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Abstract

High-entropy materials (HEMs), composed of 5 or more principal elements in near-equimolar ratios, have emerged as robust,
multifunctional platforms for antimicrobial applications. This review introduces the fundamental principles and structural features of
HEMSs, focusing on their entropy-driven stability and synergistic properties. Four principal antibacterial mechanisms are discussed:
controlled-release of biocidal metal ions, efficient photothermal sterilization, catalytic or oxide-mediated generation of reactive
oxygen species, and electrostatic interactions resulting in contact killing. Representative studies illustrate how composition and
microstructure can be engineered to optimize antimicrobial efficacy without sacrificing material integrity. The review then sum-
marizes recent progress in applying high-entropy antibacterial materials across diverse areas, including biomedical implants and
nanozymes for infection control and cancer therapy, self-disinfecting surfaces for public health, advanced catalysts for wastewater
treatment, and antifouling, anticorrosion coatings for marine environments. Finally, current challenges, such as the complexity of
compositional design and the need for comprehensive biosafety and environmental impact evaluation, are highlighted, alongside
future directions involving computational design, multidisciplinary characterization, and scalable manufacturing. High-entropy
antibacterial materials, thus, present a transformative strategy for addressing pathogenic threats, offering durable and broad-
spectrum protection in a wide range of applications.
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1. Introduction

Materials have always been the backbone of civilization’s prog-
ress, and the demand for advanced functional materials continues
to grow. In recent years, especially after the COVID-19 pandemic
in 2020, there has been a heightened awareness of public health
and the need for effective antimicrobial materials!*?. The pan-
demic caused enormous loss of life and economic damage, and
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even after recovery, it left various long-term sequelae (e.g., psy-
chological effects, fatigue, respiratory issues, and memory loss)
and altered travel behavior®-. These events underscored the
importance of developing superior disinfection and antibacteri-
al technologies. Bacterial infections remain pervasive threats in
medicine, food safety, industry, and other fields”'°l. However,
many conventional disinfectants and antimicrobial agents have
notable limitations. For example, alcohol-based disinfectants
(e.g., ethanol) are highly flammable and potentially explosivel' 2],
Peroxide-based disinfectants are chemically unstable and can
decompose quickly!"3l. Chlorine-containing disinfectants cause
secondary pollution due to residual chlorine; high chloride levels
can harm ecosystems, human health, and corrode infrastructure
(e.g., accelerating pipeline corrosion)!'*!. These hazards, insta-
bility issues, and environmental concerns limit the applicability
of traditional disinfectants. Consequently, there is an urgent need
for new antimicrobial materials that overcome these drawbacks.

High-entropy materials (HEMs) have recently emerged as a
promising class of materials to address this need. HEMs break
the traditional paradigm of alloy design based on 1 or 2 primary
elements!''¥), Instead, HEMs are composed of multiple princi-
pal elements typically 5 or more in roughly equiatomic ratios
that synergistically confer unique structures and properties!'®l.
By combining many elements, HEMs leverage cooperative
“cocktail” effects that can be optimized to achieve superior per-
formance. Indeed, many HEMs exhibit exceptional mechanical
strength, hardness, thermal stability, corrosion resistance, and
even radiation tolerance. These advantageous properties, along
with their compositional flexibility, make these materials attrac-
tive for advanced applications, including as next-generation an-
timicrobial materials!'*-281,

This review will discuss the fundamentals of HEMs, includ-
ing their definition, classification, and key properties (Figure 1),
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and examine the mechanisms by which these materials can
inactivate microbes. We then survey recent progress in apply-
ing high-entropy antibacterial materials in areas such as bio-
medicine, public health, wastewater treatment, and marine
environments. Finally, we outline the remaining challenges and
prospects for the development and industrial deployment of
high-entropy antibacterial materials.

