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ABSTRACT: Magnetic nanomaterials are widely used in microbial enrichment due to their magnetic response and
biocompatibility. However, in high-salinity environments, they tend to agglomerate, impairing dispersion. To improve
microbial adsorption in such conditions, this study used a solvothermal method to synthesize Fe,O, nanoparticles
coated with SiO, and modified with amino (—NH,) and fleroxacin (-FLX) groups, creating Fe,O0,@SiO,@NH,-FLX. The
ability of the nanomaterial to capture Staphylococcus aureus and Escherichia coli, its adsorption behavior, kinetics, and
thermodynamics were evaluated. Confirmed by SEM, XRD, XPS, FT-IR, and VSM, the nanomaterial showed maximum
adsorption for E. coli and S. aureus at 4 and 15 min, with efficiencies of 97% and 95%, respectively. Under optimal
conditions, it outperformed unmodified and mono-aminated nanomaterials, achieving over 95% capture in Qarhan Salt
Lake brine. Cyclic tests showed 80% efficiency after five cycles. In real saline samples, it retained about 90% efficiency
for halophilic bacteria. Overall, this dual-functionalized nanoparticle offers significant advantages for removing bacteria

from aquatic environments.
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INTRODUCTION

Microorganisms are the oldest, most abundant, and
most diverse life forms on Earth [1]. They are not
only the engines of Earth’s ecosystems and a stable
foundation but also important productive forces driv-
ing the development of human medicine, food, agri-
culture, and industry [2-4]. For instance, in the high-
salt, pH-neutral lakes of the Kurendah grassland [5]
(Russia), aerobic bacteria capable of degrading chitin
(Arhodomonas and Arhodomonas spp.) have been
enriched. A study of the coastal salt pans of South
Africa [6] found that, based on amplification of dis-
similatory sulfite reductase genes, Desulfobacteraceae
(complete oxidizers) and Halodesulfobacteriaceae (in-
complete oxidizers) remain active at salinities as high
as 300-400%. In the medical field, certain bacterial-
induced diseases [7] (such as sepsis) require the en-
richment, detection, and identification of bacteria. To-
day, the application of microorganisms has permeated
all aspects of human production and life, and the con-
trol of microorganisms in high-salt brine environments
is a common challenge faced by multiple industrial
fields. Such environments [8] typically feature high
ionic strength, high osmotic pressure, and strong cor-
rosiveness. Traditional sterilization methods such as
chemical disinfectants are limited in high-salt envi-
ronments and may produce toxic by-products, causing
secondary pollution. We hope to capture bacteria
in a more efficient and environmentally friendly way.
The novel and efficient bacterial capture technology—

magnetic nanomaterials [9,10]—has become a re-
search hotspot due to their unique physical and chemi-
cal properties. As a new type of functional material,
magnetic nanomaterials have shown great potential
in the field of bacterial capture. These materials
usually have a core-shell structure, with iron oxide
as the core, providing superparamagnetic properties.
Through surface functionalization [11,12], such as
high-molecular polymers, antibiotic drugs, or specific
ligands, magnetic nanomaterials can selectively bind
to target bacteria. Under the action of an external
magnetic field, the complexes of the material and bac-
teria can be rapidly separated and enriched, achieving
efficient capture and simple recovery of microorgan-
isms [13]. This technology avoids the cumbersome op-
erations of traditional methods such as centrifugation
and filtration and is particularly suitable for high-salt
and other difficult environments.

Currently, several studies have explored the
method of combining antibiotics with magnetic nano-
materials for the enrichment and detection of mi-
croorganisms such as bacteria. Yang et al [14]
functionalized magnetic nanoparticles by introducing
amino groups and subsequently conjugated polyethy-
lene glycol (PEG) to these groups, followed by the
attachment of vancomycin (Van) as the terminal
ligand. The resulting multivalent brush magnetic
nanoprobe (Van-PEG-PL-MNP) demonstrated a high
enrichment efficiency (>94%) for Listeria monocyto-
genes. Rashid et al [15] reported that vancomycin-
conjugated magnetic nanoparticles exhibited effective
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antibacterial activity and strong binding affinity to-
ward both Gram-positive and Gram-negative bacte-
ria. Abdurhaman et al [16] synthesized Al/Van-PDA-
MNPs by conjugating allantoin (Al) and vancomycin
onto dopamine-coated magnetic nanoparticles. This
approach enabled rapid bacterial enrichment in blood
samples, reducing the PCR detection limit to 1072
CFU/ml. Li et al [17] developed Kan@MNPs and
Ery@MNPs by modifying magnetic nanoparticles with
kanamycin (Kan) and erythromycin (Ery), respec-
tively. These nanoparticles were further combined
with lysozyme to facilitate the rapid extraction of
pathogenic bacterial DNA from blood samples.

