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ARTICLE INFO ABSTRACT

Keywords: The Ag nanoparticles demonstrate potent bacteria eradication capabilities; however, their tendency to aggregate
Magnetoplasmonic in aqueous solutions compromises the antibacterial efficacy. Furthermore, the Ag nanoparticles employed in
Core shell structure sewage treatment are challenging to recycle, resulting in environmental pollution and resource wastage. Herein,
FA§304 the Ag-core Fe304-shell structured particles (Ag@Fe304) are synthesized by leveraging the reduction potential
Antibacterial difference between Agt/Ag® and Fe®*/Fe?* through a one-step polyol reduction process. The Fe3Oy shell in the

Ag@Fe304 composite not only effectively inhibits the agglomeration of Ag, but also enhances the penetration
capability of the composite into biofilms, thereby enabling Ag@Fe304 to possess remarkable antibacterial effi-
cacy against Escherichia coli (E. coli). The Ag@Fe304 demonstrates nearly 100 % inhibition of E. coli at a con-
centration of 0.24 mg mL™! (with an Ag content of 0.042 mg mL ') while still maintaining antibacterial
effectiveness of 74.6 % even after undergoing reutilization for 10 cycles. Meanwhile, due to the excellent electron
conductivity of Ag and the effective adsorption capability of Fe3O4 shell towards organic dyes, Ag@Fe304 fa-
cilitates rapid electron transfer to organic dyes and further lead to their reduction and degradation in the
presence of NaBH4. The Ag@Fe304 can catalytically degrade various organic dyes (including Rhodamine B,
Rhodamine 6G, and Methylene blue) within only 15 min, while achieving an impressive degradation efficiency
exceeding 90.9 % after 6 cycles of reutilization. The cost-effectiveness (approximately $0.17 per gram), facile
magnetic recovery, along with the superior antibacterial and dye-degradation performance showcase the sig-
nificant potential of Ag@Fe304 for medical applications and sewage treatment.

Catalytic degradation
Organic dyes

Fouladi-Fard et al., 2022; Razavi et al., 2021). However, conventional
methods of synthesizing silver nanoparticles often result in agglomera-

1. Introduction

The overuse of antibiotics in recent years has accelerated the evo-
lution of bacteria, resulting in the emergence of antibiotic-resistant
“superbugs” that pose a significant threat to human health (Jia et al.,
2017; Salam et al., 2023). The development of highly efficient and
environmentally friendly new antibacterial materials is therefore ur-
gently needed. The remarkable antibacterial properties of metal ions
have attracted significant attention, with silver (Ag) standing out for its
exceptional antibacterial activity compared to other metals (Ag > Hg >
Cu > Cd > Cr > Ni > Pb > Co > Zn > Fe > Ca) (Berger et al., 1976;

* Corresponding authors.

tion, leading to a significant decrease in their antibacterial efficacy (Ye
et al., 2019; Zeng et al., 2018; Zhao et al., 2017).

To address the issue of agglomeration of silver nanoparticles,
numerous investigations have been undertaken. Gankhuyag et al. syn-
thesized silica-supported silver nanoparticles (SiO.@Ag) by impreg-
nating silica particles (100-130 nm) in an AgNO; solution using
trisodium citrate as a reducing agent, which exhibited remarkable
antibacterial activity against E. coli (Gankhuyag et al., 2021). Ghosh
et al developed the TiOs-Ag nanocomposite through mechanical
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alloying of TiO5 and Ag powder under an Ar atmosphere, resulting in
significantly enhanced photocatalytic and antibacterial activities
(Ghosh et al., 2020). Cinteza et al. employed an electrochemical method
with a sacrificial anode to synthesize the Ag nanoparticles, further uti-
lizing chitosan as a capping agent to enhance stabilization and
biocompatibility while preserving antibacterial activity (Cinteza et al.,
2018). Yang et al. fabricated the C-Zn/Ag nanocomposite by introducing
Ag nanoparticles into a MOF-derived carbonized framework containing
metallic Zn, which can rapidly release Ag" ions to inactivate bacterial
intracellular proteins (Yang et al., 2020).

Although much progress has been made, one challenge lies in the
difficulty of recycling the nanoparticles during utilization, which could
potentially result in environmental pollution and resource wastage
(Mohajerani et al., 2019; Chaukura et al., 2016; Islam et al., 2021). To
achieve the objectives of environmental conservation and sustainable
development, we synthesized the Ag-core Fe3Og4-shell structured parti-
cles (Ag@Fe304) by leveraging the reduction potential difference be-
tween Ag/Ag’ and Fe®*/Fe?" through a one-step polyol reduction
process. The magnetoplasmonic core-shell Ag@Fe304 nanoparticles,
which can be easily synthesized, not only prevent the agglomeration of
Ag but also facilitate their effortless recovery. The Ag@Fe304 nano-
particles demonstrate exceptional antibacterial performance due to the
well-dispersed Ag and sustained release of Ag" through the porous
Fe30y4 shell. At a concentration of 0.24 mg mL ™! (with an Ag content of
0.042 mg mL™1), the Ag@Fe304 exhibit nearly 100 % inhibition against
E. coli, while maintaining a significant antibacterial efficacy of 74.6 %
even after undergoing reutilization for 10 cycles. In addition to the
antibacterial properties, the Ag@Fe304 nanoparticles also demonstrate
exceptional catalytic degradation capabilities in the presence of NaBH4
towards organic dyes owing to their intricate characteristics and delicate
nanostructure. The organic dye molecules are adsorbed onto the active
sites on the Fe304 shell (possibly through electrostatic attraction and
van der Waals force) while the electron transfer mediator of Ag facili-
tates efficient electron transfer from the nucleophilic NaBH4 to the
electrophilic dye molecules, ultimately inducing reduction and degra-
dation of the dye molecules (Amir et al., 2015; Zhang et al., 2017; Shi
et al., 2021). The Ag@Fe304 can catalytically degrade various organic
dyes (including Rhodamine B, Rhodamine 6G, and Methylene blue)
within just 15 min, and also achieve a degradation efficiency of over
90.9 % after undergoing 6 cycles of reutilization.