2.Definition, classification, and properties of HEMs
2.1 Definition of HEMs

HEMs are defined by their multicomponent, near-equiatomic
compositions: They contain 5 or more principal cations, each
contributing roughly 5 to 35 at.% to the overall alloy or ceram-
ic. This concept traces back to high-entropy alloys (HEAs) intro-
duced by Yeh et al.?! in 2004, which challenged the traditional
paradigm of 1- or 2-element alloys. In a single-phase HEA, all
constituent elements are uniformly distributed on one crystallo-
graphiclattice, typically face-centered cubic (FCC),body-centered
cubic (BCC), or hexagonal close-packed (HCP), resulting

in an extremely high configurational entropy (AS_ )7
For an equimolar system,
M
Sconfig = 7R(Z_:1 X In xz) (1)
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where M represents the number of elemental species, xi is
the mole fraction of each component, and R is the universal gas
constant (8.314 J mol! K-!). Empirically, if AS e 2 1.5R, the
material is termed high-entropy (Figure 2A); between 1.0R and
1.5R, it is medium-entropy; below 1.0R, it is low-entropy!27:36:381,
Although this threshold is debated, especially for high-entropy
oxides, where other thermodynamic factors play roles, it serves
as a useful guideline for distinguishing true HEMs from conven-
tional solid solutions!*—#!1.

This high entropy suppresses the formation of brittle interme-
tallics or complex compounds, stabilizing simple solid-solution
phases over a broad temperature range. Importantly for anti-
bacterial applications, the single-phase lattice ensures that bio-
cidal ions (e.g., Cu, Ag, and Zn) are homogeneously integrated
at the atomic scale. As a result, HEMs can provide controlled,
long-term release of antimicrobial species without rapid deple-
tion or phase segregation, enabling durable, self-sterilizing sur-
faces and coatings.

2.2 Classification of HEMs

Since their inception, HEMs have expanded into 2 major cat-
egories: HEAs and high-entropy ceramics. HEAs are multi-
component metallic alloys, often based on combinations of
transition metals (e.g., Fe, Co, Ni, Cr, Mn, and Cu). As shown in

Figure 1. Graphical overview of the review.
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Figure 2. Schematic illustration of the principal effects and crystal structures in HEMs. (A) High-entropy effect: entropy-driven stabilization of single-phase solid
solutions®®. Copyright 2024 Elsevier Ltd. including those for text and data mining, Al training, and similar technologies. (B) Sluggish-diffusion effect: reduced
atomic mobility in multicomponent lattices. (C) Cocktail effect: synergistic interactions among multiple elements yielding emergent propertiest®’. Copyright 2023
Elsevier B.V. (D) Lattice-distortion effect: atomic-scale strain from size and bonding mismatches. (E) Representative crystal structures of high-entropy alloys:
face-centered cubic (FCC), body-centered cubic (BCC), and hexagonal close-packed. (F) Common crystal structures of high-entropy oxides: spinel, perovskite,
fluorite, and rock-salt. (G) Representative crystal structures of other HEMsP". Copyright 2024 Wiley-VCH GmbH.

Figure 2E, they adopt FCC, BCC, or HCP“>*! |attices depend-
ing on elemental selection and processing conditions. Common
synthesis routes include arc melting, induction melting, selec-
tive laser melting (SLM)™¥, mechanical alloying, and thermal
spraying. These techniques afford flexibility in shaping bulk
components, coatings, or nanopowders. By incorporating bio-
cidal elements such as Cu, Ag, or Zn into the HEA matrix, re-
searchers have created antimicrobial HEAs that steadily release
metal ions upon contact with moisture or biological fluids. For
example, Al ,CoCrCuFeNi HEAs (AHEAs) release Cu* to in-
hibit biofilm formation by marine bacteria, while CoCrFeCuNi
HEAs produced via SLM demonstrate nearly 100% kill rates

for Escherichia coli and Staphylococcus aureus under both dark
and illuminated conditions*.

High-entropy ceramics include high-entropy oxides**1 ni-
tridest®®*! and carbides (Figure 2F)2I, each consisting of 5 or
more metal cations in a single crystal lattice (e.g., spinel, per-
ovskite, fluorite, and rock-salt structures)®354, Techniques span
solid-state reactions, sputtering, combustion synthesis, and in
situ conversion of HEA substrates via oxidation or nitridation.
High-entropy ceramic coatings exhibit outstanding hardness,
chemical inertness, and thermal stability. When doped with
Ag or Cu, they form robust, wear-resistant antimicrobial sur-
faces suitable for medical implants and industrial equipment
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operating at elevated temperatures®). In addition, there are oth-
er types of HEMs, such as sulfides and MXenes (Figure 2G)?7.,

