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Zeolite-confined ionic liquid enables on-demand
active bromine generation for thermally robust
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The proliferation of multidrug-resistant pathogens and persistent microbial contamination in industrial
settings necessitates the development of robust, processable, and highly efficient antimicrobial additives.
Herein, we report a HZSM-5 zeolite/ionic liquid composite, constructed by confining and chemically
anchoring a bromine-containing ionic liquid (IL) within the microporous channels of HZSM-5 zeolite. This
unique structure imparts exceptional thermal stability, with the confined IL withstanding temperatures
exceeding 330 °C and retaining full bactericidal activity after high-temperature (250 °C) processing,
demonstrating its suitability for industrial melt-processing applications. Then, a potent synergistic
mechanism wherein the host-guest system catalytically activates molecular oxygen to generate reactive
oxygen species (ROS), which in turn oxidizes the bromide anions (Br) into elemental bromine (Br,) in situ,
is proposed. This self-enhancing cycle, confirmed by XPS, EPR, and UV-vis spectroscopy, enables the
composite to achieve superior bactericidal efficacy against a range of pathogens, including MRSA, at a
significantly reduced IL dosage compared to the pure IL and conventional agents. The mechanism involves
a multi-pronged attack combining electrostatic adsorption, dual-action membrane disruption (IL and Br,),
and an intracellular ROS burst. This work presents a new design paradigm for creating thermally stable,
high-performance antimicrobial materials with significant potential to address pressing industrial challenges
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Conventional organic antimicrobial agents, such as
quaternary ammonium compounds (QACs), undergo thermal
degradation via Hofmann elimination at temperatures well
below typical processing thresholds, often starting around

1 Introduction

The escalating threat of antibacterial contamination and the rise
of multidrug-resistant (MDR) pathogens pose a significant

challenge across numerous industrial sectors, from polymer
manufacturing and medical device fabrication to food packaging
and protective coatings."” The incorporation of antimicrobial
agents into materials is an effective strategy to mitigate these
risks.> However, the existing arsenal of antimicrobial agents
faces a critical trade-off between efficacy, processability, and
long-term viability, creating a pressing industrial demand for a
new generation of materials that can overcome these limitations.
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180 °C.* Similarly, popular inorganic agents like silver
nanoparticles (AgNPs) suffer a dramatic loss of efficacy when
subjected to high temperatures, as high temperature can
result in particle agglomeration, which reduces the available
active surface area and diminishes their antibacterial activity.’
Consequently, there is a significant industrial need for a new
class of robust, “processable” antimicrobial agents that can be
integrated into a material matrix prior to thermal processing
and remain highly active in the final product.

Ionic liquids are a class of molten salts, typically composed of
organic cations and various anions, with melting points below
100 °C.° As a broad class of materials, their unique molecular
structures endow them with many valuable properties including
negligible volatility, good ionic conductivity, high thermal
stability, etc., compared to traditional molecular solvents.””®
Recently, certain ILs, especially imidazolium-based derivatives
with an alkyl chain constituted by 12 to 16 carbon atoms,” > have
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been found to have outstanding antimicrobial activity. Differing
from the traditional antibacterial materials that target specific
metabolic pathways, the primary antibacterial mechanism of ILs
involves a physical disruption of the cell membranes.'>"® The
lipophilic alkyl chains insert into and destabilize the lipid bilayer,
leading to an increasing permeability and eventual cell lysis.”"*
This non-specific, membrane-centric action makes it considerably
more difficult for bacteria to evolve defense mechanisms against
ILS.15_17

Despite these potentials, the practical application of ILs is
impeded by two primary limitations. The first concerns their
thermal degradation temperature. Many long-chain ILs are
insufficient for high-temperature processes, such as melt-
processing of antibacterial polymers.'®' The second one
relates to the antibacterial activity of most ILs being
predominantly derived from the cations, which can disturb
the lipid bilayer of the bacterial cell membrane, thereby
increasing the permeability of cell membranes and leading to
cell lysis,?>* while the anions (e.g. bromide, chloride, and
iodide) are often used to regulate physical properties and
remain biologically inert, contributing little to the overall
antibacterial action.”'%*®