Fleroxacin (FLX), a trifluoroquinolone antibacte-
rial agent, possesses a broad antibacterial spectrum
and exhibits potent antibacterial activity [18,19]. It
demonstrates effective antimicrobial action against
both Gram-negative and Gram-positive bacteria, par-
ticularly under aerobic and facultative anaerobic con-
ditions. By conjugating fleroxacin as a functional
group onto the surface of magnetic nanoparticles, it
may be possible to achieve efficient bacterial capture.

In this study, Fe,O, nanoparticles were synthe-
sized using the solvothermal method. Subsequently,
the surface of the Fe,O, particles was coated with
SiO,, and amino groups were introduced onto the
surface of the Fe,0,@SiO, carriers through a coupling
reaction between surface silanol (Si—OH) groups and
ethoxy groups of 3-aminopropyltriethoxysilane. To
enhance the density of surface amino groups and im-
prove the bacterial adsorption capacity of the material,
aldehyde groups (—CHO) were introduced onto the
magnetic spheres via a nucleophilic addition reac-
tion between primary amine groups and glutaralde-
hyde. These aldehyde groups were then used to
further graft polyethylenimine, which is rich in primary
amine groups, onto the surface of the Fe,0,@SiO,
carrier. Finally, FLX was immobilized onto the ma-
terial surface through an amidation reaction between
the carboxyl group of FLX and part of the primary
amine groups on polyethylenimine, resulting in the
construction of a magnetic nano-solid-phase extrac-
tant, Fe,0,@SiO,@NH,-FLX, co-modified with amino
groups. The synthesis route of the material is illus-
trated in Fig. 1, and the bacterial adsorption process
is depicted in Fig. 2.

MATERIALS AND METHODS
Reagents and instruments

Scanning electron microscopy (SEM, Carl Zeiss AG,
Oberkochen, Germany) was employed to investigate
the morphological structure of the materials. Fourier
transform infrared (FT-IR, Thermo Fisher Scientific
Inc., Massachusetts, USA) spectroscopy was utilized to
analyze functional groups within the materials. X-ray
diffraction (XRD, Rigaku Corporation, Tokyo, Japan)
was applied to study the crystalline structure of the
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materials within the range of 5° to 90°. A High-Speed
Fully Automatic Multifunctional High-Performance X-
ray Photoelectron Spectrometer (XPS, Thermo Fisher
Scientific Inc.) was employed to analyze the chemical
elements before and after material modification. A
Vibrating Sample Magnetometer (VSM, Quantum De-
sign, California, USA) was used to analyze the mag-
netic saturation strength of the samples.

All reagents used in the material synthesis during
the experiment were supplied by Aladdin Biochemical
Technology Co., Ltd. (China) The experimental strains,
including E. coli, S. aureus, and halophilic bacteria,
were all cultured and provided by the same research
laboratory. The brine utilized in the experiment was
obtained from the Chaka Salt Lake and was at satu-
rated concentration.

Material preparation

Preparation of Fe,0,, Fe,0,@SiO,, and
Fe,0,@Si0,@PEL

The Fe,O, magnetic nanoparticles were synthe-
sized via a solvothermal method as described [20]. The
Fe,0,@SiO, composite was then prepared according
to the published methods [21,22]. In this process,
the Fe,O, nanoparticles were coated with silica via the
hydrolysis and polycondensation of tetraethyl orthosil-
icate (TEOS), forming an amorphous silica layer.

Amino modification and crosslinking of
polyethyleneimine (PEI) materials involve a two-
step process.  First, 3-aminopropyltriethoxysilane
(APTES) is used to introduce amino groups onto
the surface of Fe,0,@SiO, particles. Subsequently,
glutaraldehyde (GA) serves as a crosslinking agent,
with its dialdehyde groups reacting with amino
groups on both Fe,O,@Si0, and PEI molecules. This
reaction forms Schiff base linkages (—C=N—), which
are then reduced (e.g., with NaBH,) and stabilized
as secondary amine bonds (—C—N—), thereby
crosslinking PEI. Detailed experimental procedures
are as described [23, 24].

Preparation of Fe,0,@Si0,@NH,,-FLX:

One hundred milliliters of dimethyl sulfoxide
(DMSO) was measured into a 250 ml three-necked
flask and ultrasonically degassed for 10 min. Then,
1.0 g of Fe,0,@SiO,@PEI particles was addded to
the flask. The reaction apparatus was sealed, and the
system was purged with nitrogen to remove residual
oxygen. Atotal of 0.104 g of FLX and 0.2 g of 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) were weighed, dissolved in a small volume
of DMSO, and slowly injected into the three-necked
flask using a syringe. The system was purged again
with nitrogen, the reaction mixture was heated to
55°C, and this temperature was maintained for 24 h.
The resulting product, Fe,O ,@Si0, @NH,-FLX, is then
washed repeatedly with deionized water and ethanol,
followed by vacuum drying at 40 °C.
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Fig. 2 Preparation of Fe,0,@SiO,@NH,-FLX nanomaterials and schematic diagram of bacterial adsorption process.