2.3 Properties of HEMs

HEMs derive their superior performance from 4 interrelated
core effects, each of which contributes directly to their multi-
modal antibacterial mechanisms. (1) High-entropy (entropy-
stabilization) effect®->%l: Large AS lowers the Gibbs free energy,
favoring a single-phase solid solution. This stability ensures
that antibacterial ions remain uniformly dispersed, enabling a
steady, long-term release rather than a rapid burst that could
lose efficacy or damage human cells. (2) Lattice-distortion ef-
fect’®”: Random atomic radii and bonding environments pro-
duce local lattice strains, leading to nanoscale surface roughness
(Figure 2D). Such rough, distorted topographies can mechani-
cally disrupt bacterial membranes upon contact, complementing
chemical biocidal actions. (3) Complex multielement matrices
impede atomic mobility, reducing diffusion coefficients (Fig-
ure 2B)6%-2I, This “sluggish diffusion” slows down the leaching
of metal ions, which translates into prolonged ion-release pro-
files and sustained antimicrobial activity over weeks to months.
(4) Cocktail (synergy) effect: Interactions among multiple ele-
ments generate emergent properties that exceed those of individ-
ual components (Figure 2C)376364 In an antibacterial context,
the cocktail effect enables cooperative mechanisms: Cu?* and
Ag* ion release, photothermal heating under light exposure (via
Ni/Co/Cu electronic transitions), and catalytic generation of re-
active oxygen species (ROS) from hydrogen peroxide (H,0,).
For instance, FeMnCoTiVCu HEA nanoparticles can simulta-
neously heat to 80 °C under solar illumination and release Cu*,
achieving >99% bacterial kill rates within minutes!®*..

Together, these 4 effects provide the structural and physico-
chemical foundation for robust, multipronged antimicrobial ac-
tion. Their compositional tunability enables precise control over
ion-release kinetics, optical absorption, and catalytic pathways,
positioning HEMs as a versatile platform for next-generation
antibacterial technologies in self-sterilizing implants, healthcare
surfaces, light-activated coatings, and nanozyme therapies.

3. Antibacterial mechanisms of HEMs

When imbued with antimicrobial functionality, HEMs offer
new pathways for killing or inhibiting microorganisms. The
antibacterial mechanisms of HEMs generally derive from the
presence of bioactive metal elements and the unique physi-
cochemical effects of the high-entropy matrix. Four primary
bactericidal mechanisms have been identified in high-entropy
antimicrobial materials: Metal ion release, photothermal heat-
ing, oxidative stress induction, and electrostatic interaction.
These can act individually or synergistically to achieve steriliza-
tion. We discuss each mechanism below.

3.1 Metal ion-release mechanism

One straightforward strategy to endow an alloy with antibac-
terial activity is to incorporate known antimicrobial metal ele-
ments into its composition so that the alloy gradually releases
metal ions in situ. This approach has long been used in tradi-
tional alloys: For example, embedding copper, silver, or zinc
into stainless steel (SS), titanium, or magnesium alloys to create
antibacterial surfaces®®. Copper (Cu?*), silver (Ag*), and zinc
(Zn?*) ions are well-established for their strong bactericidal
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effects%?). In such Cu/Ag/Zn-doped alloys, the metal ions will
slowly leach out from the surface when in contact with moisture
or biological fluids, and these ions can then interact with bacte-
ria or viruses to inactivate them.

Taking silver as an example: Ag* ions released from a sur-
face tend to accumulate on bacterial cell membranes, disrupting
membrane integrity and causing cell inactivation. Additional-
ly, silver ions can penetrate cells and induce the generation of
ROS inside the bacteria, leading to oxidative damage and cell
death®’!. These 2 effects, including membrane disruption and
intracellular oxidative stress, are the primary modes of silver’s
antimicrobial action. Copper and zinc ions have similarly been
reported to damage bacterial membranes and interfere with cel-
lular metabolism!®”-6%), While the release of metal ions is effective
for disinfection, the rate and concentration of ion release are
critical to antimicrobial efficacy!”72. Too slow a release may
be insufficient to kill microbes, whereas too rapid or excessive
release could be toxic to human cells or the environment. Thus,
controlling the ion-release kinetics is important in alloy design.
Ozdemir et al.’*! deposited Ag coatings on HEAs Ti,, Ta, Hf, N-
b,Zr,, and Ti,,Ta, Hf, Nb Zr , using magnetron sputtering,
thereby enhancing antibacterial activity. By tuning deposition
time and Ar flow rate, they modulated the coating microstruc-
ture and controlled Ag* release. Lower Ar flow produced finer
Ag nanoparticles and rougher surfaces, accelerating ion release,
whereas increased sputtering time thickened the coating and
strengthened the (111) orientation, which suppressed Ag* dis-
solution. At a 40-min deposition (*350 nm thickness), the (111)
texture was maximized and Ag* release minimized, demonstrat-
ing that microstructural engineering enables kinetic control of
antibacterial ion release.