Various strategies including anion regulation, construction of
IL-based nanohybrids and combining ILs with other materials for
synergistic effects have been explored to address these
shortcomings."®*® For instance, substituting halogen ions with
large-sized anions of tetrafluoroborate (BF, ) and 1,3-dimethyl-5-
sulfoisophthalate (DMSIP) can improve the thermal stability of
ILs with alkyl chain length from Co to C,,, enabling their
application in PVC processing technology, although this
modification can result in a certain loss of antibacterial
performance.”’ Functionalizing the surface of nanomaterials
such as Ag, Cu, Au, ZnO, multiwalled carbon nanotubes,
graphene oxide, g-C;N,, etc. with imidazolium-based ILs
containing alkyl chain length from C, to C; can produce hybrids
with remarkably enhanced thermal stability and synergistic
antibacterial performance.®*™” Other noteworthy approaches
involve the use of porous materials like organoclays, mesoporous
silica, and cyclodextrin as nanocarriers to host long alkyl chain
ILs, which can improve their thermal stability as well as create
controlled-release systems.>**%4

HZSM-5, a synthetic zeolite with unique porosity and acidic
properties, is widely used in petrochemical processes such as
catalytic cracking, isomerization, and aromatization. Recently,
one of the emerging applications of HZSM-5 involves the
activation of methane using halogens (X,, X = Cl, Br) for the
production of high-value chemicals and liquid fuels, where the
Br, used can be in situ generated by the oxidation of HBr over
HZSM-5.* Furthermore, HZSM-5 with MFI topological structure
possesses excellent thermal stability.” Under the high-
temperature, highly corrosive, and high-humidity conditions of
HBr oxidation, its framework is resistant to collapse and
dealumination, enabling long-term maintenance of catalytic
activity and structural integrity.*”*® In addition, its microporous
structure can enrich HBr and O,, stabilize reaction intermediates,
and thus enhance the selectivity of Br, formation.*”
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Herein, we propose a novel approach to overcome the
limitations of ILs by preparing a composite material through
the impregnation of 1-tetradecyl-3-methylimidazolium bromide
ionic liquid (a long-chain IL with established antimicrobial
activity) into the pore channels of HZSM-5 zeolite. The
confinement of the IL within the zeolite's acidic sites may not
only enhance the material's thermal stability but also induce a
synergistic antibacterial mechanism. In this context, protons
transfer from the Brensted acid sites of HZSM-5 to the ionic
liquid, rendering the imidazolium cations of the ionic liquid
more electron-rich, thereby enabling the activation of adsorbed
oxygen, leading to the in situ oxidation of bromide ions to
elemental bromine. This process could create a potent
synergistic effect, where the newly formed elemental bromine
damages the outer membrane of Gram-negative bacteria,
facilitating the penetration of the imidazolium cations to
disrupt the inner membrane. This study details the synthesis
and characterization of the HZSM-5-IL composites, evaluates
their enhanced thermal stability and antibacterial efficacy
against both Gram-positive and Gram-negative pathogens, and
elucidates the new synergistic mechanism responsible for their
superior performance.

2 Results and discussion

2.1 Synthesis and characterization of HZSM-5-nIL
composites

A series of HZSM-5-nIL composites, with n representing the
mass ratio of IL to the HZSM-5 zeolite (n = 0.25, 0.35, 0.5, 1 and
2), were prepared via an impregnation method. The color of the
composites visually changed from white to brown, which may
be attributed to the change in their components (Fig. S1).

