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ABSTRACT: Metal-based enzyme mimics face irreversible deactivation due
to the oxidation of active metal centers, limiting their sustainability in
wastewater treatment. To meet this important challenge, we introduce an
electrical stimulation strategy by designing Fe-doped titanium dioxide
nanolines (Fe-TNLs) that mimic peroxidase (POD) activity and regenerate
catalytic function, enabling enzyme reuse. The Fe-TNLs exhibit robust POD-
like activity by catalyzing the decomposition of H2O2 into hydroxyl radicals
(•OH), achieving over 99.9% inactivation againstEscherichia coli and
Staphylococcus aureus during the initial cycle. Unlike conventional Fe-based
POD mimics, which are rapidly deactivated due to the oxidation of Fe(II) to
Fe(III), this system achieves a reversible Fe(III)/Fe(II) redox cycle through
electrical charging, restoring over 80% of the initial catalytic efficiency.
Moreover, the reactivated Fe-TNLs maintain effective performance in simulated wastewater and retain approximately 60% of their
initial efficacy after reactivation, outperforming single-use systems. By emphasizing sustainable reusability over single-use designs,
this work offers a compelling approach for advancing environmentally friendly wastewater remediation technologies.
KEYWORDS: wastewater treatment, TiO2, enzyme, peroxidase, antibacterial

■ INTRODUCTION
The coexistence of pathogenic microorganisms and organic
pollutants in water pollution poses a severe threat to public
health and ecosystems.1−3 Conventional water treatment
technologies, such as chlorination, effectively inactivate
bacteria but carry risks of generating toxic byproducts.4

Advanced oxidation processes based on reactive oxygen species
(ROS) have emerged as promising alternatives due to their
broad-spectrum antimicrobial and pollutant degradation
capabilities.5−7 Among these, transition metal-based nanoma-
terials, such as iron, for example, have garnered attention for
their enzyme-like catalytic activity, which enables sustainable
ROS generation. For instance, the Fenton process leverages
Fe(II)-containing peroxidase (POD)-mimetic materials to
decompose hydrogen peroxide (H2O2) under mild conditions,
producing highly reactive hydroxyl radicals (•OH) that
inactivate microbes and oxidize organic pollutants.8 However,
the irreversible oxidation from Fe(II) to Fe(III) during
reactions leads to active site deactivation.9,10

The enzymic efficiency can be elevated by enhancing the
durability and reusability, which conventionally rely on
chemical modifications and physical stabilization methods.11,12

Restoring the tertiary structure of enzymes or improving their
microenvironment through external interventions can prolong
the enzymatic activity.13,14 However, they often suffer from
unclear targeting, low efficiency, and limited reuse cycles.15,16

Achieving reusability is more valuable than merely enhancing

the durability. Emerging strategies, such as encapsulating
enzymes within dynamic-responsive nanostructures, enable
reversible regulation of enzyme activity.17,18 For transition
metal-based POD-like enzymes, current research has explored
the addition of exogenous reducing agents to restore activity19

or the direct replenishment of reduced metal ions.20,21 These
methods are often hampered by the high cost and complexity
of the process, which prevent them from being used on a large
scale. As electron transfer is a key mechanism in the catalytic
reactions of certain enzymes, electrical intervention at the
interface can work efficiently to adjust the enzymic activity. On
the one hand, electrochemistry is a simple and rapid method
that can enhance the activity of some transition metal-based
enzymes.22,23 Meanwhile, electrical stimulating methods have
been demonstrated to induce a reduction reaction at the
surface of the material, thereby facilitating valence state
transitions in transition metal materials.24,25 Hence, electrical
stimulation holds great promise for restoring catalytic activity
without the need for chemical additives. However, the
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feasibility of this hypothesis and its underlying mechanisms
have rarely been explored.
Here, we present a rechargeable Fe(III)/Fe(II) redox-

cycling enzymatic platform and introduce an electrical
stimulation strategy to restore the enzymatic activity. A
titanium dioxide nanoline (TNL) scaffold with a high surface
area is first fabricated to provide robust mechanical and
chemical stabilities while effectively supporting enzyme
immobilization.26,27 Subsequently, highly dispersed Fe-con-
taining POD-like nanoparticles are hydrothermally anchored
onto the TNL surface. This design synergistically harnesses the
intrinsic POD-like enzymatic properties of Fe and the activity-
regenerating capability of electrical stimulation to enable a
sustained catalytic performance. In this system, Fe nano-
particles function as active centers that mimic POD, catalyzing
the decomposition of H2O2 into ROS for the disinfection of
bacteria in wastewater. Crucially, electrical stimulation
recharging restores the catalytic cycle by reducing Fe(III)
back to Fe(II), thus overcoming the irreversible deactivation
typically observed in conventional enzyme-mimetic systems.
By addressing this critical limitation, the Fe-TNL composite
offers a scalable and cost-effective solution for continuous
microbial inactivation. These findings underscore the promise
of rechargeable catalytic systems for tackling complex water
contamination challenges and provide a foundation for the
development of environmentally adaptive remediation tech-
nologies.