Adsorption experiments

The adsorption experiment employed two representa-
tive and commonly studied bacterial species: Gram-
positive (S. aureus) and Gram-negative (E. coli). The
bacterial cultures were stored at 4 °C and required prior
incubation before use. The detailed procedural steps
are as follows: the refrigerated bacterial suspension
was placed in an air bath shaker, where the temper-
ature was maintained at 37 °C and the agitation speed
at 150 rpm. After a 16 h incubation, the culture was
transferred to a centrifuge and spun at 5000 rpm for
5 min. The pellet was washed and resuspended three
times with phosphate-buffered saline (PBS, pH = 7.2)

and then diluted with the same buffer. An appropriate
volume of the resulting suspension was taken, and its
optical density (OD) at 600 nm was measured. The
concentration of the bacterial suspension was adjusted
to achieve the desired ODg(, value (ranging from 0.1
to 1), serving as the final bacterial sample for either
E. coli or S. aureus. The initial absorbance value (A;)
of the sample was recorded.

Five milligrams of Fe,0,@SiO,@NH,-FLX mate-
rial was accurately weighed and briefly ultrasonicated
to ensure complete dispersion of the synthesized mag-
netic nanomaterials. Subsequently, 2 ml of the E. coli
sample was added to each reaction system. The ad-
sorption efficiency was investigated at varying sample
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dosages. The pH of the buffer solution was adjusted,
and bacterial suspensions were prepared at pH values
of 3,5, 6,7, 8,9, and 11 to determine the optimal
pH for adsorption efficiency. The standard curves
for E. coli and S. aureus were constructed based on
previously reported methods [25]. The ODg, values
of the supernatants collected at different time intervals
were measured using an enzyme-linked immunosor-
bent assay (ELISA) reader to evaluate the adsorption
kinetics of the magnetic nanoparticles toward E. coli
and S. aureus.

The adsorption efficiency is calculated using the
following formula:

Ag—

E= x 100%

0

where E denotes the adsorption efficiency, A, repre-
sents the absorbance of the bacterial suspension be-
fore adsorption, and A refers to the absorbance after
adsorption.

The study further compared the adsorption effi-
ciencies of various materials. The adsorption behaviors
of Fe,0,, Fe,0,@Si0,, and Fe,0,@SiO, @PEI toward
E. coli and S. aureus were consistent with previously
observed trends. In addition, brine from Chaka Salt
Lake was used as an alternative to PBS buffer to
evaluate the adsorption capacity of the materials under
brine conditions and to assess their cyclic adsorption
performance. The cyclic adsorption procedure was as
follows: after magnetic materials were introduced for
adsorption, the supernatant was removed using a mag-
net, leaving the magnetic material-bacteria complex.
A suitable volume of sterile water with a pH of 2-3
was then added, followed by magnetic separation to
remove the supernatant. This process was repeated 2—
3 times. Subsequently, PBS buffer at pH 6 was added
to neutralize the material and restore its adsorption
capability. The cyclic adsorption process was then
repeated for subsequent rounds.

RESULTS AND DISCUSSION
Microstructure and phase constituent
Microscopic morphology

Fig. 3(a—c) presents scanning electron microscope
(SEM) images of the prepared materials Fe,O,,
Fe,0,@Si0,@PEI, and Fe,0,@Si0,@NH,-FLX, ob-
served at magnifications of 10,000x and 100,000,
respectively. ~ As shown in Fig.3(a), Fe;O, ex-
hibits uniformly sized spherical particles with diam-
eters ranging from 200 to 250 nm under the same
magnification.  In Fig. 3(b), the particle size of
Fe,0,@SiO,@PEI is significantly increased to approx-
imately 400 nm, and the transparent surface coating
suggests that the Fe;O, core has been fully encapsu-
lated by SiO,, and polyethyleneimine layers. The SEM
image of Fe,0,@Si0,@NH,-FLX reveals a particle
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size of approximately 400-450 nm. Compared with
Fe,0,@Si0,@PEI, the particle size remains relatively
unchanged; however, irregular flap-like protrusions
are observed on the surface, indicating that further
chemical reactions have occurred on the material sur-
face.

