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a b s t r a c t

Reactive oxygen species (ROS) mediated oxidative stress represents a pivotal mechanism in antimicrobial

activity, but most ROS-releasing materials require external stimuli, restricting their efficacy for continu-

ous day-night applications. In this study, we present a novel substitution strategy to synthesize Cu-doped

bimetallic organic frameworks with coordinatively unsaturated metal sites (CUMS), aiming to enhance

ROS-mediated antimicrobial efficacy by regulating electron transfer between Cu and valence-variable Fe

sites through Cu doping. The incorporation of Cu sites effectively modifies the electronic structure of Fe

sites and optimizes the energy band structure of Fe-MIL-101, facilitating the effective electron transfer

between the metal sites. Furthermore, the thermal treatment promotes the formation of coordinatively

unsaturated electron-rich Fe active sites, significantly enhancing the O2 adsorption and activation, which

in turn boosts ROS generation. Notably, the 0.5Cu-Fe-MIL-101(CUMS) exhibits remarkable ROS genera-

tion capability, demonstrates a 99.99% antibacterial effectiveness against Escherichia coli (E. coli) within

30min of light exposure, and maintains a 99.99% antimicrobial efficacy after 4h in darkness, thus achiev-

ing robust day-night antimicrobial activity. Density functional theory calculations and X-ray photoelectron

spectroscopy (XPS) analyses confirm that the enhanced electron transfer between Cu and Fe sites facili-

tates the adsorption of O2 and H2O2 on the valence-variable Fe sites, promoting the spontaneous gener-

ation of ·O2
− and ·OH, which induce oxidative stress and membrane damage in bacterial cells. This study

highlights the potential of strategically tailoring the electronic properties surrounding the coordinatively

unsaturated metal sites in bimetallic metal organic frameworks (MOFs) for advanced antibacterial appli-

cations.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pathogenic infections caused by bacteria and viruses pose sig-

nificant threats to human health and development [1]. Traditional

bactericidal mechanisms employed by nano-antimicrobial mate-

rials, such as metal ion dissolution, surface physical puncture,

and photothermal lysis, have been extensively studied [2,3]. Re-

cently, reactive oxygen species (ROS) mediated oxidative stress

has emerged as a novel and extensively researched antimicrobial

mechanism. ROS possess strong oxidizing properties, which include

hydroxyl radicals (·OH), superoxide radicals (·O2
−), hydrogen per-
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oxide (H2O2), and singlet oxygen (1O2). These species are primar-

ily generated through the interaction of high-energy carriers on

the surface of antimicrobial materials with O2, H2O, and other ele-

ments via electron transfer and related processes. As antimicrobial

reaction intermediates, ROS can react with the cell membranes,

proteins, and other components of pathogens, causing oxidative

stress and pathogen death, which is a highly efficient active in-

gredient of antimicrobial agents [4,5]. Currently, many nanomate-

rials (TiO2 [6], ZnO [7], and black phosphorus [8]) can generate

ROS with the assistance of exogenous stimuli, including light, ul-

trasound, and endogenous chemicals like H2O2. The materials that

release ROS through photodynamic, thermodynamic, and photocat-

alytic interventions have been extensively used in the antimicro-
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bial field [9,10]. However, the reliance on external stimuli for ROS

generation significantly limits their practical utility. Therefore, it is

essential to develop nanomaterials that can generate ROS through

catalytic oxidation without external triggers.

Metal-organic frameworks (MOFs) are porous materials char-

acterized by a regular topology, formed through the coordination

of metal ions or clusters with organic ligands. Their low toxic-

ity and excellent biodegradability have attracted significant atten-

tion for medicine and biology applications, particularly as novel

antimicrobial agents [11,12]. The high specific surface area, tun-

able porous structure, and abundant nanochannels of MOFs facil-

itate the efficient transfer of guest molecules such as O2 and H2O2

during reactions [13]. Previous studies have demonstrated the ex-

ceptional photocatalytic bactericidal activity of zeolitic imidazolate

framework-8 (ZIF-8), which generates photogenerated electrons via

ligand-to-metal charge transfer (LMCT) upon light exposure. The

generated ·O2
− and H2O2 can effectively oxidize and eliminate

pathogens [14]. The size of 2D PCN-134 MOF nanosheets influences

their photodynamic properties, with increased photodynamic ac-

tivity for ROS generation observed as the size decreases [15]. Fur-

thermore, Fe-MOFs derivative catalysts prepared using MIL-100(Fe)

as a precursor and CuS-modified MIL-101(Fe), exhibited impres-

sive 1O2-mediated antibacterial activity against Escherichia coli un-

der visible light [16,17]. However, the bactericidal effect diminishes

significantly in the dark. It can be seen that MOFs catalyze ROS

generation to achieve antimicrobial activity somewhat controlled

by the light-driven reaction, the ability to activate O2 to produce

ROS in the dark is relatively limited. Meanwhile, the MOFs depend

on a light-driven mechanism that presents problems such as wide

bandgap, poor visible light absorption, low carrier separation effi-

ciency, and slow charge transfer due to poor electron conductivity

[18,19]. This limits their antimicrobial capacity during diurnal pro-

cesses. Addressing this challenge is crucial for improving the an-

timicrobial efficacy of MOFs throughout the diurnal cycle.