Overall, the cost-effectiveness (approximately $0.17 per gram),
facile magnetic recovery, antibacterial property, and catalytic degra-
dation towards organic dyes render Ag@Fe3O4 particles a promising
candidate for large-scale applications in antibacterial treatments and
waste water treatment.

2. Materials and methods
2.1. Chemical reagents

Fe(NO3)3-9H20 was purchased from Shanghai Yien Chemical Tech-
nology Co. Ltd. AgNOs, ethylene glycol, sodium acetate (NaAc), oxalic
acid, NaBHy4, and Methylene blue (MB) were obtained from Sinopharm
Chemical Reagent Co. Ltd., China. Rhodamine B (RB) and Rhodamine
6G (R6G) were purchased from Shanghai McLin Biochemical Technol-
ogy Co., Ltd. Beef infusion powder, tryptone, yeast powder, and AGAR
powder were sourced from Beijing Lan Ji Ke Technology Co., LTD.
Escherichia coli (E. coli) strain was acquired from Hai Bo Biotechnology
Limited.

2.2. Synthesis of materials

2.2.1. Synthesis of Ag@Fe304

The core-shell structured Ag@Fe304 particles were synthesized via a
one-step polyol reduction process (Dong et al., 2019; X.h. Meng, X. Shao,
H.y. Li, F.z. Liu, X.p. Pu, W.z. Li, C.h. Su, One-step hydrothermal

Arabian Journal of Chemistry 18 (2025) 106058

synthesis, characterization and visible-light catalytic property of Ag-
reduced graphene oxide composite, Materials Research Bulletin 48(4),
2013; Hou et al., 2017; Jiao et al., 2018; Liang et al., 2023). Specifically,
Fe(NO3)3-9H20 (1.212 g), sodium acetate (2.153 g), and AgNOs (0.076
g) were sequentially added to ethylene glycol (30 ml) and stirred for 30
min. The resulting mixture was then transferred into a Teflon-lined
stainless-steel autoclave and heated at 200 °C for 4 h. Finally, the
product was washed three times with deionized water, subjected to
centrifugation, and dried at 60 °C overnight to obtain the Ag@Fe304
particles.

2.2.2. Synthesis of solid Ag cores (c-Ag)

The Ag@Fe304 was immersed in a 1 mol L~! oxalic acid solution
overnight, resulting in the formation of ferric oxalate and a yellow-green
solution due to the reaction between Fe3O, and oxalic acid, thus
obtaining the c-Ag (Shrivastava et al., 2022; Yu et al., 2018; Zhang et al.,
2014).

2.2.3. Synthesis of hollow FesOy shells (s-FesOy4)

The Ag@Fe304 was immersed in a 0.1 mol L~! Fe(NO3)3 solution and
subjected to ultrasonication for 30 min. Afterwards, it was rinsed with
deionized water three times and finally dried, resulting in the formation
of s-Fe3O4 (Chen et al., 2014; Lu et al., 2007; Zhang et al., 2018).

2.3. Materials characterization

The morphology and microstructure of the samples were observed
using a Field Emission Scanning Electron Microscope (FE-SEM, SU8010,
Hitachi, Japan) and a Transmission Electron Microscope (TEM, FEI
Tecnai G2 F20 S-TWIN, FEL, USA). The Atomic Absorption Spectrometer
(AAS, PinAAcle 900F, Perkin Elmer, USA) is utilized for the determi-
nation of the elemental composition of materials. The Dynamic Light
Scattering (DLS, Zetasizer Nano ZS90, Malvern, UK) is employed for the
analysis of particle size distribution and polydispersity index (PDI) of the
Ag@Fe304 particles. The crystal structure of the samples was analyzed
using D8-FOCUS powder X-ray diffraction (XRD, D8-FOCUS, Bruker,
Germany) with Cu Ko target (A = 0.154 nm) at a voltage of 40 KV, a
current of 35 mA, and a scanning speed of 10° min~'. The absorption
peaks of the samples were determined using an Ultraviolet-Visible
Spectrophotometer (UV, 1901 PC, Shanghai AUCY, China) with a
scanning range from 200 to 800 nm. The Brunauer-Emmett-Teller (BET,
ASAP 2460, Micromeritics, USA) measurements were utilized to mea-
sure the specific surface area of materials, while the pore size distribu-
tion of the materials was determined utilizing the Barrett-Joyner-
Halenda (BJH) model. The magnetization curves of the samples were
measured using a Vibrating Sample Magnetometer (VSM, 7404, Lake
Shore, USA). Fourier Transform Infrared Spectroscopy (FT-IR, Spectrum
two, Perkin Elmer, USA) was employed to analyze the composition and
structural information of the materials. The X-ray Photoelectron Spec-
trometer (XPS, K-Alpha, thermo scientific, USA) is utilized for the vali-
dation of the electronic state and chemical composition of the materials.
The Electron Spin Resonance (ESR, EMXplus-6/1, Bruker, Germany) is
used to qualitatively and quantitatively detect the unpaired electrons
present in atoms or molecules of materials.