The textural properties of the composites and pure HZSM-5
were investigated using the N, adsorption-desorption isotherms
at 77 K. As depicted in Fig. 1a, HZSM-5 exhibited a typical type I
isotherm, characteristic of a microporous structure.’® Upon IL
incorporation, a significant suppression of the initial N, uptake
at low relative pressures (P/P, < 0.1) was observed across all
composites, coupled with a drastic reduction in the micropore
volume (Fig. 1a and Table S1). This indicates that IL molecules
have successfully entered into and physically occupied the
microporous channels, blocking access to N, molecules.
Fourier-transform infrared (FT-IR) spectroscopy (Fig. 1b)
indicates that as the IL loading decreased, the characteristic
peaks attributed to the imidazolium head groups diminished
gradually, whereas the peaks from the alkyl tails showed only a
minor reduction. This suggests a preferential orientation where
the imidazolium head groups are selectively embedded deep
within the zeolite's microporous channels, and this result is
further substantiated by the SEM/EDS mapping (Fig. S2) as a
diffuse nitrogen signal originating from imidazolium head
groups was observed. X-ray diffraction (XRD) analysis not only
confirmed the preservation of the MFI framework structure
post-incorporation but also revealed a saturation point for this
confinement (Fig. S3). For composites with an IL content
n = 0.5, the emergence of a new diffraction peak at ~7°,
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Fig. 1 Characterization of the structure and the confined environment of HZSM-5-nlL. (a) Pore size distributions from BJH adsorption. The inset
shows the N, adsorption-desorption isotherms and pore size distributions from BJH adsorption; (b) FT-IR spectra; (c) partial enlarged XRD pattern
and (d) XPS spectra of Si 2p; (e) XPS spectra of Al 2p; (f) XPS spectra of O 1s; (g) XPS spectra of N 1s; (h) 2’Al NMR of HZSM-5 and HZSM-5-0.5IL. (i)

Py-FTIR of HZSM-5, HZSM-5-0.5IL and HZSM-5-0.25IL.

corresponding to the semi-crystalline structure of the pure IL,
signifies that the micropores have become saturated (Fig. 1c).
This result distinguishes two distinct populations of IL: a
confined population within the pores and an excess population
accumulating on the external surface.

After establishing physical confinement, the chemical
nature of the host-guest interaction is elucidated. A slight
but consistent shift of the HZSM-5 (101) peak to a lower
angle in the XRD patterns (Fig. 1c) pointed to a lattice
expansion, indicating a strong interaction that perturbs the
host framework. This interaction was then revealed by X-ray
photoelectron spectroscopy (XPS). A significant negative shift
in the Si 2p and Al 2p binding energies of the framework
(Fig. 1d and e) and a decrease in the O 1s (Fig. 1f) shoulder
peak characteristic of acidic hydroxyl protons were observed.
Concurrently, a positive shift in the N 1s signal (Fig. 1g)
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demonstrated the protonation of the imidazolium ring. These
concerted electronic shifts indicate a proton transfer from
the Bronsted acid sites of the zeolite to the confined IL.
Solid-state >’Al MAS NMR spectroscopy (Fig. 1h) was used to
further corroborate the result. The up-field shift of the
tetrahedrally coordinated aluminium signal proved an
increase in the electron shielding of the framework Al nuclei
following deprotonation of imidazolium head groups and the
emergence of a new shoulder peak adjacent to the main Al(w)
signal suggests a structural distortion of the aluminium
sites,”® likely caused by strong electronic effects from the
now tightly-bound imidazolium cations. Pyridine-adsorbed
FT-IR (Py-FTIR) spectroscopy (Fig. 1i) showed that the near-
complete disappearance of the characteristic Brgnsted acid
site bands confirms the firm occupation of the imidazolium
cations. These results demonstrate that the IL is not merely
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physically entrapped but is chemically anchored within the
HZSM-5 pore channels via a strong host-guest interaction
involving proton transfer.

2.2 High-temperature processability and enhanced
antibacterial efficacy

A critical industrial requirement for antibacterial materials is
the ability to withstand high-temperature processing. The

View Article Online
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established host-guest interaction imparts remarkable thermal
stability to the composite materials. Thermogravimetric analysis
(TGA) indicates that, in contrast to the pure IL, which
decomposed in a single, continuous loss step, the HZSM-5-nIL
composites exhibited a distinct two-stage weight loss profile
(Fig. 2a). The first stage is attributed to the decomposition of
the unconfined IL molecules residing on the external surface of
the HZSM-5 zeolite, occurring at temperatures comparable to
the decomposition of the pure IL. The second stage, however,
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Fig. 2 (a) TGA curves; (b) DSC cooling curves; (c) DSC heating curves; (d) the inhibition zone of S. aureus, MRSA, E. coli and P. aeruginosa treated
with IL (0.05 g) and HZSM-5-0.5IL (0.1 g); (e) log, MIC values of S. aureus, MRSA, E. coli and P. aeruginosa treated with IL and HZSM-5-0.5IL (18 h);
(f) log, MBC values of S. aureus, MRSA, E. coli and P. aeruginosa treated with IL and HZSM-5-0.5IL (18 h); (g) fluorescence microscopy images of E.
coli and S. aureus, MRSA and P. aeruginosa cells subjected to IL and HZSM-5-0.5IL (25 ug mL™) at 37 °C for 30 min; (h) the inhibition zone of E.