The XRD characterization results of Fe,0,,
Fe,0,@5i0,, Fe,0,@Si0,@PEl, and Fe,0,@Si0,@
NH,-FLX are presented in Fig. 4(a). As shown in
Fig. 4(a), the 26 diffraction angle range of Fe,O,
spans from 20° to 80°, with distinct diffraction
peaks observed at 18.3°, 30.1°, 35.5°, 37.1° 43.1°,
53.5° 57.0°, 62.6°, and 74.0° corresponding to the
crystal planes (111), (220), (311), (222), (400),
(422), (511), (440), and (533), respectively [26].
These well-defined peaks suggest a high degree of
crystallinity,. In contrast, broad “hump-like” peaks
observed between 15° and 30° (20) for Fe,0,@SiO,,
Fe,0,@Si0,@NH,, and Fe,0,@Si0,@NH,-FLX are
characteristic of amorphous silica [27], confirming
the successful coating of silica on the Fe,O, surface.
Additionally, the reduced peak intensities observed
for Fe304@SiOZ@PEI and Fe304@SiOZ@NH2-FLX
suggest further crosslinking of polyethyleneimine.
Throughout the modification process, the peak
positions and relative intensities remained consistent
with the standard diffraction data for Fe,0O, (JCPDS
No. 65-3107), indicating that the crystal structure
of Fe,O, was preserved during the synthesis of the
bifunctional magnetic nanoparticles.

Material composition

Fig. 4(b) presents the infrared spectra of fleroxacin,
Fe,0,@Si0,@NH,-FLX, and Fe,0,@Si0,, from top to
bottom. Comparison of the three spectra shows that
the fleroxacin-functionalized Fe,O, magnetic nano-
material exhibits characteristic absorption peaks at
1718 and 1630 cm™!, corresponding to the car-
bonyl and amide groups, respectively, in fleroxacin
propionate. This indicates that FLX has been suc-
cessfully grafted onto the surface of the magnetic
spheres following a two-step amino functionaliza-
tion process. Fig. 5 displays the full XPS spectra of
Fe,O, and Fe,0,@SiO,@NH,-FLX. In the full scan
spectrum of Fig. 5(a), the Fe 2p peak intensity of
Fe,0,@Si0,@NH,-FLX is significantly reduced, con-
sistent with the diminished Fe,0O, diffraction peak in-
tensity observed in XRD after modification and encap-
sulation. Meanwhile, the characteristic signal peaks
of F 1s, N 1s, Si 2s, and Si 2p are clearly visible.
Fig. 5(b) presents the Fe 2p fine spectrum of Fe,O,.
The peak at 723.6 eV corresponds to Fe 2p1/2, while
the peak regions at 710.4 and 713.6 eV correspond
to Fe 2p3/2, indicating [28] the coexistence of Fe?"
and Fe®* in Fe,O,. The satellite peaks [29] at 716.9,
729.9, and 732.3 eV correspond to Fe 2p. Fig. 5(c)
and (d) show the changes in C 1s and O 1s peaks
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Fig. 4 (a) XRD patterns of Fe,0,, Fe;0,@Si0,, Fe,0,@Si0, @PEI, and Fe,0,@Si0,@NH,-FLX and (b) FT-IR spectra of

Fe,0,@Si0,, Fleroxacin, and Fe,O,@SiO,@NH,-FLX.

before and after modification, calibrated against the
C—C peak at 284.8 eV. The C—O functional group [30]
binding energy at 286.5 eV decreased to 286.3 eV
while the peak area of metallic lattice oxygen (0?7)
at 529.9 eV diminished due to the formation of Si—O
bonds (533.0 eV). This indicates that the Fe, O , coating
on SiO,, enhances the electron density around carbon
atoms. The C=O functional group binding energy
increased from 288.4 eV to 288.7 eV, likely due to C
atoms bonding with more electronegative groups (N,

2

F), raising the C atom binding energy. Fig. 5(e) shows
two N peaks: the peak at 399.5 eV corresponds to imino
or amide groups, revealing the formation of amide
bonds during modification; the protonated amine at
401.6 eV arises from the protonation of amino groups,
simultaneously explaining the positive charge on the
material surface. This indicates successful surface
modification with amino and fluoroquinolone groups.
Elemental composition before and after modification is
summarized in Table S1.
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It can be observed from the hysteresis loop shown
in Fig. S1(a) that the magnetic nanoparticles re-
tain strong superparamagnetic properties after surface
coating and functional group modification. The satu-
ration magnetization values are 87.5 emu/g for Fe,O,,
67.2 emu/g for Fe,0,@Si0,@PEI, and 68.1 emu/g for
Fe,0,@Si0,@NH,-FLX. The reduction in saturation
magnetization is primarily attributed to the complete
coverage of the SiO, layer on the particle surface,
whereas the crosslinking of PEI has minimal influ-
ence on the material’s magnetic properties. Fig. S1(b)
presents the Fe304@Si02@NH2-FLX magnetic nano-
material dispersed in an ethanol solution prepared in
this study. As shown in the left image, after ultrasonic
treatment, the material is uniformly dispersed in the
solution and remains stable without precipitation for
at least 30 min in the absence of an external magnetic
field. Upon application of an external magnetic field,
the Fe;0,@SiO,@NH,-FLX nanoparticles are rapidly
attracted to the magnet, demonstrating strong mag-
netic responsiveness. These observations indicate that
this magnetic adsorbent can be efficiently separated
from the sample matrix under an external magnetic
field, enabling rapid and effective recovery.