In contrast, traditional copper-bearing SS or other antimi-
crobial alloys often require complex processing (such as spe-
cialized heat treatments) to incorporate the bioactive element
and achieve a sustained release. Moreover, introducing these
elements can sometimes degrade the base alloy’s chemical or
mechanical properties. For instance, adding copper to SS can
alter its corrosion behavior and microstructure, sometimes ne-
cessitating careful trade-offs!”374],

In contrast, HEAs offer a more flexible platform for ion-
based antimicrobial design. HEAs intrinsically possess excel-
lent mechanical strength and hardness, stable structures, and
superior corrosion and oxidation resistance!”>~”7l. They can also
be produced in bulk with conventional processes!”!, which
simplifies fabrication. By substituting a fraction of the HEA’s
components with antimicrobial elements (Cu, Ag, Zn, etc.), one
can create a high-entropy antibacterial alloy that slowly releas-
es biocidal ions without the extensive processing or property
degradation that plagues traditional alloys. The high-entropy
matrix, with its uniform multielement distribution, can facil-
itate a more even release of ions and maintain overall alloy
performance.

Thanks to these advantages, high-entropy antibacterial al-
loys have fewer limitations and broader application prospects
compared with conventional antimicrobial alloys. For example,
Zhou et al.”” designed a novel AHEA by vacuum induction melt-
ing that incorporated copper as an antibacterial element (Fig-
ure 3A). This HEA was shown to release a high concentration
of Cu?* ions, effectively inhibiting the growth of highly corrosive
marine bacteria and preventing biofilm formation (Figure 3B,
C). In antibacterial tests, the HEA sample was compared with
304 SS, Cu-containing 304 SS (with 4.1 wt% Cu), and pure
copper, using standard plate-count methods. The HEA achieved
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Figure 3. Antimicrobial evaluation of HEA coupons. (A) Schematic illustrating the antibacterial mechanism of activated HEA coupons: bacterial adhesion, Cu?*
release, and cell inactivation. (B, C) Representative photographs of Pseudomonas aeruginosa (B) and Burkholderia vietnamensis (C) colonies on 304 SS, 304-Cu
SS, AHEA, and pure Cu coupons after 7 days. (D, E) Quantification of coupon-associated biofilm (D) and planktonic cells (E) on 2216E agar at 1, 3, and 7 days
for P aeruginosa and B vietnamensist™. Copyright 2020 Elsevier. (F) Cu?* concentration released from selective-laser-melting (SLM) HEA versus in situ-alloyed (IM)
HEA after 24 h in bacterial suspension. (G, H) Live/dead staining of bacterial attachment on coupon surfaces of (G) S aureus and (H) E coli after incubation with
304 SS, SLM-HEA, IM-HEA, and Cu for 24 h. Green fluorescence represents living cells, while red fluorescence represents dead cellsi®®. Copyright 2022 Elsevier.

dramatically fewer bacterial colonies than 304 SS or the Cu-
alloyed 304 SS after exposure to Gram-negative and Gram-
positive marine bacteria. In fact, the HEA’s antibacterial efficacy
was nearly equivalent to pure copper: It achieved ~100% kill-
ing of Gram-negative bacteria and ~99.99% killing of Gram-
positive bacteria within 7 days, whereas the Cu-bearing 304 SS
showed no significant antibacterial effect (Figure 3D, E)”\. The
HEA, thus, provided broad-spectrum, long-lasting antibacterial
performance approaching that of pure copper, yet in a much
more durable alloy form.

Different processing routes for the HEA can also influence
ion release and antibacterial outcomes. Gao et al.’®! prepared
the CoCrFeCuNi high-entropy antibacterial alloy by 2 meth-
ods: SLM and conventional induction melting (in situ alloying).
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Then, they compared it with the alloy obtained by traditional
metallurgical methods to observe its antibacterial properties.
The SLM-fabricated HEA had a more homogeneous micro-
structure with uniformly distributed Cu, leading to a higher and
more consistent release of Cu?* ions (Figure 3F). As a result, the
SLM-HEA exhibited superior antibacterial performance. There-
fore, the HEAs produced through SLM exhibit outstanding an-
tibacterial properties. The bacterial killing rate of SLM samples
is approximately 98% (E coli) and over 99% (S aureus), signifi-
cantly better than that of the cast version. Then, the bacterial
attachment was visually demonstrated through the live/dead
chromosome technique. As shown in Figure 3G, H, SLM-HEA
not only has good antibacterial activity against S aureus, but
also performs well in inhibiting the formation of E coli biofilms.
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SLM-HEA inhibits bacterial growth and biofilm formation
more effectively than cast HEAPS!,