Recent studies have revealed that certain metal nanoparticles

and metal oxides can enhance O2 adsorption and promote ROS

generation in the dark through improved electron transfer. These

strategies typically involve the modulation of surface structures,

surface defects, particle size, and the synergistic effects of vari-

ous components to facilitate electron transfer [20–24]. Achieving

precise control of ROS generation and improvement of ROS pro-

duction efficiency under dark conditions is possible by modulating

the electron transfer of MOFs and designing abundant and homo-

geneous metal active sites. For instance, previous research demon-

strated that Zn@MOFs can spontaneously release ·O2
− and H2O2

via electron transfer from the zinc core to the MOF shell, resulting

in significant antimicrobial efficacy against various pathogens [25].

In contrast, bimetallic sites modulation can promote the spon-

taneous generation of ROS by optimizing the metal active sites,

modulating the electronic structure, and mimicking the activity of

the nano-enzymes [26,27]. The charge transfer during spontaneous

ROS generation was facilitated by modulation of the metal active

sites of Cu-doped ZIF-8, which generates ·O2
−, ·OH in the dark

[28]. The bimetallic synergistic effect can reduce the bandgap, op-

timize the energy band structure, and broaden the photo-response

range through intermetallic electron transfer or orbital hybridiza-

tion [29]. Meanwhile, the design of coordinatively unsaturated

metal sites (CUMS) in MOFs can expose highly active sites and fa-

cilitate charge separation. CUMS act as electron traps to capture

photo-generated electrons and inhibit complexation. The electron

conductivity can be enhanced by the low-coordination state of the

metal centers, which can also maintain and drive the chemocat-

alytic cycle (e.g., Fenton reactions) to generate ROS in the dark, re-

ducing dependence on the light [30,31]. The active sites of MIL-

101(Fe) can be engineered to generate CUMS, thereby facilitating

efficient ·O2
− and ·OH mediated antimicrobial activity in the dark

Scheme 1. Schematic illustration of (a) the preparation process of Fe-MIL-

101(CUMS) and Cu-doped Fe-MIL-101(CUMS) and (b) day-night antimicrobial mech-

anism.

[32]. The concept of achieving round-the-clock antibacterial activ-

ity through the modulation of metal active sites and electron trans-

fer is promising.

In this study, we leverage the precise and tunable structures

and generation of valence-variable metal sites of Fe-MOFs, allow-

ing for the rational modulation of the electronic microenvironment

around Fe sites through Cu incorporation and thermal activation,

leading to the formation of abundant CUMS. We systematically in-

vestigated the synergistic effects of electronic structure modula-

tion on O2 activation and continuous ROS generation. The higher

electronegativity of Cu significantly accelerates the regeneration of

valence-variable Fe(II) sites and optimizes the electronic structure

of CUMS in the bimetallic MOFs, thereby enhancing the valence

conversion processes [33]. The development of CUMS not only

optimizes electron distribution among valence-variable Fe sites

but also strengthens the interaction of valence-variable sites with

H2O2, facilitating O2 adsorption and activation. The integration of

CUMS and transition metal Cu sites in Fe-MOFs synergistically op-

timize the energy band structure, active sites and electron transfer,

boosting the catalytic efficiency for ROS generation and steriliza-

tion. Consequently, the 0.5Cu-Fe-MIL-101(CUMS) demonstrated ex-

ceptional ROS generation capacity, achieving an antibacterial effi-

cacy of 99.99% against Gram-negative E. coli under day-night con-

ditions. density functional theory (DFT) calculations confirmed that

enhanced electron transfer between Cu and Fe sites promotes the

adsorption of O2 and H2O2 on the valence-variable Fe sites, result-

ing in the spontaneous generation of ·O2
− and ·OH, which induce

oxidative stress of bacterial cells. This study underscores the poten-

tial of transition metal doping and the introduction of CUMS in op-

timizing electron transfer in Fe-MOFs, providing valuable insights

for the development of innovative day-night antibacterial catalysts.

As illustrated in Scheme 1, a series of Cu-doped Fe-MIL-

101(CUMS) nanoparticles were prepared by Fe(III) and Cu(II) pre-

cursors at different molar ratios of 1:9, 1:3, 3:7, and 1:1. The

synthesis involved the reaction of Fe(III) ions with the -COOH of

H2BDC at a temperature of 110 °C, resulting in a notable color tran-

sition of the products from light orange to darker orange with the

incremental introduction of Cu(II) ions (Figs. S3a–e in Supporting

information). Subsequently, the Cu-doped samples were thermally

treated in an Ar-protected tube furnace at 300 °C, yielding xCu-Fe-

MIL-101(CUMS) with coordinatively unsaturated metal sites. No-
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Fig. 1. SEM images of (a) Fe-MIL-101, (b) Fe-MIL-101(CUMS) and (c, f) xCu-Fe-MIL-

101(CUMS) (x=0.1, 0.25, 0.3, 0.5). Low-magnification TEM image of (g) Fe-MIL-

101(CUMS), (h) 0.25Cu-Fe-MIL-101(CUMS) and (i) 0.5Cu-Fe-MIL-101(CUMS). (j) The

EDX elemental mappings images of 0.5Cu-Fe-MIL-101(CUMS).

tably, the color shifted from orange to brown following the heat

treatment, with the intensity of the brown color increasing as the

level of Cu doping (Figs. S3f–j in Supporting information).