■ METHODS AND MATERIALS
Materials. Titanium sheets were purchased from Shengyuan Metal

Materials (China). FeCl3·6H2O, dimethyl sulfoxide (DMSO) and
3,3′,5,5′-tetramethylbenzidine (TMB) were purchased from Sigma-
Aldrich (Germany). LB broth medium and nutrient agar were
purchased from Hope Bio-Technology Co., Ltd. (China). All other
chemical agents were purchased from Adamas Beta (China) without
further purification. Ultrapure water (Millipore Milli-Q grade, 18.2
MΩ) was used to prepare the buffers and solutions.
Preparation of TNLs. Titanium sheets with dimensions of 10 ×

10 × 1 mm3 were selected as the substrates. TNLs were synthesized
by a wet oxidation process. Twenty-five mL of the melamine solution
(0.0040 g mL−1), 25 mL of hydrogen peroxide (30 wt %), and 1.0 mL
of nitric acid (65 wt %) were mixed ultrasonically. Afterward, clean
titanium sheets were placed in the solution. The synthesis was carried
out in a blast oven at 80 °C for 12 h, and TNLs were formed on the
substrate. After the reaction, the samples were washed with deionized
water and dried at room temperature. TNLs were then annealed in a
tube furnace at 850 °C for 1.5 h in an air atmosphere for stabilization.
Construction of Fe-TNLs. FeCl3·6H2O (0.3 M) was dissolved in

ultrapure water. The resulting solution and the TNL sheets were
transferred to a Teflon-lined stainless-steel autoclave heated at 200 °C
for 2 h. After the mixture was naturally cooled to room temperature,
the product color changed from gray to coral. Finally, Fe-TNLs were
dried in an air-blowing thermostatic oven.
Characterization of Fe-TNLs. Scanning electron microscopy

(SEM) images were measured on a microscope (GeminiSEM 300,
ZEISS, Germany). X-ray photoelectron spectroscopy (XPS) and
valence band spectra were recorded with a spectrometer (Thermo
Fisher Scientific, K-Alpha, USA). X-ray diffraction (XRD) patterns
were recorded with an X-ray diffractometer (Rigaku SmartLab SE,
Japan). Energy-dispersive spectroscopy (EDS) images were measured
on a Spectrometer (Xplore 30, OXFORD, UK).
POD-like Activity Measurement. The POD-like activity of Fe-

TNLs was evaluated using TMB (dissolved in DMSO) as the
substrate in the presence of H2O2. Typically, TMB (0.25 mM) and
H2O2 (0.25 mM) were added to 0.5 mL of HAc-NaAc buffer (0.2 M;
pH 4.5). Then, the mixture was dropped on the surface of Fe-TNLs.

Finally, the UV−vis absorbance spectra of oxidized TMB (oxTMB)
were recorded at a certain reaction time to evaluate the POD-like
activity, which were obtained via characterization on a multimode
microplate reader (Spark, Tecan, Switzerland) under room temper-
ature.
Enzymatic Activity Evaluation and Catalytic Kinetic Assay.

The UV−vis absorbance spectra of oxTMB were recorded to evaluate
the POD-like activity of Fe-TNLs. All of the catalytic reactions were
conducted at room temperature. The steady-state kinetic assay of Fe-
TNLs on H2O2/TMB was conducted by adding Fe-TNLs into HAc−
NaAc buffer solution (pH 4.5) containing fixed TMB (2.0 mM)/
H2O2 (2.0 mM) and various concentrations of H2O2 (0.05, 0.1, 0.2,
0.5, 1.0, 2.0, 3.0, and 5.0 mM)/TMB (0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0,
and 3.0 mM). The Michaelis constant (Km) was defined as the
substrate concentration at half of the maximum reaction rate that
reflects the substrate affinity of the nanozymes. The maximal reaction
velocity (Vmax) was the maximum reaction rate at a saturated substrate
concentration. Km and Vmax were calculated by fitting the initial
reaction velocity values (V) and substrate concentrations to the
Michaelis−Menten equation.
The Reactivation of POD-like Activity of Fe-TNLs. The

reactivation of POD-like activity was achieved through the following
electrical stimulation procedure: the used Fe-TNLs served as the
working electrode in a three-electrode system connected to an
electrochemical workstation (CHI660e, CH Instruments Co., Ltd.,
China). A platinum electrode and a saturated calomel electrode
(SCE) were employed as the counter and reference electrodes,
respectively. The electrolyte consisted of a HAc−NaAc buffer solution
(pH 4.5). Cyclic voltammetry (CV) was performed with a scan
potential range of −1.5 to 1.5 V (vs SCE), a scan rate of 0.1 V/s, and
a duration of 15 min. After being charged, the Fe-TNLs were
extracted, rinsed, and air-dried for subsequent usage.
Iron Loss Test. The inductively coupled plasma optical emission

spectrometer (ICP−OES) (5110, Agilent, USA) was introduced to
determine the content of iron released from Fe-TNLs after incubation
in water for different times. The centrifuge tubes containing Fe-TNLs
were filled with 50 mL of ultrapure water; after incubation for 15, 30,
and 45 min, the solution was collected in tubes, respectively. Then,
the samples were introduced to be tested in the ICP−OES instrument
for their characteristic spectral intensity.
Radical Species Measurements. The electron spin resonance