2.4. Antibacterial experiments

This study assesses the antibacterial efficacy of the samples using
E. coli as the test bacteria. Liquid medium preparation: a solution con-
taining peptone (2 g), beef extract (0.6 g), and NaCl (1 g) dissolved in
distilled water (200 ml) was sterilized at 121 °C for 30 min. Solid me-
dium preparation: a mixture containing peptone (2 g), yeast extract (1
g), NaCl (2 g), and agar (3 g) dissolved in distilled water (200 ml) was
sterilized at 121 °C for 30 min. E. coli activation: E. coli liquid (1 mL) was
inoculated into liquid medium (200 mL) and incubated overnight at
37 °Cin a constant temperature oscillator (Shakoori and Muneer, 2002).
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2.4.1. Measurement for the diameter of inhibition zone (DIZ)

The activated E. coli was first diluted to a concentration of 5 x 10°
Colony-Forming Units (CFU) per milliliter using physiological saline.
Subsequently, 100 pL of the diluted E. coli suspension was evenly spread
onto the solid culture medium and placed within an Oxford cup. The c-
Ag, s-Fe304, and Ag@Fe30,4 suspensions at various concentrations were
placed in separate Oxford cups and incubated at 37 °C for 12 h prior to
measuring the diameter of the inhibition zone (Aldosari et al., 2023;
Xiong et al., 2013).

2.4.2. Measurement of the minimum inhibitory concentration (MIC)

The MIC refers to the minimum antibacterial concentration that can
inhibit bacterial growth (Tang and Zheng, 2018; Mei et al., 2014). A
negative control group (only broth) and a positive control group
(mixture of bacteria and broth) were set up for comparison. The syn-
thesized particles of various weight (1-10 mg), bacterial solution (100
pL with a concentration of 106 colony forming units (CFU) per mL), and
liquid broth (25 mL) were mixed thoroughly and cultured in a constant
temperature incubator at 37 °C for 10 h. When the concentration of the
composite material in the test tube surpasses the MIC, it effectively
impedes bacterial growth and reproduction, resulting in a visibly clear
solution within the test tube. Conversely, if the concentration of the
composite material is below the MIC, it fails to hinder bacterial repro-
duction and growth, leading to a persistently turbid solution. Therefore,
the MIC value of the composite material can be determined by visually
observing the turbidity change in the test tube solution before and after
incubation (Parvekar et al., 2020).

2.4.3. Cyclic antibacterial ability

The synthesized particles (10 mg) and a fresh bacterial solution (5
mL at a concentration of 10° CFU per mL) were introduced into a sterile
reagent bottle and thoroughly mixed, followed by incubation at room
temperature for 150 min. The above suspension was subjected to mag-
netic separation, and the supernatant containing bacteria (100 pL) was
extracted. Subsequently, it was diluted 1000-fold with normal saline
before being spread onto solid medium and incubated at 37 °C for 24 h.
The colony count was subsequently conducted, followed by the calcu-
lation of the bacterial inhibition rate. This was denoted as the first cycle
of the antibacterial experiment. After the aforementioned magnetic
separation process, the residual bacterial solution was discarded, and
the unwashed separated particles were mixed with another fresh bac-
terial solution (5 mL at a concentration of 10° CFU per mL) (Yong et al.,
2018). The subsequent steps were then repeated for the next cycle.

The bacterial inhibition rate is calculated as follows (Wang et al.,
2020; Shuai et al., 2020):

R=(B-C)/B

where R (%) is the bacterial inhibition rate, B denotes the colony count
in the control experiment without any treatment, and C represents the
colony count after adding the Ag@Fe304.

2.5. Catalytic degradation experiments

The organic dyes of Rhodamine B (RB), Rhodamine 6G (R6G), and
Methylene blue (MB) exhibit responsiveness to UV-visible (UV-vis)
light, and the intensity of their absorption peaks demonstrates a positive
correlation with concentration according to the Beer-Lambert Law.
Therefore, the concentration of the organic dyes can be effectively
monitored by employing UV-vis spectrophotometry. The synthesized
particles (20 mg) were dispersed in an aqueous solution of organic dyes
(RB, R6G, MB; 20 ml, 5 mg L~ under continuous agitation, followed by
the addition of sodium borohydride (1.5 mg). The catalytic degradation
activity of the particles was assessed by monitoring changes in dye
concentration through measuring variations in the main absorbance
peak within the UV-vis spectrum.
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The degradation rate (R) is calculated as follows (Sakir and Onses,
2019; Hao et al., 2013):

R=(C,—C)/C,

where C, (mg L*I) and C; (mg L*I) represent the initial and residual
concentration of the dyes, respectively. The recyclability of the samples
was evaluated by conducting repeated experiments as described above.
After each cycle, the samples were separated using a magnet and then
subjected to another round of testing. The recyclable catalytic efficiency
corresponds to the degradation rate calculated in each cycle.

3. Results and discussion

The synthesis procedure of Ag@Fes04 core-shell nanoparticle in-
volves a polyol reduction process by a solvothermal approach (Fig. 1).
Specifically, AgNO3 and Fe(NOs3)3-9H30 are dissolved in ethylene glycol
along with sodium acetate, forming a clear solution. The mixture is then
transferred to an autoclave and heated at 200 °C for 4 h to obtain the
Ag@Fe304 composite. Due to the higher standard hydrogen electrode
(SHE) potential of Ag*/Ag0 (E Agt /A = T 0.799eVvs.SHE) compared to
that of Fe3*/Fe2t (Epes+ Jrt = + 0.77eVvs.SHE), the reduction rate of
Ag" to Ag® surpasses that of Fe®* to Fe?*, leading to the initial formation
of Ag cores which serve as seeds for the subsequent deposition of Fe304
shells (Zhang et al., 2012). The formation of Fe3O4 (magnetite) shells
involves a specific redox process where Fe3* is partially reduced to Fe?*
in the presence of polyol. After the partial reduction of Fe>* to Fe?*, the
Fe?" and the remaining Fe3" ions in the solution combine together and
result in the precipitation of Fe3Oy4 as a solid under alkaline conditions.
During the reaction process, AgNO3; and Fe(NO3)3-9H20 provide the
necessary metal ions for the formation of Ag cores and Fe3O4 shells,
respectively. Ethylene glycol plays a pivotal role as a reducing agent,
facilitating the reduction of metal ions. Sodium acetate may function as
a stabilizing agent that regulates the reaction kinetics. The combination
of the aforementioned chemical reagents in the solvothermal reaction
ultimately results in the formation of magnetoplasmonic core-shell
structured Ag@Fe304 particles. Due to their intricate characteristics and
delicate nanostructure, the Ag@Fe304 nanoparticles possess dual func-
tionality for bacteria ablation and dye degradation.