The scanning electron microscopy (SEM) image demonstrates

that Fe-MIL-101 exhibits a smooth octahedral morphology, charac-

terized by well-defined corners and a diameter ranging from ap-

proximately 500nm to 1μm (Fig. 1a), which is consistent with the

literature [34]. Upon doping with Cu, a notable reduction in the

particle size of xCu-Fe-MIL-101 was observed, correlating with in-

creased Cu content (Fig. S4 in Supporting information). The mor-

phology transitioned from a regular to a more irregular octahe-

dral shape, with less distinct angles. This alteration is attributed

to the substitution of Fe sites by Cu ions. The larger ionic ra-

dius of Cu(II) compared to Fe(III) facilitates greater spatial occu-

pation within the crystal lattice, modifying the coordination en-

vironment. Furthermore, this substitution may influence the con-

figuration and stability of the organic linkers, potentially imped-

ing the growth of crystal grain [35,36]. Conversely, the Fe-MIL-101

and xCu-Fe-MIL-101(CUMS) (x=0.1, 0.25, 0.3, 0.5) maintained their

octahedral structure, exhibiting changes in particle size and the

surface became roughened (Figs. 1b–f). TEM images further illus-

trated uniformly distributed voids within the samples while pre-

serving the integrity of the octahedral framework (Figs. 1g–i). The

uniform distribution of the Cu, Fe, C, and O elements in both Fe-

MIL-101(CUMS) and xCu-Fe-MIL-101(CUMS) (x=0.25, 0.5) was fur-

ther confirmed by energy dispersive X-ray spectroscopy (EDX) (Fig.

1j and Fig. S5 in Supporting information).

The electronic structure, electron transfer at the coordinatively

unsaturated bimetallic sites, and the influence of Cu doping on the

electronic structure of xCu-Fe-MIL-101(CUMS) were investigated by

X-ray photoelectron spectroscopy (XPS). The XPS analysis of 0.5Cu-

Fe-MIL-101(CUMS) (Fig. 2a) confirmed the presence of C, O, Fe,

and Cu, indicating the Cu content gradually increased and the Cl

content decreased following Cu doping and subsequent heat treat-

ment (Table S5 in Supporting information), which further substan-

tiates the successful incorporation of Cu and the elimination of

Cl− at 300 °C. The Fe 2p XPS spectra of Fe-MIL-101 reveal peaks

at 711.5 and 724.6 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, re-

spectively (Fig. 2b). The peaks at 711.5, 715.41, 724.6, and 727.74 eV

are indicative of Fe(III), while those at 719.21 and 730.75 eV rep-

resent Fe(III) fingerprints [37,38]. The Fe 2p spectrum of Fe-MIL-

101(CUMS) exhibited a notable shift towards lower binding ener-

Fig. 2. (a) XPS survey spectra of Fe-MIL-101, xCu-Fe-MIL-101(CUMS) (x=0, 0.25,

0.5). (b) High-resolution XPS spectra of Fe 2p of Fe-MIL-101, xCu-Fe-MIL-101(CUMS)

(x=0, 0.25, 0.5). (c) High-resolution XPS spectra of C 1s of Fe-MIL-101, xCu-Fe-MIL-

101(CUMS) (x=0.25, 0.5). (d) XPS valence band spectra. (e) NH3-TPD of Fe-MIL-101

and xCu-Fe-MIL-101(CUMS) (x=0, 0.25, 0.5). (f) EIS curves of Fe-MIL-101 and xCu-

Fe-MIL-101(CUMS) (x=0, 0.25, 0.5).

gies, with peaks at 711.4 and 724.58 eV. Additionally, a new peak

at 710.5 eV was attributed to the presence of Fe(II), which was

generated in CUMS following heat treatment. The Fe 2p spectra

of 0.25Cu-Fe-MIL-101(CUMS) and 0.5Cu-Fe-MIL-101(CUMS) exhib-

ited further shifts towards lower binding energies under consistent

temperature and time of heat treatment, with values of 711.30 and

724.50 eV, and 711.19 and 724.45 eV, respectively. Furthermore, new

peaks at 710.40 and 710.25 eV were attributed to Fe(II) generated

from Cu doping and the formation of CUMS after heat treatment.

The binding energies of Fe 2p3/2 and Fe 2p1/2 for the last

three samples exhibit a notable decrease relative to those in Fe-

MIL-101, indicating a negative energy shift. This binding energy

shift increases slightly with higher Cu doping. The 0.5Cu-Fe-MIL-

101(CUMS) demonstrates the most pronounced shift, suggesting

that the introduction of Cu sites enhances the electron density sur-

rounding the Fe atoms. The interaction between the Fe and Cu sites

in 0.5Cu-Fe-MIL-101(CUMS) facilitates electron transfer from Cu to

Fe, thereby reducing the binding energy of Fe 2p This suggests that

Cu acts as an electron donor to modulate the electronic structure

of Fe sites to form highly reactive CUMS. The ratios of Fe(II) to

Fe(III) significantly increase to 0%, 1.12%, 3.99%, and 6.19% for the

respective samples (Table S5), indicating that heat treatment effec-

tively removes H2O molecules and ligand anions, resulting in the

formation of CUMS, while simultaneously allowing partial reduc-

tion of Fe(III) to Fe(II). The presence of Cu sites alters the chemi-

cal environment surrounding the Fe(III) sites. Meanwhile, sponta-

neous charge transfer from Cu to Fe(III) may occur, given that the

3
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conversion of Cu(II) to Cu(I) (E=0.16V vs. normal hydrogen elec-

trode (NHE)) is more favorable than the reduction of Fe(III) to Fe(II)

(E=0.77V vs. NHE) [39]. Thus, the Cu sites potentially enhance the

generation of Fe(II).