Optimal adsorption and comparison of different
adsorption materials

Standard curves for E. coli and S. aureus

Fig. S2(a) and (b) show the standard curves for E. coli
and S. aureus, respectively. The linear expression of the
E. coli standard curve is log(concentration) = 8.339 +
1.26410g(0Dgq0), R = 0.991.

The expression of the S. aureus standard curve is
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log(concentration) = 7.906 + 1.15410og(0Dgq,), R? =
0.997.

In the expression, concentration refers to the bac-
terial concentration, with units of CFU/ml; ODggq
refers to the corresponding optical density value at
each concentration.

The effect of pH on the zeta potential of materials
and the capture efficiency of Fe,0,@Si0,@NH,,-FLX
materials on E. coli and S. aureus at different pH
levels

To evaluate the adsorption capacity of the material
toward two bacterial species under optimal conditions,
the adsorption efficiency of Fe,O0,@SiO,@NH,-FLX
was measured across a pH range of 3 to 11. As
illustrated in Fig. S3(a), the maximum adsorption effi-
ciency for both bacterial strains was observed at pH 6.
The isoelectric point (pH) [31] of E. coli typically falls
within the range of 4 to 5, whereas that of S. aureus
lies between 3 and 4. A decrease in environmental pH
weakens electrostatic interactions, thereby reducing
adsorption efficiency. Similarly, excessively alkaline
conditions may impair bacterial viability, which in turn
lowers the adsorption capacity. As shown in Fig. S3(b),
zeta potential measurements of the material at varying
pH levels indicate that Fe,O, exhibits a positive surface
charge below pH 8.5 and a negative charge above this
value. Following amino functionalization, the mate-
rial’s surface charge becomes predominantly positive.
Therefore, both the dispersion behavior and surface
charge characteristics of the material at different pH
levels play a significant role in influencing bacterial
adsorption efficiency.
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Different amounts of additives having different
effects on trapping

The synthesis of Fe,O,@SiO,@NH,-FLX at varying
FLX loadings was conducted to investigate how FLX
content affects bacterial capture efficiency (Fig. S4).
Experimental results indicate that when the mass ra-
tio of m(Fe,0,@Si0,@PEI) to m(FLX) is 10:3, the
material demonstrates effective capture of E. coli. In
contrast, when the ratio is 10:1, a higher capture
efficiency is observed for S. aureus. These findings
suggest that different FLX loadings yield distinct ad-
sorption behaviors for the two bacterial strains. FLX,
a fluoroquinolone antibiotic, primarily exerts its an-
tibacterial effect by inhibiting bacterial DNA gyrase
(topoisomerase II) and topoisomerase IV. When FLX is
immobilized on the surface of nanomaterials, it may
influence bacterial adsorption through several mech-
anisms: (1) Specific binding: FLX can interact with
target proteins on the bacterial cell membrane such
as DNA gyrase, thereby enhancing the bacterial cap-
ture capability of the material. (2) Charge effects: at
physiological pH, FLX molecules may carry a negative
charge or exist in a zwitterionic state, which can alter
the overall surface charge of the material [32], thereby
influencing electrostatic interactions and adsorption
behavior. Therefore, the concentration of FLX intro-
duced during material preparation significantly affects
adsorption performance for different bacterial species.
Based on these results, subsequent experiments were
carried out using materials exhibiting optimal bacterial
adsorption efficiency.