(ESR) spin trapping technique was introduced to detect radical
species with a spin trap, 5,5-dimethyl-1-pyrroline N-oxide (DMPO).
Fe-TNLs were prepared, and H2O2 was prepared in phosphate buffer
(0.2 M, pH 4.5), including DMPO (0.88 M). The ESR measurements
were taken under the following conditions: microwave power, 6.38
mW; modulation amplitude, 1.00 G; modulation frequency, 100.00
kHz; conversion time, 41.00 ms.
In Vitro Antibacterial Activity. The antibacterial activity of Fe-

TNLs against Gram-negative Escherichia coli (ATCC entry 8739) and
Gram-positive Staphylococcus aureus (ATCC entry 6538P) was
evaluated by the standard plate counting method. Experiments were
divided into four groups as follows:

(I) control (no treatment);
(II) H2O2;
(III) Fe-TNLs;
(IV) Fe-TNLs + H2O2.

The final concentrations of bacteria and H2O2 were 107 colony-
forming units (cfus) mL−1, and 100 μM, respectively. Then, the
mixtures of each group were dropped on the surface of the Fe-TNLs
individually. After incubation for 60 min, the mixture in each group
was diluted 105-fold. Afterward, 100 μL of the dilution was placed on
a solid medium and cultured at 37 °C for 18 h. Finally, the number of
cfus was counted to calculate the antibacterial rate using the following
equation

antibacterial rate 1
cfu(each group)

cfu(I)
100%= ×

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c12970
ACS Appl. Mater. Interfaces 2025, 17, 56762−56772

56763

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c12970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where cfu(I) is the cfu value of group I and cfu (each group) is the cfu
value of groups II−IV.
Antimicrobial Activity in Synthetic Wastewater. The

antibacterial activity of Fe-TNLs against Gram-negative E. coli in
synthetic wastewater was evaluated by the standard plate counting
method. In this experiment, synthetic wastewater with E. coli, which
has been described in the main text, was used in place of the bacterial
solution for the antimicrobial experiments. The groupings were the
same as those in the above text. The number of cfu was counted to
calculate bacterial viability using the equation above, as well.
Observation of Bacterial Morphology. Bacteria were first

treated following procedures in the plate counting assay and then
fixed with paraformaldehyde (4 wt %) for 2 h. After that, fixed
samples were serially dehydrated at different concentrations of

ethanol (30, 50, 70, 90, and 100%), each for 10 min, with the
remaining liquid removed during each session. The dehydrated
samples were then dried in air. Finally, all of the samples were coated
with gold for SEM observation.
Live/Dead Fluorescence Staining to Evaluate the Viability

of Bacteria. A fluorescence microscope was utilized to visualize live/
dead bacteria stained with the LIVE/DEAD Bacterial Staining Kit and
DMAO & PI (C2030s, Beyotime Biotechnology Co., Ltd., China).
Bacteria were treated as in the plate counting assay, and then the
mixture was incubated with DMAO/PI for 20 min in the dark. Finally,
stained bacteria were observed under an inverted fluorescence
microscope.
Intracellular ROS Measurement. The ROS level within bacteria

was tested using the Reactive Oxygen Species Assay Kit (S0033S,

Scheme 1. Schematic Illustration of the Preparation of Fe-Doped Titanium Dioxide Nanolines for Sustainable Wastewater
Sterilization with Electrically Stimulated Regeneration of POD-like Activitya

a(a) Titanium dioxide nanolines (TNLs) are synthesized using a chemical dissolution-nucleation technique, followed by the preparation of Fe-
doped TNLs (Fe-TNLs) via a hydrothermal method. (b) Fe(II) within Fe-TNLs reacts with hydrogen peroxide (H2O2), generating Fe(III) and
hydroxyl radicals (•OH), exhibiting a POD-like activity. Subsequently, electrical stimulation reduces Fe(III) back to Fe(II), restoring the POD-like
activity. The generated •OH radicals oxidize 3,3′,5,5′-tetramethylbenzidine (TMB) to form a blue oxidation product (oxTMB), providing a
chromogenic method to confirm the POD-like activity of Fe-TNLs. (c) Regeneration of the POD-like activity in Fe-TNLs via electrical stimulation
allows for their repeated use in wastewater sterilization.
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Beyotime Biotechnology Co., Ltd., China), which employed the cell-
permeable fluorogenic probe DCFH-DA for the quantitative assay of
intracellular levels of ROS in live cells. Then, bacteria were incubated
with DCFH-DA for 20 min in the dark and washed with PBS. The
intracellular ROS levels were observed with a fluorescence micro-
scope.
Cell Cytotoxicity Tests. Bone marrow mesenchymal stem cells

(BMSCs) were seeded into 96-well plates at a density of 5000 cells
per well. Fe-TNLs were then immersed in the culture medium and
incubated for 1 h. Following this, 100 μL of culture medium was
added to each well, and incubation was continued for 24, 48, and 72
h. The culture medium was replaced once daily. After removal of the
cell culture medium, 100 μL of a 10% CCK-8 solution (C0038,
Beyotime Biotechnology Co., Ltd., China) in medium was added to
each well, and the cells were reincubated for 2 h. Absorbance at 450
nm was measured using a microplate reader.
Statistical Analysis. All calculations were performed by using

GraphPad Prism 9.5 (GraphPad Software, CA). All data were
represented as the mean ± standard deviation. Statistical analysis was
performed using Student’s t-test. A comparison was made between
two groups, with a significance level of *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, and ns for no significance.