3.1. Materials characterization

3.1.1. SEM and TEM analysis

The scanning electron microscope (SEM) images reveal that the
Ag@Fe304 particles exhibit a high degree of monodispersity, show-
casing nearly spherical morphology with an average diameter of
approximately 220 nm (Fig. 2a). Upon closer examination of the
magnified SEM image, it becomes evident that these spheres possess a
non-smooth surface with the presence of numerous small nanoparticles
(Fig. 2b). The observed disparity between the inner core and outer shell
in the transmission electron microscope (TEM) images of Ag@Fe304
implies the presence of core/shell structures (Fig. 2¢, d). In these im-
ages, the Ag cores exhibit a dark appearance while the Fe3O4 shells
appear lighter due to Ag’s higher electron density, resulting in reduced
electron transmission (M.E.n.F. Brollo, RomanLopez-Ruiz, D. Muraca, S.
J.A. Figueroa, K.R. Pirota, M. Knobel, , 2014). The silver cores demon-
strate a nearly uniform size of approximately 70 nm, with multiple tiny
Fe304 NPs comprising the shells that possess an average thickness of
around 75 nm. The high-angle annular dark-field (HAADF) image
(Fig. 2e) and energy dispersive X-ray spectrometer (EDX) mapping im-
ages (Fig. 2f) of Ag@Fe304 clearly demonstrate the distribution of Fe, O,
and Ag within the Ag@Fe304 composite, confirming the successful
integration of these elements in the Ag@Fe304 as well as the Ag-core
Fe304-shell structure.

The morphology and microstructure of the control samples,
including Fe304 shells (s-Fe304) and Ag cores (c-Ag), are also examined.
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Fig. 1. The scheme of synthesizing magnetoplasmonic core-shell structured Ag@Fe30,4 particles and their dual-functionality.

Fig. 2. (a, b) SEM, (c, d) TEM, (e) HAADF image, and (f) EDX mapping images of the core-shell structured Ag@Fe30,4 nanoparticles; (g) SEM and (h) TEM images of

the hollow s-Fe30,4 particles.

Results indicate that s-Fe3O4 exhibit a rough texture and discernible
pores with a hollow structure (Fig. 2g, h), while c-Ag possess a spherical
morphology (Fig. S1, Supporting Information), and their dimensions are
consistent with the shell and core of Ag@Fe304, respectively. The
weight percentages of Fe3O4 and Ag in the Ag@Fe304 are determined
through the Atomic Absorption Spectroscopy analysis (Table S1, Sup-
porting Information), which are 79.2 wt% and 20.8 wt%, respectively.

3.1.2. DLS analysis

The DLS technique is employed for the analysis of particle size dis-
tribution and polydispersity index (PDI) of the Ag@Fe304 particles. The
DLS pattern (Fig. 3a) reveals that the average hydrodynamic diameter of
Ag@Fe304 is 211.3 nm, which aligns with the TEM results. The detected

polydispersity index is 0.213, confirming a relatively narrow size dis-
tribution of the Ag@Fe304 nanoparticles (Gong et al., 2007; Tayyaba
et al., 2020).

3.1.3. XRD analysis

X-ray Diffraction (XRD) patterns provide valuable information on the
crystalline structure and composition of materials. The prepared sam-
ples all exhibit distinct diffraction peaks, indicating their excellent
crystallinity (Fig. 3b). The peaks of c-Ag at 26 = 38°, 44.2°, 64.3°, and
77.4° correspond to the (111), (200), (220), and (311) crystal planes of
Ag, respectively, as identified by the Joint Committee of Powder
Diffraction Society PDF card No. 87-0717 (Akhavan, 2009; Jeon et al.,
2003; Rajesh, 2012). The peaks of s-FegO4 at 20 = 30.2°, 35.5°, 43.1°,
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Fig. 3. (a) The size distribution of the Ag@Fe304 nanoparticles; (b) XRD patterns and (c) UV-vis spectra of the c-Ag, s-Fe304, and Ag@Fe304; (d) N» adsorption/
desorption isotherm and pore size distribution of the Ag@Fe30,; (e) magnetic hysteresis loops of s-Fe304 and Ag@Fe30,, the insets are magnetic recovery images of
Ag@Fe304 and magnified magnetic hysteresis loops of s-Fe304 and Ag@Fe304; (f) FTIR spectra of the s-Fe;04 and Ag@Fe304; high-resolution XPS spectra of (g) Fe
2p and (h) Ag 3d in Ag@Fe304; (i) ESR spectra of Ag@Fe30,4 in aqueous solution at the time of 0 min and 2 min.

53.4°,56.9°, 62.6° and 74.1° can be assigned to the (220), (311), (400),
(422), (511), (440) and (533) crystal planes of Fe3Oy4, respectively, ac-
cording to the PDF card No. 72-2303 (Wei et al., 2012; Vijayakumar
et al., n.d.). The successful synthesis of Ag@Fe304 is confirmed by the
presence of both Ag and Fe304 diffraction peaks in its pattern.