Bacterial capture efficiency of different materials

As illustrated in Fig. S5, the bifunctional nanomaterial
Fe,0,@Si0,@NH,-FLX exhibits significantly higher
adsorption efficiency for E. coli and S. aureus than other
nanomaterials, including those without amino group
modification and those with only amino group modi-
fication (Fe,O,, Fe,0,@SiO,, and Fe,0,@SiO, @PEI).
Iron-based nanoparticles without an SiO, coating ex-
hibit inferior dispersion and biocompatibility com-
pared with their coated counterparts. However, after
cross-linking with polyethyleneimine, the surface of
the nanomaterial becomes enriched with positively
charged amino functional groups, and electrostatic ad-
sorption becomes the dominant mechanism [23]. This
characteristic significantly enhances the enrichment
efficiency for negatively charged bacteria. Addition-
ally, the fleroxacin-modified material contains fluorine
and oxygen elements in its molecular structure, which
contribute to strong oxidative properties that effec-
tively inhibit bacterial DNA gyrase activity, thereby
achieving a bactericidal effect [19]. Consequently,
the antibacterial properties of fleroxacin are harnessed
to further improve both the efficiency and speed of
bacterial capture.

The molecular-level interactions between fluoro-

quinolone functional groups grafted onto adsorbent
surfaces and bacterial membranes primarily involve
three aspects: transmembrane penetration [33], ef-
flux pump recognition [34], and biofilm penetration
[35]: 1. At physiological pH, fluoroquinolones pri-
marily exist as zwitterionic forms. They traverse the
outer membrane by electrostatic binding to charged
residues lining the bacterial OmpF channel, thereby
inhibiting efflux. 2. Drug molecules are recognized
and captured by the distal binding site of the bacterial
AcrB transporter, enhancing efflux efficiency. 3. Drug
penetration is enhanced by disrupting or inhibiting
biofilm matrix synthesis (i.e., extracellular polysaccha-
ride complexes). Studies indicate that disrupting the
biofilm promotes drug entry into bacteria. In summary,
FLX exhibits electrostatic interactions with the OmpF
channel protein on the bacterial membrane during
penetration. Furthermore, the AcrB transporter on
the bacterial membrane recognizes and captures FLX
during active efflux. Consequently, the modified nano-
material Fe,0,@SiO, @NH,-FLX demonstrates excep-
tional bacterial capture efficacy.

Isothermal adsorption and adsorption kinetics

The amount of bacteria adsorbed onto the material
Fe,0,@Si0,@NH,-FLX is expressed as follows:

Q.= w 1)

m

Langmuir isothermal adsorption linear expression:
C G, 1

Qe Qm QmKL

(2
Freundlich isothermal adsorption linear expression:
1
InQ, =InKy + —InC, 3
n

In the aforementioned formulas, Q, denotes the
equilibrium amount of bacteria adsorbed per unit mass
of the adsorbent, expressed in CFU/g. C, refers to
the initial bacterial concentration, while C, represents
the bacterial concentration at equilibrium, measured
in CFU/ml. V indicates the volume of the solution
in ml, and m denotes the mass of the adsorbent in
g. Q,, signifies the theoretical maximum adsorption
capacity of the adsorbent per unit mass, also expressed
in CFU/g. K| is the Langmuir constant, with units of
ml/CFU, and Kj is the Freundlich adsorption capacity
constant, reflecting the adsorption strength, with units
of [(CFU/g)-(ml/CFU)l/ "]. The parameter n repre-
sents the adsorption intensity constant, indicating the
degree of difficulty of the adsorption process, and is
dimensionless.

Based on the fitting results of the Langmuir and
Freundlich isotherm adsorption models (Fig. S6(a—d))
and the parameters presented in Table S2, it can be
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concluded that the Langmuir model provides a better
fit for E. coli. This indicates that the adsorption process
for E. coli is predominantly monolayer in nature, with
relatively uniform adsorption sites on the surface of
the adsorbent [36-38]. For S. aureus, the Langmuir
model also demonstrates a reasonable fit, although
not as strong as for E. coli, whereas the Freundlich
model shows poor correlation. This suggests that the
adsorption behavior of S. aureus is primarily consistent
with monolayer adsorption, although with a certain
degree of heterogeneity in the adsorption sites.

To investigate the adsorption rate of bacteria on
material surfaces and study the adsorption mechanism,
kinetic simulations of the adsorption processes of E. coli
and S. aureus were conducted using simple kinetic
models, including first-order and second-order models,
whose expressions are as follows:

C,—C v
QtZ(O t)X (4)

m

Pseudo-first-order kinetic equation expression:

Q =Q(1—e™") ©)
Pseudo-second-order kinetic equation expression:
t 1 t
= )
Qe KQ; Q.

Fig. S6(e-h), in conjunction with the kinetic pa-
rameters presented in Table S3, indicate that both
physical and chemical adsorption may occur simulta-
neously during the adsorption process involving E. coli.
However, the better fit of the pseudo-second-order ki-
netic model suggests that chemical adsorption is likely
the dominant mechanism, although physical adsorp-
tion also plays a minor role. In the case of S. aureus, the
first-order kinetic model is not applicable, whereas the
pseudo-second-order model demonstrates an excellent
fit. This implies that the adsorption mechanism is
predominantly chemical in nature [31, 39]. The strong
chemical interactions between the adsorbate (S. au-
reus) and the adsorbent may involve chemical pro-
cesses such as ion exchange, covalent bond formation,
or coordination bond formation [40].