■ RESULTS
Fabrication and Characterization of Fe-TNLs. The

schematic illustration of fabrication for Fe-TNLs is depicted in
Scheme 1a. SEM imaging reveals that the synthesized TNLs
exhibit diameters of approximately 10 nm and lengths ranging
from 100 to 300 nm (Figure 1a). This nanoline morphology is

anticipated to provide a high surface area, facilitating the
attachment of nanozymes.26 This expectation is validated by
the presence of nanoparticles (∼50 nm in diameter) observed
on the surfaces of the nanolines following ferric chloride
treatment (highlighted by red arrows in Figure 1b). EDS
mapping further reveals that the distribution of Fe of the
particles on Fe-TNLs serves as evidence of the successful
fabrication of Fe-TNLs (Figure S1). Fe emission is detected at
the sites of the attached nanoparticles, while the remaining
regions are predominantly covered with titanium and oxygen
elements, indicating effective iron functionalization. This
functionalization is expected to exhibit catalytic activity
under suitable conditions. As shown in Figure S1, spherical
particles with a diameter distribution in the range of 200−300
nm are discerned. EDS analysis demonstrates a pronounced

enrichment of the Fe signal in the regions encompassing these
particles, suggesting that they represent aggregates of iron
oxide. Notably, these iron oxide aggregates constitute a minor
fraction of the overall Fe-TNL system. Elemental mapping and
quantitative compositional analysis confirm the absence of
extraneous impurity elements within these particles, thereby
validating their chemical purity. Considering their limited
spatial occupancy and uncomplicated chemical composition,
these spherical iron oxide particles exert a negligible influence
on the properties of Fe-TNLs. The XRD analysis discloses
dominant diffraction peaks at 2θ = 27.5° (110), 36.1° (101),
and 54.4° (211) from all the samples, indicating the formation
of rutile TNLs. The Fe-TNLs demonstrate new peaks at 2θ =
24.1° (012), 33.2° (104), 35.6° (110), and 49.48° (024) of
iron oxides, while retaining the remaining titanium dioxide
peaks, confirming that the crystallinity is not altered by the
doping process (Figure S2).
POD Activity of Fe-TNLs and the Revival Perform-

ance under Electrical Stimulation. The pH value is a
crucial environmental factor that significantly affects the
catalytic activity. Therefore, we tested the POD activity of
Fe-TNLs across different pH values to identify the optimal
working condition. The Fe-TNLs work best as POD at a pH of
4.5 (Figure S3). Afterward, using a chromogenic assay with 0.1
M TMB in DMSO and 0.1 M H2O2, we systematically assessed
the POD activity at the optimal pH of 4.5 and substrate
concentrations. This method minimizes the impact of pH
fluctuations, ensuring that the measured POD activity
accurately reflects its true activity. Specifically, the concen-
tration of TMB (1.0 mM) or H2O2 (2.0 mM) is fixed, and then
the concentration of H2O2 (0.05−5 mM, Figure 2a) is varied.
To obtain the maximum reaction velocity (Vmax) and substrate
affinity (Km), the typical double-reciprocal plots (1/V vs 1/[S],
where “S” represents the substrate concentration) are
constructed and fitted to the Michaelis−Menten equation
(Figure 2b). Simultaneously, the Vmax and Km of varying
concentrations of TMB (0.05−1 mM) and a certain
concentration of H2O2 (2.0 mM) are also measured (Figure
2c,d). After reacting with an unused group under H2O2 for 5
min (blue line in Figure 2e), characteristic absorption peaks at
652 nm emerge, which confirms that Fe-TNLs can catalyze the
decomposition of H2O2, producing ROS and oxidizing TMB.
However, the catalytic activity is significantly attenuated after
the first catalytic reaction, as evidenced by the decreased
absorption intensity in the used group (purple line in Figure
2e). The deactivation of the enzymatic activity is further
quantitatively demonstrated by a decrease in the absorbance at
652 nm from 0.79 for the unused sample to 0.30 for the used
sample (Figure 2f).
The sample used is then subjected to electrical charging at

the working electrode of the three-electrode electrochemical
station. The charging time (15 min) and voltage (1.5 V) are
chosen based on our preliminary experiment and previous
research.28 The cyclic voltammetry of Fe-TNLs is also shown
in Figure S4. The CV characterization of the samples revealed
the absence of well-defined redox peaks throughout the
electrochemical scans. Nevertheless, discernible disparities in
electrochemical reactivity were evidenced, which can be
attributed to structural and morphological heterogeneities on
the sample surfaces.29 Specifically, a subtle yet discernible
fluctuation is observed at an applied potential of 0.2 V, a
finding that implicates the occurrence of redox-mediated
valence state transitions within the investigated materials.30