3.2 Photothermal-enabled antibacterial mechanism

HEMs can also serve as potent photothermal agents. Photother-
mal disinfection relies on materials that absorb light (often in the
near-infrared or broadband solar spectrum) and efficiently con-
vert it into heat, thereby raising the local temperature enough to
kill microorganisms. Many HEMs have excellent photothermal
conversion capabilities®!. By tailoring their composition, one
can adjust their electronic structure (e.g., bandgap and plasmon-
ic response) to broaden light absorption across a wide range
of wavelengths!®'l. In principle, an ideal photothermal material
would absorb the entire solar spectrum and rapidly convert that
energy to heat, producing a localized high-temperature effect
that destroys bacteria and viruses upon light irradiation!®>%3,

High-entropy nanoparticles exhibit broadband light har-
vesting via both localized surface plasmon resonance (LSPR)
and band-to-band transitions. LSPR enhances photon—electron
coupling and nonradiative decay into heat, whereas subband-
gap defect states and entropy-narrowed bandgaps facilitate
electron-hole generation and phonon-mediated thermalization.
Entropy-enabled defect chemistry and multielement d-states
thus deliver efficient, rapid photothermal conversion alongside
structural robustness under repeated cycles. Compared with
typical 2D photothermal agents, HEMs uniquely combine du-
rable photothermal heating with synergistic bactericidal routes
(controlled ion release, ROS catalysis, and contact killing), en-
abling higher sustained efficacy under complex medial?”$4551,

In contrast, many traditional photothermal materials exhibit
notable limitations. For example, graphene oxide suffers from
poor dispersion stability, leading to sedimentation during stor-
age and loss of active sites. Its weak near-infrared absorption
also results in low photothermal efficiency, and the absence of
antibacterial ion release further reduces its bactericidal per-
formance®. Similarly, MoS, nanosheets with enzyme-mimetic
activity rely mainly on catalytically active edge sites. However,
conventional synthesis routes preferentially expose thermody-
namically stable (002) basal planes rather than active edges,
which drastically limits catalytic efficiency. Moreover, effective
sterilization requires not only ROS generation but also efficient
bacterial capture. The intrinsically smooth surface of pristine
MoS, lacks nanoscale roughness, making it difficult to trap bac-
teria and thereby lowering its antibacterial efficacy®”l. Taken
together, these comparisons highlight how the intrinsic features
of HEMs, such as configurational entropy, defect-assisted light
absorption, and synergistic multimechanistic actions, address
the shortcomings of conventional photothermal agents, posi-
tioning HEMSs as highly promising candidates for robust, broad-
spectrum photothermal antibacterial applications.

Beyond intrinsic optical advantages, HEAs also allow com-
positional tuning of electronic states. By adjusting the elemental
ratios, d-band states, and interband transition probabilities can
be engineered to optimize light absorption (Figure 4A)¥'. Li et
al.BY demonstrated this by designing FeCoNiTiVCrCu HEA
nanoparticles, which exhibited an average absorbance exceed-
ing 96% across the solar spectrum. Remarkably, only 100 mg
of these nanoparticles could be heated from 0 to ~80 °C within
60 seconds under one-sun illumination (Figure 4B), and cooled
rapidly upon removal of light. Such a rapid and efficient pho-
tothermal response highlights the promise of HEAs for solar-
driven sterilization and related applications.
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Another example is provided by An et al.l**], who synthesized
a series of FeMnCo-based HEA powders and investigated their
photothermal antibacterial efficacy. One of their HEA compo-
sitions, FeMnCoTiV, achieved a solar absorption rate of 85.6%
over the 200 to 2500 nm wavelength range (Figure 4C), indicat-
ing excellent broadband absorption. Upon illumination with a
300 W xenon-lamp for 60 minutes, the HEA powders exhibited
significantly enhanced bactericidal activity against both E coli
and S aureus compared with dark conditions (Figure 4D, E). For
simpler compositions without Cu (e.g., FeMnCoNi or FeMnCo-
TiV), the antibacterial rate in the dark was relatively low (Fig-
ure 4E), but under light exposure, these reached >80% (for E
coli) and >74% (for S aureus) killing!®’!. Notably, HEA composi-
tions containing Cu (FeMnCoTiVCu and FeMnCoTiVCrNiCu)
achieved nearly 100% bacterial elimination even in the absence
of light, thanks to Cu ion release, and maintained ~100% kill
under illumination as well'®*l. As shown in Figure 4F, the pres-
ence of Cu in these HEAs not only provides an ion-release
mechanism but also may enhance photothermal conversion (as
Cu can contribute plasmonic effects). Additionally, the research-
ers observed that light exposure accelerated the release of Cu*
from the HEA, further boosting the antibacterial effect!®*$!. Thus,
the photothermal mechanism in HEAs can work synergistically
with ion release: Light-generated heat damages and directly kills
microbes, while simultaneously promoting the leaching of anti-
bacterial metal ions, leading to a combined bactericidal effect.