Adsorption thermodynamics and related
parameters

Two types of bacteria were adsorbed within a temper-
ature range of 25 °C to 45°C, and the thermodynamic
parameters of the adsorption process were systemat-
ically investigated. As illustrated in Fig. S7(c), the
equilibrium adsorption capacity of Fe,0, @SiO, @NH,-
FLX for both bacterial species gradually decreases with
increasing temperature, indicating that the adsorption
process is exothermic.

The thermodynamic parameters, including the en-
thalpy change AH® (kJ/mol), entropy change AS°
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[J/(mol-K)], and Gibbs free energy change AG® (kJ/
mol), were calculated using the following equations:

InK; = AST_ AR 7
" R RT
AG® = —RT InK;, ®
Q.
Kp= =% 9
=T )

In equations (7) to (9), Q, and C, denote the
equilibrium adsorption capacity and the equilibrium
concentration at the respective temperatures. K (1/g),
R (8.314 kJ/mol), and T (K) represent the equilibrium
constant, the universal gas constant, and the absolute
temperature, respectively.

As shown in Fig. S7 and Table S4, the adsorp-
tion of E. coli and S. aureus is both spontaneous and
exothermic. An increase in temperature reduces ad-
sorption, and the system experiences a decrease in
entropy during the process. The exothermic effect
(reflected by the absolute value of AH®) and the reduc-
tion in system disorder (represented by the absolute
value of AS®) are more pronounced for S. aureus than
for E. coli. This suggests that S. aureus may interact
more strongly with the adsorbent, leading to greater
heat release and a more significant decrease in entropy
during adsorption. Furthermore, the trend observed
in Fig. S7(c), which shows a decline in equilibrium
adsorption capacity with increasing temperature, sup-
ports the conclusion that the adsorption process is
exothermic.

Material collection efficiency and cyclic adsorption
at different dilution ratios of salt-lake brine

To further investigate the material’s adsorption capac-
ity for microorganisms in brine, the adsorption efficien-
cies of E. coli and S. aureus were evaluated in brine
solutions diluted 100-, 500-, 1000-, 2000-, and 5000-
fold. As shown in Fig. S8(a), the maximum adsorption
efficiency for both bacterial strains was observed at a
500-fold dilution of brine. The adsorption efficiency
for E. coli remained relatively stable across dilutions,
whereas a significant decrease in the adsorption effi-
ciency for S. aureus was observed at a 100-fold dilu-
tion. This variation may be attributed to changes in the
material’s surface charge under high-salt conditions,
which could influence bacterial adsorption behavior.
Furthermore, under a 500-fold dilution of satu-
rated brine from Chaka Salt Lake, the cyclic adsorption
performance of the Fe,0,@SiO,@NH,-FLX material
was evaluated using E. coli and S. aureus. A total
of five consecutive adsorption-desorption cycles were
conducted for each bacterial strain. As illustrated
in Fig. S8(b), the material exhibited an adsorption
efficiency exceeding 95% during the initial adsorption
stage. In the subsequent four cycles, the adsorption ef-
ficiency remained above 80% for both bacterial strains,
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further demonstrating the material’s promising poten-
tial for practical applications in microbial adsorption
within salt-lake environments.

Capture of halophilic bacteria in brine by different
materials

The  bacterial  capture test  results  for
Fe,0,@Si0,@NH, FLX, Fe,0,@Si0,@NH,, and
Fe,0,@SiO, are shown in Fig. S9. In actual saline
samples, Fe,0,@Si0,@NH,-FLX demonstrated
highly efficient bacterial enrichment, achieving
an 89% capture efficiency for halophilic bacteria.
Fe,0,@Si0,@NH, achieved a capture efficiency of
67%, while the capture capability of Fe,O,@SiO,
was relatively weak at only 13%. These results
confirm the practical application potential of
Fe,0,@SiO,@NH,-FLX in reagent brine solutions.