3.1.4. UV-vis analysis

The UV-vis spectroscopy offers valuable insights into the electronic
structure of diverse materials, as the absorption of light at distinct
wavelengths by different materials is attributed to their specific elec-
tronic transitions. FesO4 primarily absorbs light in the ultraviolet (UV)
region due to electronic transitions involving its d orbitals. In the visible
region, Fe304 does not have electronic transitions that coincide with the
energy levels of visible light, resulting in no significant absorption peaks
in this region, which is consistent with the spectrum of s-Fe3O4 (Fig. 3¢)
(Joshi et al., 2014; Sheng and Xue, 2012). The absorption peak of c-Ag is
observed at 417 nm (Chen et al., 2010; Height et al., 2006), which is
attributed to the phenomenon of surface plasmon resonance (SPR),
where light energy is absorbed and leads to the collective oscillation of
free electrons on the surface of silver nanoparticles. The peak for
Ag@Fe304 is located at 486 nm, demonstrating a red shift in comparison
to Ag. The observed outcome can be attributed to the fact that the

refractive index of Fe304 (2.420) is higher than that of silver (0.399),
resulting in a red shift of the SPR peak when silver core is coated with
Fe304 shell (Anandan et al., 2008).

3.1.5. BET analysis

The specific surface area and pore characteristic (Fig. 3d) of
Ag@Fe304 are determined by the BET analysis. According to the clas-
sification by the International Union of Pure and Applied Chemistry
(IUPAQ), the N5 adsorption/desorption isotherm of Ag@Fe304 exhibits a
Type IV curve with a hysteresis loop, indicating its mesoporous structure
(Zhao et al., 2011). The data analysis confirms that the Ag@Fe304
nanoparticles exhibit a relatively high specific surface area of 13.8 m?
g1 and possess abundant mesopores with an average size of 29.9 nm.
The high specific surface area ensures thorough contact between the
active sites on Ag@Fe304 and the target (bacteria or organic dyes),
while the abundant mesopores facilitate efficient mass transfer of Ag™ or
e~ from Ag@Fe304 to the target, both of which contribute to achieving
exceptional antibacterial and dye degradation performance.

3.1.6. Magnetic hysteresis loops analysis
The Vibrating Sample Magnetometer (VSM) pattern typically ex-
hibits a hysteresis loop, illustrating the correlation between magnetic
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field strength and material magnetization, thereby offering insights into
the magnetic behavior of the material. The magnetization curve of the s-
Fe304 and Ag@Fe304 particles at room temperature does not exhibit any
noticeable remanence or coercivity, indicating their superparamagnetic
behavior (Fig. 3e). The magnetic hysteresis loops indicate that the
saturation magnetization of Ag@Fe30;4 is approximately 55.5 emu g’l,
which is lower than that of s-Fe304 (72.8 emu g_l). The decrease can be
attributed to the diamagnetic nature of Ag, which, when combined with
the Fe3O4 shell, attenuates the magnetic properties of the s-Fe3Oy.
Nonetheless, the Ag@Fe304 still exhibits strong magnetic responsivity,
as it has been reported that the application of a magnetic field can
effectively facilitate the separation of materials from aqueous solutions
when their saturation magnetization exceeds 16.3 emu-g~* (Liu et al.,
2015). The strong magnetic responsivity of Ag@Fes3O4 is directly
demonstrated in the inset in Fig. 3e, where the particles easily attract
towards an external magnetic field when a cylindrical NdFeB permanent
magnet is positioned adjacent to the vial containing the Ag@Fe3O04
suspension. During the process, the Ag@Fe304 particles rapidly adhere
to the inner walls of the vials within 20 s, resulting in a transparent
remaining liquid.

3.1.7. FTIR analysis

The distinct peaks in the FTIR spectra can provide valuable infor-
mation regarding the chemical composition and structure characteristic
of the material. The peaks observed at approximately 594 cm™! and 429
em ™! in the Ag@Fe304 spectrum (Fig. 3f) correspond to the stretching
vibrations of the tetrahedral (Fe>*™—-0%7) and octahedral (Fe?*-02")
groups, respectively, confirming the presence of FegO4 (Husain et al.,
2019). The absorption bands at around 3456 cm ™! and 1632 cm ™! can
be attributed to vibrational peaks originating from the hydroxyl group
on the surface of Ag@Fe304. Apart from the difference in peak intensity,
the peak position of s-Fe3O4 is approximately similar to that of
Ag@Fe304 due to silver’s lack of absorption in the infrared region.

3.1.8. XPS analysis

The XPS is utilized for the validation of the electronic state and
chemical composition of the particles. The XPS full spectrum of
Ag@Fe304 exhibits characteristic peaks corresponding to Fe 2p, O 1 s,
and Ag 3d (Fig. S2a, Supporting Information). The peaks observed at
710.2 eV, 711.6 eV, 723.3 eV, and 725.0 eV in the Fe 2p spectrum
correspond to Fe?' 2pso, Fe3t 2ps/o, Fe?t 2p;,5 and Fe®' 2p; s,
respectively, which is in consistent with the typical peaks in Fe3O4
(Fig. 3g) (Ma et al., 2015; Liang et al., 2018; Wilson and Langell, 2014;
Yamashita and Hayes, 2008). The other four peaks are satellite peaks.
The O 1 s spectrum can be deconvoluted into two distinct peaks, spe-
cifically at 529.8 eV (Fe-O) and 530.8 eV (H-O) (Fig. S2b, Supporting
Information), which are associated with the Fe304 and surface hydroxyl,
respectively (Mu et al., 2011). The Ag 3d spectrum is deconvoluted into
two distinct peaks representing Ag 3ds,2 (368.0 eV) and Ag 3ds,2 (374.0
eV) (Fig. 3h), which align with the established binding energy of
metallic silver (Lou et al., 2013; Mottaghi et al., 2014). The XPS results
prove the successful synthesis of the Ag@Fe30,4 composite.