coli treated with 0.1 g HZSM-5-1IL, HZSM-5-0.5IL HZSM-5-0.25IL after 300

°C heating. Error bars were obtained with three parallel samples.
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corresponds to the degradation of the IL confined within the
zeolite's micropores. The onset decomposition temperatures
(Tonset) Of this second stage for the HZSM-5-nIL composites are
352.5, 351.4, 314.3, 334.2, and 328.4 °C for n = 2, 1, 0.5,
0.35, and 0.25, respectively. Notably, all composites exhibit
substantially higher T;sec values than the pure IL (Topgec = 281.3
°C), demonstrating that zeolite confinement significantly
enhances the thermal stability of the IL. The variation in Tynget
with IL loading ratio is attributed to the changing distribution
of confined versus surface-adsorbed IL species: at intermediate
loadings, a larger fraction of IL resides on the external surface
of the zeolite and is thus less protected by the pore framework,
resulting in a comparatively lower Ty set-

To further elucidate the physical state of IL within the
HZSM-5 pore channel, comparative differential scanning
calorimetry (DSC) measurements were performed on the pure
IL and the HZSM-5-nIL composites. As shown in Fig. 2b, the
cooling curve of the pure IL exhibits a sharp crystallization
exothermic peak at ~33 °C, whereas no crystallization peak is
observed for the fully confined HZSM-5-0.25IL, indicating
suppression of crystallization due to the nanoconfinement
effect.”®" This is further supported by the second heating
scans (Fig. 2¢): while the pure IL shows a cold crystallization
exothermic peak at ~24 °C and multiple melting and phase
transition endothermic peaks at 40-60 °C (main peak at
~55 ©°C), the confined composite exhibits neither cold
crystallization nor characteristic melting peaks. Instead, only
a slightly depressed endothermic transition at ~52 °C is
observed, which is consistent with the Gibbs-Thomson
melting point depression of nanoconfined systems.” These
thermodynamic results confirm that IL is confined within the
micropores of HZSM-5 in an amorphous state, providing the
structural basis for its sustained release and long-lasting
antibacterial activity.

Subsequently, a series of assays including disk diffusion
assay, minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) were conducted against four
representative bacterial strains including E. coli (Gram-negative),
S. aureus (Gram-positive), MRSA (multidrug resistant bacteria)
and P. aeruginosa (biofilm forming). The composites
demonstrated significantly enhanced antibacterial efficacy
compared to the pure IL (Tables S2 and S3). The HZSM-5-1IL
composite, which has an IL loading equivalent to the pure IL
dosage tested, produced a significantly larger inhibition zone
against the resilient P. aeruginosa (22.55 mm) compared to the
pure IL (18.05 mm) (Fig. 2d and Table S2). In addition, the
HZSM-5-0.5IL composite, which contains only one-third the
amount of IL used in the pure IL test, exhibited MBC values
against E. coli, S. aureus, and the multidrug-resistant MRSA that
were almost comparable to those of the pure IL (Fig. 2e and f
and Table S3). Even for the highly robust, biofilm-forming P.
aeruginosa, the MBC value for HZSM-5-0.5IL was only twice that
of the pure IL. This enhanced performance was further visually
confirmed by confocal laser scanning microscopy (CLSM),
which showed that after just 30 minutes of exposure, a visibly
higher proportion of bacteria treated with HZSM-5-0.5IL
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exhibited red fluorescence (indicating membrane damage and
cell death) compared to those treated with the pure IL (Fig. 2g),
indicating a faster and more potent bactericidal action. Finally,
to simulate realistic high-temperature processing conditions,
the HZSM-5-0.5IL composite was placed in a muffle furnace
and heated at a ramp rate of 10 °C min™" to 250 °C, held at this
temperature, and subsequently allowed to cool to room
temperature. The antibacterial activity of the recovered
composite was evaluated against E. coli using the disk diffusion
assay. As depicted in Fig. 2h, the heat-treated composite
retained its antibacterial activity, indicating its high
temperature stability.