In comparison to Fe-MIL-101, the C 1s spectra of 0.25Cu-Fe-

MIL-101(CUMS) and 0.5Cu-Fe-MIL-101(CUMS) exhibited a notable

shift towards lower binding energies (Fig. 2c). This shift suggests

that the coordination environment of the C atoms with the metal

centers was altered. The electronic interaction between the metal

centers and the organic ligands appears to facilitate the reduction

of the C atoms, driven by the electronic coupling effect. These find-

ings indicate that Cu doping enhances electron transfer between

the metal sites and ligands through cation-π interactions.

The shift of the valence band spectrum towards higher binding

energies of the catalysts is associated with alterations in the elec-

tronic structure [40]. The VB spectrum of 0.5Cu-Fe-MIL-101(CUMS)

demonstrates a blue shift towards the vacuum level compared to

Fe-MIL-101(CUMS) (Fig. 2d), confirming that Cu doping results in

the modification of the electronic structure of MOFs [41]. The in-

tersection with the horizontal line obtained by tangent fitting to

the spectrogram corresponds to the theoretical valence band of

1.83, 1.44, and 1.13 eV, respectively, indicating a reduction in va-

lence band energy. This reduction can be attributed to the substi-

tution of Fe sites by Cu, which modifies the electronic arrangement

of the metal centers in 0.5Cu-Fe-MIL-101(CUMS), thereby affecting

the overall electronic structure of the material.

The relationship between Lewis acidic sites and CUMS in MOFs

is significant. Typically, the metal centers or clusters within MOFs

exhibit Lewis acidity, and the presence of CUMS substantially en-

hances Lewis acidity [42,43]. The CUMS serve as catalytically ac-

tive centers, offering additional electron-acceptor sites and enhanc-

ing interaction capabilities with reactant molecules [44]. The sam-

ples displayed distinct desorption peaks (Fig. 2e) in the range of

50–250 °C. The peaks around 100 °C correspond to weak acidic

sites, while those between 300 °C and 500 °C indicate moderate

acidic sites. The adsorption peak of 0.5Cu-Fe-MIL-101(CUMS) was

located at 92.6 °C, corresponding to Lewis acidic sites, with the

low-temperature desorption peak indicating a weak acidic center.

The area of the desorption peak reflects the number of acidic sites

corresponding to acid strengths, The larger peak area signifies the

greater quantity of acidic sites [45,46]. Following heat treatment,

the adsorption peaks associated with weak acids were significantly

enhanced. Notably, 0.5Cu-Fe-MIL-101(CUMS) exhibited the highest

adsorption peak intensity and the largest peak area, indicating that

it possesses the greatest number of Lewis acid sites and a higher

concentration of CUMS.

The electron transfer of the samples were evaluated by elec-

trochemical impedance spectra (EIS) [47]. Notably, the arc radius

in the EIS Nyquist plots progressively decreases as Cu doping in-

creases compared to that of Fe-MIL-101, with the smallest arc

radius observed in 0.5Cu-Fe-MIL-101(CUMS) (Fig. 2f). EIS analy-

sis suggests that the incorporation of Cu sites in 0.5Cu-Fe-MIL-

101(CUMS) accelerates the interfacial charge transfer rate, while

concurrently reducing charge transfer resistance. These findings

underscore the role of Cu sites in reducing electron transfer resis-

tance and significantly enhancing interfacial electron transfer.

To investigate the in vitro antimicrobial activity of the ma-

terials, Fe-MIL-101 and xCu-Fe-MIL-101(CUMS) (x=0, 0.1, 0.25,

0.3, 0.5) were evaluated for their growth inhibition of E. coli in

the dark (Fig. S8 in Supporting information). The relative viabil-

ities of E. coli treated with different concentrations of samples

under dark conditions were determined (Fig. 3a). The bacterial

relative viability of 0.25Cu-Fe-MIL-101(CUMS) and 0.5Cu-Fe-MIL-

101(CUMS) was significantly lower compared to the samples with-

out Cu doping, both of which killed all bacteria at concentrations

of 250 and 100μg/mL, respectively. The antimicrobial activity of

Fe-MIL-101 and Fe-MIL-101(CUMS) was limited at a concentration

of 100μg/mL, killing only 54.39% and 59.27% of E. coli, respec-

tively. In contrast, the xCu-Fe-MIL-101(CUMS) (x=0.1, 0.25, 0.3,

0.5) showed antimicrobial activity against E. coli of 93.63%, 98.31%,

99.57%, and 99.99%, respectively (Fig. 3b). Notably, 0.5Cu-Fe-MIL-

101(CUMS) demonstrated superior antibacterial properties against

E. coli, indicating that the incorporation of Cu sites significantly en-

hanced the overall antibacterial activity. To accurately verify the

antimicrobial effect of 0.5Cu-Fe-MIL-101(CUMS) at low concentra-

tions, the concentration range was adjusted to 0.291–12.50μg/mL.

The half-maximal inhibitory concentration (IC50) of 0.5Cu-Fe-MIL-

101(CUMS) was tested to be 1.453μg/mL (Fig. S9 in Supporting in-

formation), which provides a more accurate indicator of activity for

future applications.