3.1.9. ESR analysis

The ESR technique is used to qualitatively and quantitatively detect
the unpaired electrons present in atoms or molecules of materials, as
well as explore the structural properties of their surroundings. The ESR
patterns (Fig. 3i) demonstrate the absence of any signal peaks without
light (0 min), while six characteristic peaks corresponding to superoxide
radical (eO3) are observed under a mercury lamp for 2 min. The findings
indicate that under light conditions, the Ag@Fe304 exhibits oxidative
properties (Lee et al., 2022; Zhao et al., 2019).
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3.2. Antibacterial performance and its mechanism

3.2.1. Measurement for the diameter of inhibition zone (DIZ)

The antibacterial effectiveness of Ag@Fe304 against E. coli is eval-
uated through the assessment for diameter of inhibition zone (DIZ),
minimum inhibitory concentration (MIC), and cycling antibacterial
assay. The absence of an inhibition zone around s-Fe3O4 at both con-
centrations suggests that s-Fe3O4 does not possess antibacterial prop-
erties and is incapable of forming an inhibition zone (Fig. 4a). In
contrast to s-Fe3z0y4, both c-Ag and Ag@Fe304 exhibit distinct inhibition
zones, indicating their antibacterial properties. The DIZ of c-Ag and
Ag@Fe304 is observed to increase with their concentration, indicating a
positive correlation between antibacterial activity and particle concen-
tration. The DIZ of Ag@Fe304 is evidently larger than that of c-Ag at
equivalent concentrations, thereby indicating the superior antibacterial
activity of Ag@Fe304. This is attributed to the tendency of c-Ag to
aggregate, which results in a reduced surface area available for bacterial
interaction and consequently hinders the release of silver ions respon-
sible for antibacterial activity. In the case of Ag@Fe304, the porous
Fe30y4 shells prevent the aggregation of Ag cores and facilitate the sus-
tained release of silver ions, thereby contributing to its superior anti-
bacterial performance.

3.2.2. Measurement of the minimum inhibitory concentration (MIC)

The broth microdilution method is employed to investigate the
bactericidal effect of Ag@Fe304 at various concentrations, determining
its MIC and quantitatively evaluating its efficacy against bacteria. A
negative control group (only broth) and a positive control group
(mixture of bacteria and broth) are set up for comparison. The bacteria

10 RmOlEA 1001 Ag@Fe,0, + E.coli

507
18.50 nmol Lt

Antibacterial efficiency (%)

c-Ag
s-Fe;0y
Ag@Fe;0,

Positive 0.04
control

Negative
control

Fig. 4. (a) Inhibition zones of the as-synthesized c-Ag, s-Fe304, and Ag@Fe304
with different concentrations against E. coli, (b) measurement of the minimum
inhibitory concentration of the Ag@Fe304, (c) cycling antibacterial assessment
of the Ag@Fe30,.
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continue to proliferate in the positive control group, resulting in the
turbidity of the solution. The negative control group, however, exhibits
a transparent solution due to the absence of bacteria (Fig. 4b). The so-
lutions in the upper row tubes (0.04-0.20 mg mL’l) demonstrate a
turbid state similar to that of the positive control group, indicating the
sustained proliferation and growth of bacteria at these concentrations of
the composite material. Conversely, the solutions in the lower row tubes
(0.24-0.40 mg mL™') exhibit clarity resembling that of the negative
control group, thereby suggesting the inhibitory effect of the composite
material on bacterial growth and reproduction at these concentrations.
Consequently, the MIC for Ag@Fe304 is determined as 0.24 mg mL ™
(equivalent to 0.042 mg mL ! in terms of Ag), representing the lowest
concentration capable of impeding bacterial growth. The low MIC in-
dicates the superior antibacterial performance of Ag@Fe304, which can
be attributed to its intricate nanostructure. The porous Fe304 shell not
only hinders the aggregation of Ag cores but also extends the release of
silver ions, thereby contributing to an efficient and enduring antibac-
terial effect.

3.2.3. Cycling antibacterial assay

The reusability of Ag@Fe304 nanocomposite is evaluated by con-
ducting a 10-cycle antibacterial experiment against E. coli (Fig. 4c). The
results demonstrate that the antibacterial efficacy of Ag@Fe304 against
E. coli remained stable during the first four cycles; however, it started to
decline from the fifth cycle onwards, with an antibacterial efficiency of
74.6 % by the tenth cycle. This phenomenon can be attributed to the
inevitable loss of Ag@Fe304 over multiple cycles, which leads to a
diminished inhibitory effect on bacteria. Additionally, bacterial adhe-
sion onto the surface of the material during cycling could hinder direct
contact between Ag@Fe30,4 and bacteria, thereby reducing its effec-
tiveness. In general, the Ag@Fe304 composite exhibits exceptional cy-
clic antibacterial performance due to its delicate structure, in which the
porous Fe304 shell not only ensures sustained release of silver ions but
also demonstrates excellent magnetic properties for efficient and high
recovery rates under an external magnetic field.

The aforementioned advantages of Ag@Fe304 function synergisti-
cally and contribute to its exceptional antibacterial performance and
reutilization, surpassing that of numerous previously reported Ag-based
composites (Table S2, Supporting Information), thereby demonstrating
its significant potential for medical applications and sewage treatment.