2.3 In situ generation of elemental bromine (Br,)

The enhanced antibacterial performance at a reduced IL
dosage strongly implies the existence of a secondary, highly
potent antimicrobial agent generated in situ. This agent is
supposed to be elemental bromine (Br,), whose formation is
a catalytic consequence of the unique confined environment.

To directly probe the generated bromine species, the
HZSM-5-nIL composite was immersed in ethanol for two
days, and the resulting brown supernatant was analyzed by
UV-vis spectroscopy. The spectrum revealed a complex
mixture of bromine species (Fig. 3a). Broad absorption bands
centered at approximately 470 nm and 392 nm were
observed, which were characteristic of molecular bromine
(Brp) in polar protic solvents and aqueous solution.
Additionally, distinct peaks were identified at ~267 nm and
shoulder peaks at ~330 nm, corresponding to the tribromide
ion (Brz ) and hypobromous acid (HOBr), respectively. The
absence of absorption bands at higher energy levels indicates
that no higher-valent bromine oxides were formed. This
direct spectroscopic result confirms the generation of reactive
bromine species, predominantly Br,, and is in excellent
agreement with the XPS results, which detected only Br’ and
Br states (Fig. 3b).

Quantitative evidence was subsequently provided by high-
resolution XPS of the Br 3d region (Fig. 3c). Deconvolution of
the Br 3d spectrum for the composite materials revealed the
emergence of a new doublet at a higher binding energy,
corresponding to neutral Br® atoms in Br,, which was clearly
distinguishable from the original Br  signal of the ionic
liquid (Fig. 3d and e). Critically, the relative content of this
elemental bromine was found to be highest in the HZSM-5-
0.5IL sample (Fig. 3e), establishing a direct correlation
between a specific composition and the maximal generation
of the secondary antimicrobial agent. This compositional
dependence suggests that the oxidation of Br is not a
spontaneous process but is instead catalyzed by the host-
guest interaction.

The mechanistic origin of this catalytic activity was traced
to the generation of reactive oxygen species (ROS). As
established before, the strong host-guest interaction and
proton transfer create unique, electron-rich catalytic centres
within the zeolite framework. These centres are capable of
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Fig. 3 Generation of Br,. (a) UV-vis of bromine species for HZSM-5-nlL; (b) XPS spectra of Br 3d; (c) integrated areas of Br 3d deconvoluted peaks
at different oxidation states (Br~ and Br°); (d) XPS spectra of Br~ 3d orbitals for IL and HZSM-5-nIL composites; (e) XPS spectra of Br® 3d orbitals for
IL and HZSM-5-nIL composites; (f) EPR spectra of DMPO-O," for HZSM-5-nlL composites; (g) the schematic mechanism of the generation of Br,
for HZSM-5-nlL composites, color code: golden = silicon, grey = aluminum, blue = oxygen, green = hydrogen.

activating adsorbed molecular oxygen (O,) (Fig. S8), a process
confirmed by Electron Paramagnetic Resonance (EPR)
spectroscopy, which detected a characteristic signal for the
superoxide anion radical (-O,") (Fig. 3f). Moreover, the
intensity of this -O, signal is similar to the trend observed in
the XPS data, peaking in the HZSM-5-0.5IL sample. This
direct correlation provides compelling evidence that -O, is
the key intermediate species responsible for the subsequent
oxidation of bromide.

Based on these results, a three-step reaction mechanism is
proposed for the in situ generation of Br, (Fig. 3g). First, the
catalytically active sites within the confined environment
activate molecular oxygen to the superoxide radical (-O,") (eqn
(1)). Second, within the strongly acidic nanochannels of HZSM-
5, the initially formed -O, is readily protonated to the more
potent and reactive hydroperoxyl radical (HO,:) (eqn (2)).
Finally, this powerful oxidizing radical efficiently oxidizes two
bromide ions (Br’) to elemental bromine (Br,) (eqn (3)).

Ind. Chem. Mater.

