effect originates from the nanoparticles and not from the dispersing agent.

Following incubation, a clearing zone appeared on the plate around the antibacterial magnetic nanoparticles,
indicating microbial growth inhibition. The size (diameter) of the inhibition zone depended on the concentration
of the magnetic nanoparticle dispersion being tested, as more concentrated dispersion produces larger inhibition
zone. The minimum inhibitory concentration (MIC) was determined by progressively reducing MNP dispersion
concentration to establish the lowest concentration still exhibiting antibacterial activity.

Adsorption tests for bacterial removal

For adsorption experiments, either Micrococcus luteus or Escherichia coli was incubated overnight under optimal
growth conditions (30-37 °C with 160 rpm shaking). The bacterial suspension was adjusted to OD,=0.1 to
standardize the initial cell concentration. A tenfold serial dilution was prepared, and 3 x 100 pl of the 10° dilution
were plated to determine the initial viable cell concentration (denoted as C, in cfu/mL).

Magnetic nanoparticles were prepared at an initial concentration of 30 mg/mL using 205 pL of the initial
Ag/NiFe,O,-NH, dispersion (146 mg/mL) and 192 uL Ag/CoFe,O,-NH, (156.7 mg/mL). After water removal
via magnetic separation, the particles were resuspended in 900 pl sterile physiological saline solution. Then,
100 pl of the 10°-diluted bacterial suspension was added to this mixture, yielding a final dilution of 10° in the
MNP dispersion. The prepared dispersion was rotated for 30 min to facilitate even distribution of the bacterial
adsorption onto MNPs. Following separation using a magnetic stand, 3 x 100 pl of the supernatant (containing
the unbounded bacterial cells) was plated to determine the unadsorbed cell concentration (C ). The MNPs were
then resuspended in fresh saline, and the adsorbed viable bacteria (C, ;) were quantified by plating. This step
demonstrated how many of the bound microorganisms survived in the presence of silver-containing MNPs.

Subsequently, the adsorption experiment was repeated using lower MNP concentrations based on prior
antibacterial results for E. coli and M. luteus, respectively. The MIC was determined to be 0.5 mg/mL for E.
coli and 3 mg/mL for M. luteus, as these were the lowest concentrations that exhibited antibacterial activity. In
contrast, 0.1 mg/mL had no antibacterial effect on E. coli, while 1 mg/mL showed no inhibitory activity against
M. luteus, with neither concentration producing a clearing zone on agar plates.

Based on these findings, the adsorption tests were conducted using the lowest MNP concentration that still
exhibited antibacterial activity (0.5 mg/mL for E. coli and 3 mg/mL for M. luteus), along with the next lower
tested concentration (0.1 mg/mL for E. coli and 1 mg/mL for M. luteus) to evaluate whether MNP dispersions
that showed no antibacterial effect on agar plates could still influence bacterial viability during the adsorption
process. This approach allowed for a comparative analysis of bacterial adsorption under conditions with and
without detectable antibacterial activity.

Time-kill kinetic assay

Time-kill kinetic measurements were conducted to assess the temporal dynamics of bacterial inactivation by
silver-containing MNPs. For each model organism, a concentration previously confirmed to be fully antibacterial
and adsorptive was selected: 1.0 mg/mL for E. coli and 3.0 mg/mL for M. luteus. Bacterial suspensions were
added to the respective MNP dispersions and incubated on a rotator mixer at room temperature. Samples were
collected from both the supernatant and the pellet fractions after 10, 20, and 30 min of incubation. An adsorbent-
free bacterial suspension was used as a control, subjected to identical mixing and sampling conditions. Earlier
time points (< 10 min) were not feasible due to technical limitations in parallel sampling. Higher concentrations
(e.g., 2xMIC or 4xMIC) were not tested, as previous studies®®®® have shown that they accelerate cell death, and
our setup did not allow for shorter contact time evaluation.

Data availability
Data is available upon request from the corresponding authors.
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