3.2.4. Possible antibacterial mechanism

The Ag@Fe304 composite demonstrates remarkable antibacterial
efficacy, and multiple potential antibacterial mechanisms are implicated

Live bacteria

Ag* \}—»Ag core
ROS \v" Fe;0, shell

Inactivated bacteria
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(Fig. 5).

Firstly, the negatively charged bacterial cell wall strongly binds to
Ag™ through Coulombic attraction. On one hand, these Ag™ impact the
permeability of the bacterial membrane and disrupt both the microbial
electron transport system and material transport system. On the other
hand, the interaction between Ag™ and the cell wall triggers a pepti-
doglycan reaction, resulting in the degradation of crucial components
and functional impairments within bacteria. Furthermore, penetration
of Ag" into the cell wall causes rupture and leakage of cellular fluid,
ultimately resulting in bacterial death (Akhavan, 2009; Sotiriou and
Pratsinis, 2010).

Secondly, upon penetration of the cell wall and entry into the bac-
terial cell, Ag™ selectively binds to specific groups (such as sulfhydryl
group) within the bacterial cells, inducing protein coagulation. This
process disrupts the enzymatic activity responsible for cellular synthesis,
thereby impairing the division and reproduction ability of bacteria, ul-
timately leading to their demise (Yuranova et al., 2003; Ding et al.,
2017).

Thirdly, the silver ions can induce DNA damage in bacteria. On one
hand, silver ions can disrupt the structure and function of specific pro-
teins, thereby reducing the efficiency of oxidative phosphorylation and
impeding ATP synthesis, which results in impairment to DNA replica-
tion. On the other hand, the presence of silver ions induces the gener-
ation of reactive oxygen species (ROS, including the superoxide radical
of e03 confirmed by the ESR analysis), which can displace hydrogen
atoms within DNA molecules. This displacement results in structural
deformations in bacterial DNA, thereby impeding the synthesis of DNA
and proteins and ultimately rendering the bacteria inactive (Li et al.,
2005; Sondi and Salopek-Sondi, 2004; Li et al., 2021; Zhang et al.,
2023).

The porous Fe3O4 shell in the Ag@Fe304 effectively impedes the
aggregation of Ag, ensuring a sustained release of silver ions and
exhibiting exceptional magnetic properties. All these factors of
Ag@Fe30,4 function synergistically to efficiently eradicate bacteria and
achieve a high recovery rate, offering great potential for the develop-
ment of medical devices, antibacterial coatings, and sewage treatment
applications.

3.3. Catalytic degradation of dyes and its mechanism

3.3.1. Catalytic degradation of dyes

The as-synthesized Ag@Fe304 and its control samples of c-Ag and s-
Fe304 are subjected to the degradation experiment of organic dyes (RB,
R6G, and MB) in the presence of NaBH4. The detailed experimental
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Fig. 5. The diagram illustrating the possible antibacterial mechanism of the Ag@Fe30,.
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parameters are as follows: the catalytic temperature is room tempera-
ture (~25 °C), the dye concentration is 5 mg L_l, the solution pH is 7,
and the dosage of Ag@Fe304 is 20 mg per each catalytic experiment. The
results indicate very little degradation of RB after 15 min by either pure
Ag@Fe304 (Fig. 6a) or pure NaBH, (Fig. 6b), while the presence of both
Ag@Fe304 and NaBH, achieves near complete degradation of RB within
only 5 min (Fig. 6¢). The corresponding digital images visually
demonstrate the degradation effect of both Ag@Fe304 and NaBH4 to-
wards RB since the solution color gradually faded with the reaction time
(Fig. 6d), confirming their highly efficient degradation effect. The
degradation effect is further quantitatively assessed by calculating their
degradation efficiency (Fig. 6e). The degradation efficiency of both
Ag@Fe30,4 and NaBH,4 towards RB can reach nearly 100 % within 5 min,
whereas after 15 min, the pure Ag@Fe304 and pure NaBH4 only achieve
approximately 18.7 % and 36.8 %, respectively. The degradation effi-
ciency for the control samples of c-Ag and s-Fe3O4 in the presence of
NaBHj, after 5 min are 48.2 % and 83.8 %, respectively, also exhibiting a
limited degradation effect towards RB when compared to Ag@Fe304
(Figs. S3, S4, S5, Supporting Information).

The superior degradation efficiency of Ag@Fe304 towards RB can be
attributed to multiple factors. Firstly, the Fe3sO4 shell effectively pre-
vents the agglomeration of the Ag core, thereby preserving a high spe-
cific surface area and activity for the catalyst (M.a. Ghasemzadeh, J.s.
Ghomi, S. Zahedi, Fe304 nanoparticles: A highly efficient and easily
reusable catalyst for the one-pot synthesis of xanthene derivatives under
solvent-free conditions, Journal of the Serbian Chemical Society 78(6),
2013; Wang et al., 2021). Secondly, the presence of mesopores and
abundant active sites in the Fe3O4 shell enhances dye adsorption effi-
ciency and facilitates increased contact between dye molecules and Ag
core. Thirdly, the Ag with high electrical conductivity serves as an
electron mediator, capturing electrons from the nucleophilic NaBH4 and
transferring them to the electrophilic RB during the reaction, ultimately
resulting in efficient degradation of the RB (Zhonglie Jiang, 2005;
Zheng and Wang, 2012). The degradation performance of RB by
Ag@Fe304 surpasses that of pure c-Ag and s-Fe3O4, owing to the syn-
ergistic effect resulting from the aforementioned advantages of Fe304
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shell and Ag core.