Plate photographs illustrated a significant decrease in colony

counts over time, with the most pronounced antibacterial effect

at 4 h in the dark (Fig. 3c). The antibacterial rate of 0.5Cu-Fe-MIL-

101(CUMS) (100μg/mL) against E. coli was 75.37%, 97.94%, 99.65%,

and 99.99% after 1, 2, 3, and 4h treatment under darkness (Fig.

3d), respectively. The MBC of 0.5Cu-Fe-MIL-101(CUMS) was deter-

mined to be 100μg/mL in the dark (Fig. S10 in Supporting infor-

mation). Furthermore, the antimicrobial performance of 0.5Cu-Fe-

MIL-101(CUMS) was evaluated under light conditions, yielding an-

tibacterial rates of 69.02%, 98.78%, 98.94%, and 99.99% after 1, 5,

10, and 30min, respectively (Fig. 3e). Colony counts showed a sig-

nificant reduction after 5min of exposure to light, with complete

bacterial death after 30min (Fig. 3c). The MBC was determined to

be 250μg/mL after 30min under light conditions (Figs. S10 and S11

in Supporting information). Notably, the 0.5Cu-Fe-MIL-101(CUMS)

effectively killed E. coli in the dark and light. Compared to the an-

timicrobial properties of antimicrobial catalysts mentioned in pre-

vious studies, the 0.5Cu-Fe-MIL-101(CUMS) catalysts synthesized

in this work demonstrated competitive performance under all-

weather conditions. The antibacterial performance of catalysts with

those reported compared and summarized in Table S6 (Supporting

information).

The membrane damage and cell wall disruption of the NPs-

treated bacteria were observed by SEM. It was evident that the

untreated control E. coli was well-preserved rod shape with a nor-

mal appearance, and the cell wall remained intact (Fig. 3f). After

the addition of Fe-MIL-101 NPs, the materials mostly adhered to

the cell surface of E. coli and were accompanied by octahedral NPs

puncturing the cell wall (Fig. 3g). There was deformation and wrin-

kling of the bacterial cell wall, indicating that the Fe-MIL-101 NPs

had a certain antimicrobial effect on the E. coli. The state of E. coli

after interaction with Fe-MIL-101(CUMS) is similar to the effect of

Fe-MIL-101 (Fig. 3h). When exposed to 0.5Cu-Fe-MIL-101(CUMS)

NPs, the cell walls of E. coli displayed significant depressions and

the bacterial cell membranes were disrupted (Fig. 3i). The crum-

pled and contracted appearance of the cell walls further suggests

that 0.5Cu-Fe-MIL-101(CUMS) possesses enhanced antibacterial ac-

tivity.

The interaction of MOFs with bacteria was investigated by CLSM

to visually assess the disruption of bacterial cell walls. Bacterial

cells were stained with SYTO 9 and propidium iodide (PI), E. coli

of the control group displayed strong green fluorescence, which ex-

hibited intact cell walls (Fig. 3j). The slightly red fluorescence was

detected following treatment with Fe-MIL-101, suggesting minor

cell damage (Fig. 3k). In contrast, the green fluorescence intensity

decreased significantly after treatment with Fe-MIL-101(CUMS), in-

dicating the increase of bacterial cell death (Fig. 3l). Remarkably,

E. coli treated with 0.5Cu-Fe-MIL-101(CUMS) exhibited predomi-

nantly red fluorescence (Fig. 3m), signifying substantial damage to

the bacterial cell wall and a high rate of cell death due to expo-

sure to catalysts. These findings corroborate the results of in vitro

antimicrobial experiments, demonstrating that the incorporation of

4



S. Cheng, L. Yu, S. Liu et al. Chinese Chemical Letters 37 (2026) 111553

Fig. 3. (a) The relative viabilities of E. coli with the treatment of different concentrations of samples in the dark. (b) Antibacterial rate of E. coli treated with control, different

samples (100μg/mL) for 4h in the dark. (c) Plate photographs of E. coli after treatments by 0.5Cu-Fe-MIL-101(CUMS) in the dark for different times and in the light for

different times. (d, e) Antimicrobial rate of E. coli treated with 0.5Cu-Fe-MIL-101(CUMS) (100μg/mL) in the dark and light for different times. (f, i) SEM images of untreated

E. coli, subjected to Fe-MIL-101, Fe-MIL-101(CUMS), and 0.5Cu-Fe-MIL-101(CUMS) (250μg/mL) in PBS buffer in the dark. Confocal images of (j) untreated E. coli, (k, m) E. coli

treated with Fe-MIL-101, Fe-MIL-101(CUMS), and 0.5Cu-Fe-MIL-101(CUMS) (500μg/mL) stained with Syto 9 and PI under 37 °C for 4h in the dark. Results are presented as

mean ± SD (n=3). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

Cu sites into Fe-MIL-101 significantly enhances antimicrobial activ-

ity.

Previous studies indicated that the E. coli cell surfaces exhibit

a negative charge within a pH range of 3–11 [48,49]. The zeta po-

tential of Fe-MIL-101 suspended in phosphate buffer saline (PBS)

at pH 7 was measured as 5.91mV. In contrast, the zeta potentials

of Fe-MIL-101(CUMS) and 0.5Cu-Fe-MIL-101(CUMS) were tested to

be −9.21 and −2.79mV, respectively (Fig. 4a). The negative zeta

potential of xCu-Fe-MIL-101(CUMS) compared to Fe-MIL-101 sug-

gests an increased electron density at the surface of the catalysts.