Photothermal HEMs are particularly attractive for on-
demand disinfection applications. Surfaces or particles made
of such materials can remain inert under normal conditions,
but upon exposure to a suitable light source (solar or laser),
they rapidly heat to sterilize their environment. This approach
has been suggested as a way to create self-sterilizing surfaces in
healthcare or to develop light-activated antibacterial treatments
that do not rely on chemical biocides!®’l.

3.3 Oxidative stress (ROS generation) mechanism

HEAs containing oxide-forming elements can generate ROS
that kill bacteria via oxidative stress. Many HEAs readily form
a thin oxide film on their surface when exposed to air. This sur-
face oxide can have intrinsic oxidizing properties. When bacte-
ria come into contact with such an oxidized HEA surface, it can
trigger the production of ROS and oxidative damage within the
bacterial cells. Common ROS include superoxide anions (-O,),
hydroxyl radicals (-OH), and singlet oxygen ('O,). These spe-
cies are highly reactive and can attack vital cellular components,
thereby damaging lipid membranes, proteins, and DNA. For in-
stance, superoxide and hydroxyl radicals can peroxidize unsat-
urated fatty acids in the bacterial cell membrane, compromising
membrane integrity and causing leakage of cellular contents®’.
ROS can also oxidize enzymes and nucleic acids inside the cell,
inactivating metabolic processes and leading to cell death.

In HEMs, the generation of ROS is often reinforced by the co-
existence of multiple redox-active metal ions within their oxide
layers. For instance, Wang et al.”!l synthesized a high-entropy
2-dimensional layered double hydroxide (Co, Cu, Fe, Zn, Al),
which released these ions sequentially to achieve therapeutic
effects against tumor cells. Specifically, Co*, Fe*, and Cu?*
exhibited superoxide dismutase-, peroxidase-, and glutathione
peroxidase (POD)-like activities, respectively. Through these
enzyme-mimicking reactions, tumor metabolites were continu-
ously converted into cytotoxic ROS. Under acidic conditions,
Co?* transformed -O, into H,0,, Fe** catalyzed the Fenton-like
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Royal Society of Chemistry.

conversion of H,O, into -OH radicals, while Cu** consumed
glutathione and further amplified oxidative stress.