Similarly, the Ag@Fe304 demonstrates remarkable degradation ef-
ficiency towards various organic dyes, including R6G (Fig. 7) and MB
(Fig. 8). The Ag@Fe304 can completely degrade R6G within 5 min in the
presence of NaBH,, outperforming the control samples of pure
Ag@Fe304 and pure NaBHy, as evidenced by the UV-vis spectra and
corresponding digital images (Fig. 7).

The Ag@Fe304 also exhibit the superior degradation performance
towards MB (Fig. 8). The remarkable degradation capability of
Ag@Fe304 towards RB, R6G, and MB proves its relatively universal ef-
fect on degrading organic dyes, thereby indicating its potential for
practical application in dye-containing wastewater treatment.

3.3.2. Cycling degradation property

To assess the practical applicability of Ag@Fe30O4 in wastewater
treatment, the investigation into its cycling degradation property is
conducted. During the experiment, Ag@Fe30y4 is easily reused by being
collected with a magnet. The results demonstrate that even after 6
consecutive cycles of reutilization, the Ag@Fe304 still exhibits a
remarkable degradation efficiency of 90.9 % towards RB, highlighting
its exceptional potential for practical wastewater treatment (Fig. 9a).
Similarly, the Ag@Fe304 exhibit excellent catalytic degradation effi-
ciency towards Rhodamine 6G (Fig. 9b) and Methylene blue (Fig. 9¢)
after 6 cycles, both of which achieving 100 %.

The decrease in the degradation efficiency of Ag@Fe304 towards
organic dyes with increasing cycle number may be attributed to several
factors. Firstly, during the process of magnetic recovery, some loss of
Ag@Fe304 nanoparticles is inevitable (such as incomplete separation of
nanoparticles from the solution and adherence of particles to container
surfaces), leading to a reduction in degradation efficiency during sub-
sequent cycles due to the decrease in available catalyst. Secondly, during
cycling, the surface of Ag@Fe304 nanoparticles can become fouled with
reaction intermediates, by-products, or residual organic dyes, thereby
obstructing active sites on the nanoparticles and diminishing their cat-
alytic efficiency. Thirdly, the leaching and loss of the silver component
in Ag@Fe30,4 during the degradation process can result in a reduction of
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catalytic activity, as silver plays a crucial role in the degradation
mechanism (Wang et al., 2021).

Despite a decrease in degradation efficiency with an increasing cycle
number, the overall degradation efficiency of RB, R6G, and MB can still
exceed 90.9 % after 6 cycles, highlighting the superior degradation ef-
ficiency of Ag@Fe304 towards organic dyes. The catalytic degradation

efficiency of the obtained Ag@Fe304 towards various organic dyes
surpasses that of many previously reported Ag-based composites
(Table S3, Supporting Information). Additionally, the Ag@Fe30y4 is cost-
effective (around $0.17 per gram in terms of chemical reagents, the
detailed calculation can be seen in Table S4, Supporting Information),
underscoring its potential for practical applications in dye-containing
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wastewater treatment.

3.3.3. Possible degradation mechanism

The Ag@Fe304 exhibit exceptional catalytic degradation properties
towards organic dyes, involving multiple potential mechanisms. The
degradation of RB can be taken as an example (Figure S6, Supporting
Information). The cationic dye RB is electrostatically attracted to the
hydroxyl groups on the surface of the FesO4 shell or adsorbed onto the
active sites on the Fe3O4 shell through van der Waals force. The Ag
serves as an electron transfer mediator, facilitating the efficient electron
transfer from the nucleophilic NaBH4 to the electrophilic RB molecules.
The electrons induce reduction of the chromophoric structure and
disruption of the conjugated system in RB, leading to the decolorization
of the dye. The final products may consist of Leuco-Rhodamine B,
aminated and de-ethylated derivatives, as well as inorganic byproducts
(potentially including borates) (Liu et al., 2023; Wang et al., 2016). The
degradation process of R6G (Fig. S7, Supporting Information) and MB
(Fig. S8, Supporting Information) is similar to that of RB, except for the
potential final products differing from each other.

4. Conclusions

The magnetoplasmonic core-shell structured Ag@Fe3O4 particles
have been synthesized via a one-step polyol reduction process, exhib-
iting dual functionality for bacteria eradication and organic dyes
degradation. The delicate nanostructure of the Ag@Fe304 not only en-
hances the antibacterial efficacy and catalytic degradation efficiency of
the particles but also exploits the magnetic properties of Fe3O4 for facile
recovery and reutilization. The Ag@Fe304 exhibits nearly 100 % inhi-
bition of E. coli at a concentration of 0.24 mg mL ™! (with an Ag content
of 0.042 mg mL™!), while maintaining antibacterial efficacy at 74.6 %
even after undergoing reutilization for 10 cycles. Meanwhile, the
Ag@Fe304 exhibits remarkable efficacy in catalytically degrading
various organic dyes (including Rhodamine B, Rhodamine 6G, and
Methylene blue) within only 15 min in the presence of NaBHy, while
achieving an impressive degradation efficiency exceeding 90.9 % after
undergoing 6 cycles. The cost-effectiveness (approximately $0.17 per
gram) and facile magnetic recovery of Ag@Fe304 particles further
augment their practicality for large-scale applications in antibacterial
treatments and environmental remediation, thereby promoting both
ecological conservation and efficient resource utilization. The future
research could focus on optimizing the synthesis parameters and scal-
ability of the production process, functionalizing the surface with spe-
cific ligands or coatings to enhance interaction with target molecules or
bacteria, combining Ag@Fe304 with other nanomaterials to create
hybrid systems that offer synergistic effects, and integrating the nano-
particles into practical devices or systems for antibacterial applications
and water purification (such as filters, coatings, and sensors).
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