0,+e — -0, (1)
-0,” + H" — HO,: (2)
HO,- + 6H" + 6Br  — 3Br, + 4H,0 (3)

This newly formed Br, is stabilized within the hydrophobic
nanopores of the zeolite, preventing its immediate volatilization
and enabling a controlled, sustained release. It is important to
address the potential safety concerns regarding the in situ
generated Br,. While bulk elemental bromine is known to be
toxic and corrosive, the safety of our composite is ensured by
the nanoconfinement effect of the zeolite matrix. The strong
host-guest interactions and the steric hindrance of the long
alkyl chains within the pore channels significantly restrict the
free diffusion of Br,, permitting only a slow and sustained
release. Consequently, the steady-state concentration of free Br,
released into the surrounding environment is maintained at a
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trace, sub-toxic level. Based on our quantitative calculations,
even assuming 100% conversion of bromide ions, the
maximum theoretical Br, concentration at the bactericidal
dosage (e.g., an MBC of 32 ug mL™ for E. coli) is only 1.17 pg
mL ™. According to the World Health Organization (WHO) and
relevant environmental safety guidelines, an LCs, of 240 ppm
(1569 mg m™) has been reported in mice (strain and sex not
specified) exposed to bromine vapour for 2 hours (PHE, 2009).>>
This trace level is highly effective for eradicating bacteria, yet
falls well below the cytotoxicity threshold that could trigger
acute toxicity or allergic reactions in mammalian cells. This
controlled-release mechanism ensures that the material
achieves superior antibacterial efficacy while maintaining a high
safety profile.

2.4 Synergistic antibacterial mechanism

Having established the presence of the IL, in situ generated
Br, and -O, , the multi-target synergistic mechanism that
enables the composite to achieve superior bactericidal
efficacy at a reduced dosage can be demonstrated.

The initial interaction is governed by electrostatic
attraction. Both the pure IL and the HZSM-5-0.5IL composite
successfully adsorbed onto the negatively charged bacterial
surfaces, as evidenced by the reversal of the surface zeta
potential to positive values (Fig. 4a). This step concentrates
the antimicrobial agents directly at the site of action.

Then, following adsorption onto the bacterial cell surface,
synergistic membrane disruption commences through the
concerted action of three antibacterial components. First, the IL
component acts as a classic amphiphilic surfactant. Its
hydrophobic alkyl tails insert into the lipid bilayer, disrupting
membrane fluidity and integrity, leading to physical leakage.
Concurrently, the in situ generated Br, and -O, launch a
secondary, more aggressive chemical attack. As potent oxidizing
agents, Br, and -O, directly oxidize membrane lipids and
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proteins, leading to chemical perforation. SEM images
visualized this severe morphological damage (red arrows in
Fig. 4b). Notably, for MRSA, the membrane vesicles (MVs) of
composite-treated bacteria possess extensive porosity, a stark
contrast to the denser MVs on IL-treated cells.>>>* In the case of
P. aeruginosa, the composite also demonstrated enhanced
efficacy, stimulating a more outer membrane vesicle (OMV)
formation compared to the pure IL.>*** This intensified
vesiculation, a known bacterial stress response, can lead to a
‘leaky’ phenotype and ultimately trigger apoptosis in the parent
cells.”® The synergistic effect of the IL, Br, and ‘O,  appears to
amplify this stress signal, and induce apoptosis of the parent
cells. This remarkable distinction is attributed to the additional,
potent dissolution effect of Br,, a mechanism distinct from the
IL's primary action as a surfactant.””*” This combined physical
and chemical damage to the cell membrane is far more
destructive than the action of the IL alone.

Intracellular ROS burst: it has been confirmed in the
literature that after membrane disruption, DNA binding may
induce bacteria to have a stress response and release a large
amount of ROS,*® which in turn may damage the cell
membrane directly or result in bacterial apoptosis. The
synergistic membrane damage overwhelms the cell's
antioxidant defense systems, triggering a massive intracellular
oxidative burst. Using a DCFH-DA probe, a substantial
increase in intracellular ROS levels was observed for all four
tested bacterial strains after a 30 minute incubation (Fig. 4c).
Obviously, the ROS generation was significantly more
pronounced in cells treated with HZSM-5-0.5IL compared to
the pure IL. This indicates that the combination of membrane
disruption by the IL and the oxidative damage from Br, and
-0, triggers a more intense intracellular oxidative stress.

Cell death: the oxidative damage to DNA, proteins, and
other vital intracellular components, initiated by the
overwhelming ROS burst, ultimately leads to rapid and
irreversible cell death.