The high-entropy effect not only improves the thermodynamic
stability of these nanomaterials but also suppresses nanoparti-
cle aggregation due to sluggish diffusion and lattice distortion.
As a result, subnanometer particle sizes can be preserved, pro-
viding large specific surface areas and dense active sites, which
significantly enhance catalytic performance. Another example is
provided by Ai et al.’’l; who synthesized subnanometer RuRhP-
tIrMo high-entropy nanozymes. These materials adsorbed H,O,
strongly (DFT adsorption energy: -0.726¢V), stabilizing it on
the surface as H,0,*. The O-O bond was then stretched and
activated into a transition state, eventually cleaving to form -OH
radicals under electron transfer. This ROS generation endowed
the nanozymes with potent cytotoxicity toward tumor cells.
Similarly, Grisales et al.”® demonstrated this with a silver-doped
high-entropy nitride coating, (TiTaZrNbN), xAgx, which
gradually releases Ag* ions and also generates ROS (-OH and
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-O,’) upon exposure to moisture (Figure SB). They deposited this
(TiTaZrNbN), xAgx coating on steel via magnetron sputtering,
with varying silver content (Figure 5C). In antibacterial assays,
all Ag-containing HEA coatings showed clear inhibition zones
against Pseudomonas aeruginosa (a Gram-negative bacterium),
whereas an uncoated steel control showed no inhibition zone®°.
The coatings also exhibited antiviral activity. Mechanistic analy-
sis (Figure 5A) indicated that the coating releases Ag* as well as
ROS such as -OH and -O, from the oxidized silver nanoparticles
in the matrix. These species work together to inhibit bacterial
growth: Ag* disrupts cell structures and ROS induces oxidative
damage, together producing a significant bactericidal effect.
Another compelling example is the use of HEAs as nano-
zymes, which are nanomaterial-based enzyme mimics. Yang et
al.’?l developed a PdMoPtCoNi high-entropy nanozyme that
exhibits POD-like catalytic activity (Figure 5D). Figure SE, F
shows the Michaelis-Menten curves of HEA NWs and PdMoPt
for different concentrations of tetramethylbenzidine (TMB) and
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Figure 5. Antibacterial activity and catalytic mechanisms of silver-doped HEMs. (A) Schematic comparison of how Ag nanoparticles interact with Gram-
negative and Gram-positive bacterial cell envelopes, illustrating differences in membrane affinity and disruption pathways. (B) Schematic of the vacuum chamber
used for the fabrication of the silver-doped high-entropy coatings. (C) Photographs of inhibition zones for Pseudomonas aeruginosa on (TiTaZrNbN)Ag, coat-
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H,O,. It can be seen from the figures that HEA N'Ws exhibit  catalytic generation of ROS, even under harsh conditions. In a
superior POD-like activity in catalytic reactions and efficiently ~ biological context, such a nanozyme can continuously produce
catalyze the decomposition of H,0, into ROS such as -OH, -O,,  ROS that kill bacteria (or cancer cells, in therapeutic applica-
and 'O, (Figure SH)""?. Compared with other alloy nanozymes  tions) and can be recycled and reused, making it a cost-effective
(PdMoPt, PdPtCo), they show a stronger affinity for TMB and ~ and durable alternative to natural enzymes®?!. The high catalyt-
H,0,, and the maximum reaction rate of HENPs is relatively  ic efficiency and strong substrate affinity are attributed to the
higher, indicating their better catalytic performance (Figure 5G).  multiple active metal sites and synergistic d-electron interactions
When the high-entropy nanocatalyst is compared with the re-  in the HEA structure. This work highlights a future direction
ported catalysts, it is a highly promising POD mimic due to its ~ where HEMs serve as catalytic antibacterial agents, converting
excellent catalytic efficiency and ideal affinity. When tested with  benign precursors (such as H,O,, which may be present in im-
a chromogenic substrate (TMB, 3,3%,5,5’-tetramethylbenzidine), =~ mune responses or added externally) into a barrage of ROS that
the HEA nanozyme produced a color change indicative of robust  eradicate pathogens.
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3.4 Electrostatic interaction and contact-killing mechanism

Finally, high-entropy antibacterial materials can exploit elec-
trostatic interactions to capture and kill bacteria. Bacterial cell
surfaces (especially for Gram bacteria) are typically negatively
charged at neutral pH, due to the presence of anionic groups
in lipopolysaccharides and peptidoglycan on their cell walls.
This negative charge enables strong electrostatic attraction to
positively charged HEMs, facilitating intimate contact at the
cell-material interface. Such close interactions promote mem-
brane disruption and can be further reinforced by the localized
release of antibacterial ions. The key structural difference lies
in the outer membrane®®1, which is unique to Gram-negative
bacteria, whereas Gram-positive bacteria rely on a thick pepti-
doglycan layer.

This distinction influences permeability and binding:
Gram-positive bacteria often provide more accessible bind-
ing sites for cationic HEMs, while the outer membrane of
Gram-negative bacteria can serve as a selective barrier that
modulates electrostatic interactions and penetration efficiency.
These contrasting features highlight how bacterial surface prop-
erties critically regulate the efficacy of HEM-induced contact
killing®!. In contrast, certain metals within HEAs can under-
go polarization or partial ionization at the surface, imparting a
net positive charge to the nanoparticles or their surface oxides.
The resulting electrostatic attraction between positively charged
alloy surfaces and negatively charged bacterial membranes pro-
motes close contact, membrane disruption, and ultimately bac-
terial inactivation.