However, the electrostatic interaction diminishes due to the elec-

trostatic repulsion between the nanoparticles and bacteria cells,

which excludes the contribution of electrostatic interactions to the

antibacterial effect.

To explore the sterilization capability of the materials un-

der light conditions, we analyzed the optical properties using

ultraviolet-visible (UV–vis) spectroscopy (Fig. 4b), which revealed

that incorporating Cu sites and subsequently thermally treating the

materials significantly increases the photo-responsive wavelength

range (380–750nm). Both modified materials demonstrated signif-

icant absorption in the visible region, suggesting their potential

for visible light utilization. With Cu doping increased, the intensity

of visible light absorption of the catalysts progressively enhanced.

The 0.5Cu-Fe-MIL-101(CUMS) exhibits the most pronounced abil-

ity to capture visible light, which is beneficial to the photocatalytic

performance. The abundant Fe-O clusters in Fe-MIL-101 effectively

broaden the light absorption spectrum of the visible range [50].

Additionally, the thermal treatment promotes the exposure of un-

saturated Fe(II) active sites, which in conjunction with the Cu sites,

significantly enhances the photogenerated electron transfer and fa-

cilitates the oxygen reduction process in the light. This synergy ac-

Fig. 4. (a) Zeta potential of the samples. (b, c) UV–vis spectra and band gap en-

ergy of the samples. (d) DMPO spin-trapping EPR spectra of ·O2
− for xCu-Fe-MIL-

101(CUMS) (x=0, 0.25, 0.5) in the dark and light. (e) DMPO spin trapping EPR spec-

tra of ·O2
− for 0.5Cu-Fe-MIL-101(CUMS) in darkness and different light times. (f)

DMPO spin-trapping EPR spectra of ·OH for xCu-Fe-MIL-101(CUMS) (x=0, 0.25, 0.5)

in the dark and light. (g) DMPO spin trapping EPR spectra of ·OH on 0.5Cu-Fe-MIL-

101(CUMS) in the dark and at different light times. (h) Photo-luminescence spectra

of HPA for different samples processed in the dark. (i) Photoluminescence spectra

of HPA treated 0.5Cu-Fe-MIL-101(CUMS) under dark and different light times.
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celerates the reduction of Fe(III) to Fe(II), improving the overall ef-

ficiency of the photocatalytic oxidation reaction.

The band gap energies of samples were analyzed (Fig. 4c).

The band gap energy of Fe-MIL-101 was 3.06 eV (Fig. S12 in Sup-

porting information), while the band gap energy of 0.5Cu-Fe-MIL-

101(CUMS) decreases to 2.51 eV with the Cu doping and thermal

treatment, which contributes to the enhanced charge separation

and transfer [51]. It has been demonstrated that introducing Cu

sites effectively increases the light absorption capacity of Fe-MOFs

in the visible region.

The corresponding ROS (·O2
−, ·OH and 1O2) generation of

samples in the dark and light was detected using 5,5-dimethyl-

1-pyrroline N-oxide (DMPO)/2,2,6,6-tetramethyl-4-piperidone hy-

drochloride (TEMP) as a spin agent by EPR. For the mixture of

DMPO and the different samples, the absorption signals of typ-

ical DMPO-·O2
− adducts were tested using methanol as solvent

(Fig. 4d). DMPO-·O2
− adducts with six lines hyperfine pattern (hy-

perfine splitting constants: aN =13.6G and aH =7.7G) was identi-

fied as the dominant adducts, indicating that the materials pro-

duce accumulated ·O2
− [52]. The intensity of the adduct signal in-

creases gradually with the increase of Cu content, indicating that

the 0.5Cu-Fe-MIL-101(CUMS) is capable of producing more ·O2
−

under dark and light conditions, with the highest efficiency to gen-

erate ·O2
−. The stable generation of ·O2

− was observed at 30min

of light illumination (Fig. S13a in Supporting information). The

0.5Cu-Fe-MIL-101(CUMS) was investigated under different condi-

tions, which is demonstrated to be the most effective in gener-

ating ·O2
− (Fig. 4e). It was observed that the ·O2

− produced by

30min of light was greater than that produced in the dark. The

·O2
− produced by the materials was determined by detecting the

consumption of nitroblue tetrazolium (NBT). The samples produce

·O2
− in the dark and light, with 0.5Cu-Fe-MIL-101(CUMS) demon-

strating a greater capacity to produce ·O2
− than Fe-MIL-101 and

Fe-MIL-101(CUMS) (Figs. S13b and c in Supporting information), in

accordance with the EPR results. The UV–vis spectra of 0.5Cu-Fe-

MIL-101(CUMS) further indicate that light exposure of 30min pro-

duced more ·O2
− than that produced under dark conditions (Fig.

S13d in Supporting information).

For the mixture of DMPO and the materials, typical signals

of DMPO-·OH adducts (hyperfine splitting constants: aN =15.1G,

aH =14.8G) were tested with deionized water as the solvent. The

four characteristic peaks with intensity ratios of 1:2:2:1 could be

identified as DMPO-·OH adducts, indicating that the catalysts pro-

duced accumulated ·OH [53]. The 0.5Cu-Fe-MIL-101(CUMS) exhib-

ited the strongest adduct signal in the dark and light (Fig. 4f), and

the intensity of the signal increased with the increase of Cu con-

tent. Compared with the other materials, 0.5Cu-Fe-MIL-101(CUMS)

exhibits the greatest capacity for producing ·OH under dark and

light conditions, demonstrating the highest efficiency in generating

·OH. In contrast to ·O2
−, 0.5Cu-Fe-MIL-101(CUMS) produces more

·OH under dark conditions than under light for 30min. Further-

more, the peak intensity decreases with increasing light time, re-

sulting in a reduction in ·OH production (Fig. 4g and Fig. S14 in

Supporting information). The ·OH can be captured by terephthalic

acid (TPA) and reacts to form hydroxyterephthalic acid (TAOH),

which is capable of emitting fluorescence. The samples produced

·OH in the dark and light, and the 0.5Cu-Fe-MIL-101(CUMS) can

produce more ·OH than Fe-MIL-101(CUMS) and 0.25Cu-Fe-MIL-

101(CUMS) (Figs. S14a and b in Supporting information).