Figure 1. SEM images of TNLs (a) and Fe-TNLs (b) with different
magnifications.
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After charging treatment, the sample, which is marked as a
charged group, can again catalyze the decomposition of H2O2,
generating TMB oxidized products as shown in the pink line in
Figure 2e. Although the charging treatment cannot 100%
revive the enzyme, the charged sample holds an enzymic
activity of the pristine Fe-TNLs partially due to the
detachment of Fe from the surface.31 The decreased POD
activity and its revival after charging can also be significantly
read by the naked eye (Figure S5).
To investigate whether electrical stimulation damages the

structure of Fe-TNLs, XRD analysis is performed. The results
show that the rutile-type TNL crystal structure and iron oxide
diffraction peaks of the materials in the used and charged
groups do not change (Figure S6), confirming that the
crystallinity is not altered during the electrical stimulation
process.
In order to examine the chemical change in different groups,

the elemental species on the surface of Fe-TNLs are analyzed
by XPS (Figure S7). As shown in Figure S7a, the binding
energy peaks at 710.3 and 723.5 eV are attributed to Fe(II),
while the binding energy peaks at 711 and 724.2 eV are
attributed to Fe(III).32−36 Meanwhile, the peaks at 284.8,
286.1, and 288.3 eV are attributed to the C−C, C−O−C, and
O−C�O, respectively (Figure S7b).37 Besides, the peaks at
529.8 and 531.3 eV are attributed to O�O and Ti−O,
respectively (Figure S7c).38,39 Ti−O can also be read from the
peaks at 458.6 and 464.3 eV (Figure S7d).40 The presence of
the peaks of O and Ti in the XPS pattern further confirms the

formation of TiO2. The used group (Figure S8a) exhibits no
displacement of the C elemental peaks (Figure S8b), the O
elemental peaks (Figure S8c), and the Ti elemental peaks
(Figure S8d), thereby substantiating the stability of the
underlying TiO2 under the reaction conditions and providing
substantiation for its reuse. Meanwhile, the XPS images of the
charged group (Figure S9a) resemble those of the unused
group. The absence of displacement of the carbon peaks
(Figure S9b), oxygen peaks (Figure S9c), and titanium peaks
(Figure S9d) proves that applying potential to Fe-TNLs does
not alter its chemical structure or elemental valence states.
The deconvolution of Fe 2p XPS spectra confirms the

presence of surface Fe(II) species, with an initial Fe(II)/
Fe(III) ratio of 0.124:1 in the unused group (Figure 2g). After
15 min of H2O2 exposure, Fe(II) signals nearly vanish and turn
into Fe(III) (Figure 2h), confirming that the POD activity
primarily originates from Fe(II). After charging for 15 min, the
ratio of Fe(II)/Fe(III) rises to 0.120:1 (Figure 2i), which
proves that the charging process effectively regenerates Fe(II),
thereby restoring the POD activity.
To investigate the cause of their inability to recover their full

activity, ICP−OES measurements are performed on their
leachate. The Fe content in the leachate is measured at 15, 30,
and 45 min, with the Fe concentration increasing from 0.146
to 0.21 μg L−1 over time. This suggests that the reduction in
the catalytic activity is due to Fe loss (Figure S10).
The Underlying Mechanism for the Electrically

Stimulated Revival of Enzymic Activity. To investigate

Figure 2. POD activity and elemental change of samples under different treatments. Reaction kinetic assay utilizing the Michaelis−Menten model
by varying (a) the H2O2 concentration at a fixed TMB concentration (2.0 mM) and (b) changing the TMB concentration at a fixed H2O2
concentration (2.0 mM); the double-reciprocal plots of the enzymatic activity of Fe-TNLs for the (c) H2O2 and (d) TMB systems; (e) UV−vis
spectra of the TMB oxidation products qualitatively demonstrating the POD activity of various samples, with characteristic absorption peaks
observed at 370 and 652 nm; (f) quantitative comparison of POD for samples subjected to different treatments; Fe 2p XPS spectra of (g) Fe-TNLs
before H2O2 exposure (unused group), (h) Fe-TNLs treated by H2O2 for 15 min (used group), and (i) after 15 min charging on an electrochemical
workstation (charged group).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c12970
ACS Appl. Mater. Interfaces 2025, 17, 56762−56772

56766

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12970?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12970?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12970?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12970?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c12970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the mechanisms underlying ROS-related effects, Fe-TNLs and
H2O2 were analyzed by using electron spin resonance (ESR) to
identify the types of ROS produced. As shown in Figure S11,
the reaction between Fe-TNLs and H2O2 primarily generates
•OH.41 It is important to note that superoxide anions (O2

•−)
were also detected, with their formation being attributed to the
reaction between free iron ions and oxygen. However, •OH
remains the dominant reactive species, with its signal intensity
approximately four times greater than that of O2

•−.42

Previous studies have demonstrated that electrical polar-
ization of metallic nanostructures can generate ROS and
reactive chlorine species (RCS) via Fenton-like reactions.43

Here, the Fe-TNLs exhibit intrinsic POD-like activity, enabling
catalytic decomposition of H2O2 into •OH for oxidative
degradation of organic pollutants, as described by eqs 1 and 2

H O Fe(II) OH Fe(III)2 2 + +· (1)

OH RH R H O2+ +· · (2)

As the most reactive and destructive ROS in biological
systems,44 •OH effectively inactivates bacterial cells in
wastewater. Subsequently, Fe(III) generated via the Fenton
reaction or pre-existing in the medium can be regenerated into
Fe(II) through multiple pathways (eqs 3−5)

Fe(III) H O Fe(II) HO H2 2 2+ + +· + (3)