CONCLUSION

In this study, to address the low microbial capture effi-
ciency of magnetic nanomaterials due to poor disper-
sion in high-salt environments, the magnetic nanopar-
ticles were further improved and modified to prepare
Fe,0,@Si0,@NH,-FLX. Adsorption experiments have
shown that under optimal conditions, adsorption of the
material onto E. coli and S. aureus is a spontaneous,
exothermic process that is mainly chemical and occurs
via monolayer adsorption. An increase in temperature
will inhibit the adsorption process. Moreover, the
adsorption sites of E. coli are relatively uniform, while
those of S. aureus may show some non-uniformity.
Under the brine system of the Chaka Salt Lake, the
adsorption efficiency at a dilution ratio of 500 times
is the best, and even after five cycles, adsorption still
reaches over 80%. The adsorption comparison of dif-
ferent materials shows that under the combined action
of the bifunctional groups (NH, and FLX groups) of
the materials, the adsorption efficiency of the materials
is significantly enhanced, the surface charge of the
materials is improved in more complex environments,
and bacterial activity can be inhibited. FLX itself, as a
broad-spectrum and long-acting quinolone antibiotic,
has a good inhibitory effect on aerobic bacteria and
some facultative anaerobic bacteria. Adsorption tests
on halophilic bacteria using actual salt-lake samples
demonstrate the continued effective adsorption perfor-
mance of the material. In actual research work, it can
be used to capture and screen some anaerobic bacte-
rial species at the same time. It has certain guiding
significance for the capture of non-culturable strains,
unknown drug-resistant bacteria, and unknown strains
in extreme environments.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasial513-1874.2026.
018.
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Appendix A. Supplementary data

Table S1 XPS results of Fe,0,, Fe,0,@Si0, @PEI, and Fe,0,@Si0,@NH,-FLX.

Adsorbent The chemical composition (at.%)
Fe F (0] C N Si
Fe,0, 5.49 0 24.39 70.11 0 0
Fe,0,@Si0,@NH,-F1X 0 2.76 33.22 36.81 8.31 17.91

Table S2 Langmuir and Freundlich isothermal adsorption parameters.

Type of bacteria Langmuir isotherm Freundlich isotherm

Q,, (CFU/g) K; (ml/CFU) R? Ky [(CFU/g)-(CFU/ml)"] 1/n R?
E. coli 8.613 x 10'° 3.169 x 107 0.992 1.429 x 10° 0.270 0.991
S. aureus 3.249 x 10'° 3.358 x107° 0.993 3.744 x 108 0.276 0.808

Table S3 Pseudo-first-order and pseudo-second-order kinetic parameters.

Type of Co Qe exp Pseudo-first order kinetics Pseudo-second order kinetics

bacteria  (CFU/ml) (CFU/g) K, (min™") R* Qe (CFU/g) K, (gmin"':.CFU™) R*> Q,. (CFU/g)
E. coli 5.40 x 107 2.156 x 10%° 2.378 0.996 2.155x 10% 1.375x 107° 0.999 2.159 x 10%°
S. aureus 6.55x 107 3.331x 10 2.934 0.149  3.02x10'° 1.014 x 10710 0.999  3.365 x 10%°

Table S4 Adsorption thermodynamic parameters.

Temperature (K) E. coli S. aureus
InK; AG° AH° AS° InKy AG° AH° AS°
(KJ/mol) (KJ/mol) [J/(mol-K)] (KJ/mol) (KJ/mol) [J/(mol-K)]
298 7.64 —18.93 10.13 —25.10
303 7.50 —18.89 8.64 —21.76
308 6.90 —17.67 —58.166 —131.03 7.91 —20.25 —110.909 —291.49
313 6.48 —16.85 7.48 —19.46
318 6.31 —16.68 7.22 —19.09
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Fig. S1 (a) Hysteresis loops of Fe,0,@SiO,@NH,-FLX and Fe,O, and (b) magnetic characterization photographs of
Fe,0,@Si0,@NH,-FLX.
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Fig. S2 Standard curves for (a) E. coli and (b) S. aureus.
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Fig. S3 (a) The effect of different pH levels on the adsorption of bacteria by materials and (b) the effect of pH on surface
charge of materials.
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Fig. S4 The effect of different amounts of fleroxacin added on the adsorption efficiency of Fe,0,@SiO, @NH,-FLX toward
E. coli and S. aureus.
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Fig. S5 Adsorption efficiency of different materials for (a) E. coli and (b) S. aureus.
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Fig. S6 (a, c¢) Langmuir isothermal adsorption isotherms and (b, d) Freundlich isothermal adsorption isotherms; (e, g) pseudo-
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Fig. S7 (a) and (b) van’t Hoff curves for the adsorption of E. coli and S. aureus, respectively, and (c) effect of temperature on
bacterial adsorption by Fe,0,@SiO, @NH,-FLX.
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Fig. S8 (a) Bacterial adsorption efficiency of materials under different brine dilution ratios and (b) adsorption efficiency of
Fe,0,@Si0,@NH,-FLX for E. coli and S. aureus after five cycles of adsorption and desorption.
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Fig. S9 The histogram of bacterial adsorption efficiency in different materials for salt lake brine (n = 3).
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