The production of H2O2 of the samples under dark condi-

tions was evaluated by fluorescence spectrophotometer with 4-

Hydroxyphenylacetic acid (HPA) as the fluorescent probe (Fig. 4h).

It can be observed that 0.5Cu-Fe-MIL-101(CUMS) is capable of pro-

ducing more H2O2 than Fe-MIL-101 and Fe-MIL-101(CUMS), and

the H2O2 produced by 0.5Cu-Fe-MIL-101(CUMS) under dark condi-

tions is significantly higher than that produced by light for 30min

(Fig. 4i). This is consistent with the ·OH production by 0.5Cu-

Fe-MIL-101(CUMS) in the dark as mentioned previously. Fe-MIL-

101 contains numerous unsaturated Lewis acid Fe sites, which are

capable of adsorbing the Lewis base H2O2 to produce ·OH via

the Fenton reaction. The introduction of Cu sites in 0.5Cu-Fe-MIL-

101(CUMS) may facilitate spontaneous charge transfer from the Cu

sites to the Fe(III) sites, accelerating the regeneration of Fe(II) and

improving the dissociation of H2O2 to produce ·OH.
The capacity of the catalysts to generate 1O2 was evaluated us-

ing TEMP as a trapping agent. Notably, there is an absence of 1O2

of the materials (Figs. S15a–c in Supporting information). It can be

confirmed that the 0.5Cu-Fe-MIL-101(CUMS) exhibits the most ef-

fective all-weather generation of ·O2
−, ·OH, and H2O2, which play

a key role in antibacterial activity. Meanwhile, a positive correla-

tion was observed between the Cu doping amount and enhanced

photo-response, reduced bandgap, increased all-weather ROS gen-

eration and higher antimicrobial rates. This suggests that a suitable

proportion of Cu doping enables Cu sites to fully enter the lattice,

thereby influencing the electronic structure of coordinatively un-

saturated valence-variable sites. Furthermore, increasing Cu doping

narrows the band gap and introduces intermediate states, which

can significantly enhance the energy band modulation and photo-

responsive performance of the catalysts, which is conducive to

photogenerated electron transfer and redox generation of ROS.

The visual representation of the key parameters influencing

the bactericidal properties of the catalysts is illustrated in Fig.

S16 (Supporting information), which provides a comparative anal-

ysis of the specific surface area, Fe(%), Cu(%) and Fe(II)/Fe(III) ra-

tios among the xCu-Fe-MIL-101(CUMS). Notably, the 0.5Cu-Fe-MIL-

101(CUMS) exhibited the highest values for several critical param-

eters, which demonstrated the most effective antimicrobial per-

formance. Specifically, the percentages of the Fe(II)/Fe(III) ratio

were positively correlated with enhanced antimicrobial activity.

The highest Fe(II)/Fe(III) ratio was observed for the 0.5Cu-Fe-MIL-

101(CUMS) (Table S5). On the one hand, adjusting the Fe(II)/Fe(III)

ratio can change the energy band structure of MOFs and opti-

mize visible light absorption. On the other hand, the mixed valence

states of Fe(II)/Fe(III) form redox pairs in Fe-MOFs, which signifi-

cantly affect the electron transfer efficiency and enhance the cat-

alytic activity of the Fenton reaction. Fe(II) catalyzes the genera-

tion of H2O2 to ·OH via the Fenton reaction, whereas Fe(III) pro-

duces ·O2
− via the Fenton-like reaction. The mixed-valence system

of 0.5Cu-Fe-MIL-101(CUMS) (Fe(II)/Fe(III)=6.19%) enabled the for-

mation of dual reaction centers, which synergistically boosted the

yield of ROS (·OH, ·O2
−), which corresponds to the ·OH and ·O2

−

producing effect of 0.5Cu-Fe-MIL-101(CUMS). The Fe(II)/Fe(III) ratio

significantly enhanced the antimicrobial activity by synergistically

modulating the electron transfer, ROS generation and catalytic ac-

tivity of the samples.

Meanwhile, the uniform distribution of Cu and Fe elements in

0.5Cu-Fe-MIL-101(CUMS) directly enhances the antimicrobial per-

formance by optimizing the stability of the structure, enhancing

the synergistic effect of the active sites and promoting the genera-

tion of ROS. In contrast, the specific surface area does not signifi-

cantly influence O2 activation and ROS generation. The radar chart

effectively visualizes these relationships, highlighting the crucial

roles of Cu doping and valence-variable metal sites in enhancing

the antimicrobial potential of 0.5Cu-Fe-MIL-101(CUMS).

The synergistic antimicrobial mechanism was proposed for

0.5Cu-Fe-MIL-101(CUMS) under day-night conditions (Scheme 1).