Fe(III) HO Fe(II) O H2 2+ + +· + (4)

Fe(III) R Fe(II) R+ +· + (5)

However, conventional Fenton systems face limitations due
to inefficient Fe(II) recovery and slow regeneration kinetics,
leading to gradual POD activity loss over the reaction cycles.
To address this, Fe-TNLs are subjected to cyclic voltammetry
(CV) charging, facilitating the reduction of Fe(III) to Fe(II)
(eq 6)

Fe(III) e Fe(II)+ (6)

Based on the above analysis, the revival mechanism for the
POD activity can be schematically illustrated in Scheme 1b.
Antibacterial Efficiency Arising from Pristine and

Revival POD Activity. Pathogenic bacteria, exemplified by
the Gram-negative E. coli and Gram-positive S. aureus, impose
significant public health and socioeconomic burdens due to
their aggressive pathogenicity and ubiquitous presence in
environmental and clinical settings.45,46 The POD activity of
Fe-TNLs effectively enables antibacterial action by generating
ROS through H2O2 decomposition, which disrupts pathogenic
bacterial cells. To validate its bactericidal potential, in vitro
experiments against E. coli and S. aureus are conducted.
Antibacterial efficiency calculated by the cfu counting method
shows that the H2O2 group has no antibacterial activity, the Fe-
TNLs group eliminates 10−20% of the bacteria, and Fe-TNLs
kill over 99.99% of E. coli and S. aureus, exhibiting a universal
antibacterial ability. The antibacterial rates of different groups
are listed in Table S1. The bacteria treated by different samples
are first observed under SEM to qualify the morphological
change (Figure 3a). Bacteria on pristine Fe-TNLs exhibit
surface deformations and minor pores (red arrows in Figure
3a) due to the mechanical stress from nanoline morphology,
while the control group (PBS-treated) maintains intact
membranes. The addition of H2O2 further exacerbates
membrane damage, causing extensive pore formation (red
arrows in Figure S12). The changed membrane and distorted
morphology indicate that bacteria are under stress, leading to
the loss of bacterial viability or even death.47

The viability of bacteria is then evaluated by live and dead
staining (Figure 3b). The untreated bacteria show strong green
fluorescence (viable cells), whereas the Fe-TNLs + H2O2
group displays predominant red fluorescence (dead cells),
outperforming both the control and H2O2-only groups.
Pristine Fe-TNLs alone induce partial cell death (mixed red/
green fluorescence), indicating their limited standalone
efficacy. Furthermore, elevated intracellular ROS fluorescence
intensity in the Fe-TNLs + H2O2 group (Figure 3c) confirms

Figure 3. Bactericidal properties of Fe-TNLs based on POD-like activity. (a) SEM images of bacterial morphology (scale bars: 1 μm); (b) live/
dead fluorescence staining; and (c) intracellular ROS fluorescence intensity of E. coli and S. aureus (scale bars: 10 μm).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c12970
ACS Appl. Mater. Interfaces 2025, 17, 56762−56772

56767

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12970/suppl_file/am5c12970_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12970?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12970?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12970?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12970?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c12970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that the POD-like activity amplifies oxidative stress, directly
linked to bacterial membrane rupture. As depicted in Figure
3c, the catalytic generation of •OH by Fe-TNLs triggers
oxidative damage, compromising membrane integrity and
leading to cell lysis.48−50 This mechanism underscores that
Fe-TNLs with POD activity could work synergistically with
H2O2 to achieve efficient and sustainable bacterial inactivation,
with implications for wastewater treatment and antimicrobial
material design.
Furthermore, to ascertain whether the leached Fe is

detrimental to humans or animals, BMSCs were cocultured
with the leachate, and the resulting cellular toxicity was
characterized using the CCK-8 assay. The findings indicated
that while the leachate contains Fe, it does not exert a
substantial impact on BMSCs. The growth rate of cells in the
Fe-TNLs group is found to be approximately 90% of that
observed in the pure culture medium group (Figure S13). In
practical applications, Fe-TNLs would be applied directly to
environmental wastewater and do not come into prolonged
contact with the human body, ensuring their safety during use.
Restoration of Antibacterial Performance in Fe-TNLs.

As demonstrated in Figure 4a,b, although pristine Fe-TNLs
exhibit exceptional antibacterial activity (99.9%) in the first
cycle, their efficacy drops significantly to 55% for E. coli and
60% for S. aureus (used group), primarily due to the exhaustion
of POD-like activity. In the context of wastewater treatment,
this decline may lead to considerable resource wastage and
pose a risk of secondary pollution, which underscores the
significance of enzymic activity revival by charging. To
demonstrate that electrical stimulation charging restores the
POD-like activity of Fe-TNLs and consequently regenerates its
antibacterial efficacy, a three-stage antibacterial experiment was
conducted. Following electrical stimulation reactivation