IL HZSM-5-0.51L c Control HZSM-5-0.51L

S.aureus

20pm * 20pum

MRSA

20pm n 20pm

E.Coli

7 20pm

20pm 20pm

P.aeruginosa

20pum 20um pAUT

Fig. 4 Antibacterial mechanism of HZSM-5-nlIL. (a) Zeta potential of IL and HZSM-5-0.5IL; (b) SEM images of S. aureus, MRSA, E. coli and P.
aeruginosa subjected to IL and HZSM-5-0.5IL (50 pg mL™?) at 37 °C for 1 h; (c) fluorescence microscopy images of S. aureus, MRSA, E. coli and P.
aeruginosa using DCFH-DA as a ROS probe for IL and HZSM-5-0.5IL. Error bars were obtained with three parallel samples.
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Fig. 5 The schematic of the synergistic antibacterial mechanism for HZSM-

To sum up, the antibacterial mechanism of the HZSM-5-
0.5IL composite is a multiple-attack synergy including
electrostatic adsorption, dual-action membrane disruption
(physical via IL, chemical via Br, and -O, ), and a subsequent
overwhelming intracellular ROS burst (Fig. 5). This
synergistic mechanism, rooted in the material's unique host-
guest architecture, fully explains the superior antibacterial
performance of the composite material at a reduced active
agent dosage.

3 Conclusions

In summary, to more efficiently utilize the antibacterial
properties of ionic liquids, we employed a green and
innovative strategy to design self-catalytic HZSM-5-IL
composites to achieve the in situ generation of Br, from ionic
liquid anions, implementing synergistic antibacterial effects.
The resulting HZSM-5-0.5IL composite material not only
retains the membrane-disrupting properties of the ionic
liquid but also integrates the potent oxidative damage of in
situ generated Br,. This synergistic mechanism leads to
significantly enhanced efficacy against a broad spectrum of
pathogens, including the tough MRSA and the biofilm-
forming P. aeruginosa. The optimized composite (HZSM-5-
0.5IL) loaded only one-third of the pure IL, its MBC values
against E. coli, S. aureus and MRSA were comparable to those
of the pure IL, and for biofilm-forming P. aeruginosa, the
MBC value was merely twice that of the pure IL, highlighting
its superior performance. This work provides a new pathway
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for Br, generation, where the strong interaction between the
zeolite framework and the ionic liquid cation creates a
unique catalytic microenvironment capable of activating
molecular oxygen to oxidize bromide ions, providing a new
way for the design of safe, efficient, and stable halogen-based
antibacterial materials. Future studies will systematically
investigate the influence of the HZSM-5 Si/Al ratio on the
confinement stability, Br, generation efficiency and release
kinetics. Ultimately, establishing a comprehensive structure-
activity relationship will facilitate the rational design of
advanced zeolite-confined IL systems. The development of
this HZSM-5-nIL composite not only provides a promising
platform for combating antimicrobial resistance but also
broadens the horizon for the practical application of ionic
liquids in diverse fields.

4 Experimental section
4.1 Materials

1-Methylimidazole (1-MI, 99%) and 1-bromotetradecane
(C14HyoBr, 98%) were purchased from Aladdin Biological
Technology Co. Ltd. (Shanghai, China). Ethanol (C,H;OH,
AR) and ethyl acetate (C,HgO,, AR) were purchased from
Beijing Chemical Co. (Beijing, China). HZSM-5 (nSiO,/nAl,O;
= 25) was a commercial product and was purchased from
Nankai University Catalyst Co. Ltd. (Tianjin, China).
Escherichia coli (E. coli) ATCC 25922, Staphylococcus aureus
(S. aureus) ATCC 6538, Pseudomonas aeruginosa (P. aeruginosa)
ATCC 9027 and drug-resistant strain Staphylococcus aureus
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(MRSA) ATCC 44300 were purchased from Beijing Zhongke
Zhijian Biotechnology Co., Ltd. All bacterial strains used in
this study were stored at 2-8 ©°C according to the
manufacturer's directions. E. coli and S. aureus were sub-
cultured to Miiller-Hinton-agar (MHA; BD Company, USA)
while P. aeruginosa and MRSA were sub-cultured to trypticase
soy agar (TSA; BD Company, USA) before testing.