It can be postulated that 0.5Cu-Fe-MIL-101(CUMS) initially inter-

acted with the bacterial outer membrane physically and then dis-

rupted the cell membranes by generating exogenous ROS in the

dark. The formation of coordinatively unsaturated Fe(II) sites and

electron transfer are facilitated by electron donor-acceptor syner-

gism. The d-orbital high electron density of Cu(II) (d10 configu-
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ration) can act as the electron donor to modulate the electronic

structure of Fe(III) through outer electron transfer, the d-orbital

electrons of Fe(III) are redistributed to form a more activated co-

ordinated unsaturated Fe(II) sites. This suggests that the charge

transfer from Cu sites to Fe(III) sites is spontaneous, which indi-

rectly facilitates the reduction process from Fe(III) to Fe(II) and ac-

celerates the regeneration of Fe(II). These coordinated unsaturated

Fe(II) sites expose highly reactive metal centers that adsorb O2 by

coordination interaction and physisorption. The empty d-orbital of

Fe(II) attracts the lone electrons pair of O2 to form σ -type coordi-

nation bonds. While Cu doping enhances the electron transfer abil-

ity of Fe(II) sites, the electrons to activate O2 are derived from the

loss of electrons from the Cu sites and the electrons lost from the

oxidation reaction of Fe(II) converted to Fe(III). Electron transfer

promotes O–O bond activation, making adsorbed O2 more recep-

tive to electrons to form ·O2
−. Meanwhile, the coordinated unsat-

urated Fe(II) sites exhibit Lewis acidity and act as catalytically ac-

tive centers capable of adsorbing the Lewis base H2O2. Fe(II) trans-

fers electrons to H2O2 to produce ·OH via the Fenton reaction. The

Cu sites on 0.5Cu-Fe-MIL-101(CUMS) acted as an electron donor to

regulate the electronic structure of Fe(III), accelerating the regener-

ation of Fe(II) and achieving efficient adsorption and activation of

O2 and H2O2. The enhanced charge transfer at the Fe sites facili-

tates the adsorption of O2 and the generation of ROS, which dis-

rupts the cell membrane and causes oxidative stress to the bacte-

rial cells.

The energy band structure of Fe-MIL-101 is optimized by Cu

doping and heat treatment, and the band gap energy of 0.5Cu-

Fe-MIL-101(CUMS) is significantly reduced. The valence band elec-

trons of 0.5Cu-Fe-MIL-101(CUMS) jump to the conduction band af-

ter photoexcitation, producing electron-hole pairs. These photogen-

erated carriers have high energies and can directly react with O2

adsorbed on Fe(II) to reduce and generate ·O2
−, which generates

H2O2 through the following reaction. Meanwhile, the Fe(II) sites

undergo the Fenton reaction to generate ·OH. The generated ROS

(·O2
−, ·OH and H2O2) destroy the cell membrane, causing damage

and oxidative stress to the bacterial cells and thus realizing effi-

cient sterilization. The process of ROS generation is as follows.

0.5Cu-Fe-MIL-101(CUMS) + hv → e−+h+

O2+e− → ·O−
2

Fe(II)+O2 ↔ Fe(III)+ · O−
2

2 · O−
2 +H++H2O ↔ H2O2+O2+OH−

O2+e−+H+ → ·HO2

·HO2+e−+H+ → H2O2

H2O2+e−+H+ → H2O+ · OH

Fe(II)+H2O2 → Fe(III) + OH−+ · OH
The above analysis proves that 0.5Cu-Fe-MIL-101(CUMS)

exhibits antimicrobial properties through chemocatalysis-

photocatalytic generation of ROS. In the absence of light, the redox

cycle of the valence-variable Fe sites generates ROS through the

chemocatalytic effect, which dominates as the basic mechanism.

The chemically catalyzed ROS production plays a fundamental

role and synergizes with the photocatalytic effect to significantly

enhance the overall antimicrobial effect in the light, with photo-

catalytic generated ROS superimposed with chemocatalysis ROS to

form a synergistic effect of oxidative stress.

In conclusion, a series of Cu-doped bimetallic xCu-Fe-MIL-

101(CUMS) were successfully synthesized via a solvothermal

method. The introduction of bimetallic sites and coordinatively

unsaturated Fe sites was achieved by adjusting the Cu doping

level and employing post-synthesis heat treatment. Notably, the ra-

tio of Fe(II)/Fe(III) was influenced by Cu doping during the same

heat treatment duration. Antibacterial assays demonstrated that

0.5Cu-Fe-MIL-101(CUMS) at a concentration of 100μg/mL exhib-

ited 99.99% antibacterial activity against E. coli under darkness for

4h and light for 30min, significantly surpassing that of Fe-MIL-

101(CUMS). This material demonstrated the best day-night ROS

production ability and bacterial inactivation effect. Experiments

and DFT calculations revealed that Cu doping affects the electronic

structure of the Fe sites and optimizes the energy band structure of

Fe-MIL-101. The enhanced charge transfer on the Fe sites of 0.5Cu-

Fe-MIL-101(CUMS) facilitates the adsorption of O2 and H2O2 for

the spontaneous generation of ROS, which in turn promotes the

production of ·O2
− and ·OH. This process is critical for inducing ox-

idative stress and membrane damage in bacterial cells. This work

provides valuable insights into the ROS-mediated oxidative stress

mechanisms of Fe-MOFs, paving the way for their application in

continuous antibacterial strategies.
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