(charging treatment), the antibacterial efficiency of Fe-TNLs
recovers to approximately 80% for both strains (charged
group), consistent with the restoration of its POD-like activity
(Figure 2f). Building on these results, we propose the restored
antibacterial mechanism, as shown in Figure 4c. As previously
described, the POD-like activity of Fe-TNLs enables the
catalytic decomposition of H2O2 into •OH, which effectively
inactivates bacterial cells through oxidative damage. The
oxidative stress triggers uncontrolled accumulation of ROS
and kills bacteria by inducing membrane disruption, protein
dysfunction, and genetic damage. These results conclusively
link the reactivation of POD-like activity to the regeneration of
Fe-TNLs’ antibacterial function, validating its potential for
cyclic use in antimicrobial applications (Scheme 1c).
Enzyme Revival to Enhance Antibacterial Efficacy in

Simulated Wastewater. To validate the bactericidal efficacy
of Fe-TNLs in environmental wastewater, we investigate their
performance in simulated bacterial-contaminated wastewater.
The synthetic wastewater is prepared according to the
Organization for Economic Co-operation and Development
standard guidelines (composition detailed in Table S2).51

E. coli is introduced into the synthetic wastewater to achieve
a final bacterial concentration of 105 cfu mL−1. Antibacterial
experiments and colony counting are performed as described
earlier. Results demonstrate that Fe-TNLs achieve an 80−90%
bacterial inactivation efficiency during the first treatment cycle,
comparable to their performance in pure bacterial suspensions.
However, the efficiency drops to ∼40% upon usage, while
electrical reactivation restores the activity to ∼60%, confirming
the revival of enzymic activity for Fe-TNLs (Figures S14 and
S15). In simulated wastewater environments, various organic
substances are commonly present as impurities. Consequently,
the antimicrobial efficiency of ROS-based treatments is

Figure 4. Restoration of sterilizing properties. (a) Statistical analysis of antibacterial efficiency and (b) colony counting results of E. coli and S.
aureus after sequential antibacterial cycles; (c) mechanistic diagram illustrating the H2O2 decomposition into hydroxyl radicals (•OH) by Fe-TNLs’
POD-like activity, inducing oxidative damage and bacterial inactivation.
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significantly diminished in the presence of such organic
contaminants.52 These findings underscore the potential of
rechargeable Fe-TNLs for practical applications in complex
wastewater systems, highlighting their practical applicability in
real-world bacterial decontamination scenarios.

■ DISCUSSION
The irreversible deactivation in conventional enzyme-like
materials has long hindered their practical application.
Although a few researchers have tried to enhance the enzymic
activity by increasing the loading of active sites,53 or designing
the composition of the active sites,25 they still suffer from the
high cost and complexity of the process. The use of reductants
has been explored to facilitate the conversion of high-valent to
low-valent transition metal species, thereby restoring the
enzymatic activity. However, this approach introduces
unavoidable environmental challenges, particularly since the
restoration process often involves high energy consumption
and the use of toxic substances.54−56 Although less polluting
chemical reductants, such as ascorbate, are employed due to
their relatively lower environmental impact, they still result in
high operational costs. In catalytic processes, the amount of
ascorbic acid required is often equivalent to that of the catalyst
itself to restore or enhance activity.57,58 This is mainly due to
their stoichiometric consumption in each reactivation cycle,59

along with the additional expenses related to waste manage-
ment for treating residual reductants and byproducts. In
contrast, electrical reactivation, while requiring an initial
investment in equipment such as electrodes and power
sources, eliminates the need for consumables, thereby resulting
in lower long-term costs. Furthermore, electrical stimulation
offers significant advantages over chemical reductants,
including greater cost efficiency, reduced environmental
impact, and the potential for more sustainable operations in
the long term. It has been reported that the use of
photothermal methods can precisely control the antibacterial
properties of materials,60 but there are few reports on methods
for restoring activity through electrical stimulation.
In this work, the development of Fe-TNLs as rechargeable

enzyme-mimetic catalysts represents a possible way to address
the above limitation. By application of a low voltage to Fe-
TNLs, Fe(III) undergoes electrical reduction to Fe(II) at the
electrode surface. This ionic transformation enables a cyclic
mechanism as follows:
(1) Fe(II) reacts with H2O2 to generate •OH, concomitantly

oxidizing to Fe(III);
(2) The generated •OH radicals oxidize bacterial contami-

nants in wastewater;
(3) Fe(III) is reduced back to Fe(II) via applied voltage;
(4) The regenerated Fe(II) reinitiates the catalytic sequence,

establishing a self-sustaining redox loop.
The ability to restore over 80% of the initial catalytic activity

through simple electrical charging marks a departure from
traditional systems reliant on chemical reductants or disposable
catalysts, offering a scalable and energy-efficient alternative.
Compared to reagent-driven Fenton processes, the electrical
approach eliminates secondary pollution from unused oxidants
or metal sludge.61,62 This system features operational simplicity
and robust cyclability, with its POD-like activity being
electrochemically restored upon application of the optimized
voltage. The electrical reversibility between Fe(II) and Fe(III)
has been well established in battery-related studies,63−65

highlighting its potential for high-efficiency resource utilization
through repeated charge−discharge cycles in sustainable
catalytic systems. This reversible redox cycle also shows great
promise for scalable water decontamination applications,
warranting further investigation into its effectiveness against
a broad range of aqueous pollutants.
The structural advantages of the TNLs carrier further