4.2 Preparation of IL and HZSM-5/ionic liquid composites

The IL (C;,minBr) was synthesized via a modified method
described in the literature.”®®° 1-Methylimidazole (82.1 g,
1.00 mol) and 1-bromotetradecane (1.05 mol, 277.28 g) were
mixed and heated at 100 °C under a N, atmosphere. Then
the prepared solid products were purified via recrystallisation
from boiling ethyl acetate three times and then dried in a
vacuum oven at 65 °C for 24 h. The as-prepared ionic liquid
was introduced into HZSM-5 (nSiO,/nAl,O; = 25) zeolite by an
isovolumetric impregnation method using anhydrous ethanol
as the solvent. The mass ratios of HZSM-5 to IL were 1:2, 1:
1, 1:0.5, 1:0.35, and 1:0.25 and the samples were named
HZSM-5-2IL, HZSM-5-1IL, HZSM-5-0.5IL, HZSM-5-0.35IL,
and HZSM-5-0.25IL, respectively.

4.3 Antibacterial assay

A disk diffusion method and a broth microdilution method
were used to evaluate the antibacterial activity of all samples.
MHA and TSA were prepared, sterilized by autoclaving at 121
°C for 20 min, then cooled at 45-50 °C and poured into
sterile Petri plates. A single colony of each bacteria strain was
carefully isolated using a sterile inoculating loop and then
grown in Luria-Bertani broth (S. aureus and E. coli) and
tryptic soy broth (MRSA and P. aeruginosa) respectively at 37
°C overnight to prepare the bacterial suspension. Each
bacterial suspension was adjusted to a turbidity of an optical
density at 600 nm, equivalent to ~1 x 10° CFU mL™. 100 ul
of the bacterial suspension containing approximately 1 x 10’
CFU was uniformly spread on the as-prepared solidified MHA
and TSA plates. The thin pellet with a diameter of 12 mm
prepared using 0.1 g of each IL-containing sample and filter
paper discs with a diameter of 12 mm containing 0.05 g IL
was placed on the aforementioned agar plates. The plates
were incubated for 24 h at 37 °C for test bacteria and all tests
were performed in triplicate.

Broth microdilution method: serial two-fold dilutions of each
sample in broth were prepared in 96-well microtiter plates over
the range 0.00005-1% w/v. The inoculum to be tested was
prepared by adjusting the turbidity of an actively overnight
growing culture in broth to an optical density at 600 nm
equivalent to 1 x 10° CFU mL™". The suspension was further
diluted to provide a final inoculum density of 1 x 10° CFU mL™
in broth as verified by the total viable count. The bacterial
suspension to be tested (100 uL, 1 x 10° CFU mL™") was added
to each well of the microdilution trays, which were incubated
aerobically for 24 h at 37 °C. Positive and negative growth
controls were included in each assay (6 replicates). After
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determination of the minimum inhibitory concentration (MIC),
the minimum bactericidal concentration (MBC) was determined
by spreading 20 pL of suspension from wells showing no growth
onto MHA plates, which were then incubated for 24 h and
examined for 99.9% killing.

4.4 Live/dead fluorescence staining

The green fluorescent dye SYTO™ 9 (ley = 485 nm, ey, = 498
nm) and red-fluorescent dye propidium iodide (PI) (1ex = 535
nm, ey = 617 nm) were used to mark live bacterial cells and
dead bacteria. After treatment with IL and HZSM-5-nIL
composites, bacteria were harvested by centrifugation (3500
rpm, 5 min) and stained with SYTO™ 9 and PI for 30 min at
ambient temperature. Then, the bacterial suspension (5 mL)
was dropped on a glass slide for microscopic observation.®*

4.5 Measurement of intracellular ROS

After mixing IL and HZSM-5-nIL composites (50 pg mL ") for 30
min, the bacteria were immediately accumulated by
centrifugation (3000 rpm, 5 min) and incubated with DCFH-DA
for 30 min at 37 °C. And the bacterial suspension was washed
with sterilized water and was dropped on a glass slide for
microscopic observation (fey = 488 NMm, Jey, = 530 nm).**

Descriptions of the experiments in enough detail should
be provided so that a skilled researcher is able to repeat
them. Standard techniques and methods used throughout
the work should just be stated at the beginning of the
section; descriptions of these are not needed. Any unusual
hazards about the chemicals, procedures or equipment
should be clearly identified. Authors are encouraged to make
use of the SI for lengthy synthetic sections.
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