distinguish Fe-TNLs from existing nanomaterials. Beyond the
intrinsic antibacterial activity induced by mechanical stress
from the nanolined architecture (Figure 3a), the high surface
area and strong metal−support interactions effectively prevent
Fe nanoparticle aggregation and promote close contact with
bacterial cells, thereby enhancing oxidative damage through
localized •OH generation. As one of the most efficient ROS,
•OH can rapidly disrupt microbial membranes, proteins, and
DNA, resulting in efficient bacterial inactivation.8,66 Moreover,
•OH can nonselectively oxidize a broad spectrum of organic
pollutants, including dyes, pharmaceuticals, phenolic com-
pounds, and other persistent organic contaminants.67−69 This
dual functionality, combining pollutant degradation with
pathogen inactivation, positions Fe-TNLs as a multifunctional
platform for integrated water remediation. Nonetheless, since
the current study primarily targets model pathogens (E. coli, S.
aureus) in synthetic wastewater, further investigations are
required to assess the efficacy of the electrical stimulation
strategy in more complex contamination scenarios, including
industrial effluents and antibiotic-resistant bacterial strains.
One limitation of the current regeneration process is the loss

of iron. While the process successfully recovers approximately
80% of the catalytic activity, this recovery is not fully reversible
due to the gradual leaching of iron from the catalyst. This iron
loss limits the long-term stability and efficiency of the system,
as it impacts the catalyst’s ability to regenerate its activity over
extended use. Further investigations are needed to minimize
iron loss and improve the durability of the catalyst in order to
achieve more consistent and sustainable regeneration.

■ CONCLUSION
Given the irreversible loss of enzymatic activity after a single
use in conventional metal-based enzymes, in this study, we
propose an electrically stimulated reactivation strategy to
restore the POD-like activity of Fe-TNLs through the
establishment of a Fe(III)/Fe(II) redox cycle, thereby enabling
sustained antibacterial performance in wastewater treatment.
By anchoring Fe nanoparticles onto a high-surface-area TNLs
carrier, the composite achieves catalytic decomposition of
H2O2 into •OH for pathogen inactivation. Notably, by
charging the interface for 15 min, Fe(II) could be regenerated
from oxidized Fe(III), restoring >80% of the initial POD-like
activity and enabling cyclic reuse. Structural characterization
and kinetic assays confirm that the TNLs substrate stabilizes Fe
nanoparticles while enhancing bacterial contact, synergistically
improving bactericidal efficiency. The integration of electrical
regeneration with nanoscale engineering resolves the trade-off
between catalytic performance and longevity in enzyme-
mimetic systems. The revival of enzymic activity is also
confirmed in simulated wastewater (60% efficiency postreacti-
vation), underscoring its practical potential for sustainable
water treatment. This work represents a paradigm shift from
disposable catalysts to rechargeable materials, holding promise
for industrial-scale applications and broader catalytic function-
alities beyond water remediation.
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Table S1. Antibacterial rates of different groups 

Groups 
Antibacterial Rate 

E. coli S. aureus 

Control 0 0 

H2O2 8.23±3.23% 5.04±3.59% 

Fe-TNLs 13.76±1.35% 10.49±3.28% 

Fe-TNLs + H2O2 99.9% 99.9% 

 

Table S2. Composition of synthetic wastewater a 

Compound 
Concentration 

(mg L-1) 

Yeast extract 22 

Peptone 32 

Urea 6 

Dipotassium phosphate 28 

Sodium chloride 7 

Calcium chloride dihydrate 4 

Magnesium sulphate 
heptahydrate 

2 

a Organization for Economic Co-operation and Development 20011 
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Figure S1 EDS mapping of the Fe-TNLs sample (scale bars: 500 nm). 

 

Figure S2 XRD patterns of the TNLs and Fe-TNLs samples. 

 

Figure S3 Influence of pH on the POD-like activity of Fe-TNLs. The optimal reaction 

pH was determined to be 4.5. 
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Figure S4 Cyclic voltammetry electrical stimulation of Fe-TNLs. 

 

 

 
Figure S5 Initial POD activity measurement, followed by activity assessment after 15 

minutes of exposure to H₂O₂, and finally reactivation measurement after charging, 

with a darker blue color indicating higher activity. 
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Figure S6 XRD patterns of unused group, used group and charged group. 

 
Figure S7 a) Full XPS spectrum of unused group’s Fe-TNLs and fine spectra of three 

elements: b) C, c) O, and d) Ti. 
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Figure S8 a) Full XPS spectrum of used group’s Fe-TNLs and fine spectra of three 

elements: b) C, c) O, and d) Ti. 
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Figure S9 a) Full XPS spectrum of charged group’s Fe-TNLs and fine spectra of 

three elements: b) C, c) O, and d) Ti. 

 
Figure S10 The concentration of Fe elements in the water gradually increases with 

time after immersing the Fe-TNLs in water. 
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Figure S11 ESR spectra of ROS from Fe-TNLs+H2O2. 

 

 

Figure S12 SEM images of a) E. coli and b) S. aureus interacting with Fe-TNLs 

under the addition of H2O2. Membrane damages are indicated by red arrows (scale 

bars: 1 μm). 
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Figure S13 Growth of BMSCs measured by cck-8 under different culture times in Fe-

TNLs leachate. 

 

Figure S14 Colony counting in antimicrobial experiments on simulated wastewater. 

 

 

Figure S15 Antimicrobial efficiency of samples in simulated wastewater. 
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