In HEAs containing elements such as Fe, Ni, and Ti, the sur-
face can develop a positive charge as these metal atoms oxidize
or polarize in solution. This creates an electrostatic attraction
between the HEA surface (positive) and the bacteria (negative).
This mechanism essentially brings bacteria into close contact
with the material. Hua et al.”® illustrated this concept by us-
ing model polystyrene nanoplastics with different charges. They
prepared positively charged, neutral, and negatively charged
nanopolymers and studied their interaction with E coli and
Bacillus subtilis, as shown in Figure 6A. The positively charged
nanoparticles strongly adhered to the bacterial membranes and
even penetrated into the cells, accumulating and eventually
causing cell lysis, whereas neutral and negatively charged parti-
cles showed minimal cell entry or disruption. This confirms that
positively charged surfaces/particles can markedly reduce bacte-
rial viability by concentrating at the cell surface and facilitating
other lethal interactions!'?l.

HEAs can be designed to leverage this electrostatic attrac-
tion and also incorporate a contact-killing surface topology.
Many HEA surfaces are inherently rough or can be engineered
to have nano- or microscale protrusions (due to solidification
microstructure or deliberate surface treatment). These sharp
edges or spikes can physically pierce bacterial membranes
upon contact, leading to cell rupture. If the HEA carries a
positive charge, it will actively draw bacteria toward it, and
the nanospikes on the surface can puncture the cell envelope.
For example, Li et al.’”! synthesized an HEA FeNiTiCrMnCu
that develops a slight positive surface charge in physiological
conditions. They observed that this HEA’s positively charged
nanoparticles would gravitate toward negatively charged bac-
terial membranes by electrostatic attraction. Upon contact, the
nanospiked surface of the HEA physically damaged the mem-
brane (acting like tiny “pins” puncturing the cell, as evidenced
by electron microscopy) and created openings (Figure 6D). Si-
multaneously, the local electric field at the HEA surface and

14

www.precisionnutritionjournal.com

the ongoing release of Cu? ions from the alloy worked in
concert to generate additional ROS (via catalytic processes)
around the bacteria (Figure 6E). The result was a multifaceted
attack: The bacteria’s membrane was mechanically ruptured
and electrically disrupted, and chemically active ions and ROS
flooded in to ensure the cell’s death (Figure 6B). This synergy
of electrostatic attraction, physical membrane penetration, and
chemical stress greatly enhanced the bacterial inactivation ef-
ficiency of the HEA. Essentially, the HEA acts as both a “mag-
net” and a “sword” against bacteria, which first attracts them
and then delivers a lethal blow. Figure 6F, G investigates the
effect of FeNiTiCrMnCu HENPs with different concentrations
on the planktonic bacterial count. In 2216E petri dishes, as
the copper content in FeNiTiCrMnCu HENPs increases, the
number of planktonic cells decreases significantly. Figure 6H,
I explores the impact of FeNiTiCrMnCu HENPs at varying
concentrations on the viable bacterial count within biofilms.
The results indicate that in the presence of HENPs, the per-
centage of viable bacteria in biofilms decreases significantly. At
the same concentration, higher Cu content leads to better an-
tibiofilm performance, indicating that copper content plays a
critical role. Through multiple cycling experiments, it demon-
strates that the antibacterial ability remains basically stable
after 5 cycles of coculturing HENPs with bacteria (Figure 6C).
However, a careful observation reveals a slight decrease in an-
tibacterial ability during the third cycle, which may be related
to the leaching of copper ions from the nanoparticles.

In summary, high-entropy antibacterial materials can utilize
one or more of these mechanisms concurrently. For instance, a
Cu-bearing HEA coating might slowly release Cu?* (ion release)
while its surface heats under light (a photothermal effect) and
its microstructure generates ROS and carries a positive charge
for contact killing. Additionally, high-entropy materials exhibit
broad-spectrum antibacterial properties. Table 1 summarizes the
antibacterial efficacy of selected high-entropy materials against
common bacteria. The inherent stability and multifunctionality
of HEMs allow these complex mechanisms to operate without
significant degradation of the material itself, making them ex-
tremely promising for long-term antimicrobial applications.

4. Applications of high-entropy antibacterial
materials

Research and development of HEMs have advanced rapidly, but
only in recent years have their antibacterial properties attracted
broad attention. Due to their combination of potent antimicro-
bial mechanisms and robust material properties, high-entropy
antibacterial materials are being explored in a variety of appli-
cation domains.

4.1 Biomedical applications

Pathogenic bacteria (and viruses) are a major threat to human
health, often causing infections such as gastrointestinal illness
(e.g., E coli)l71%1 or wound infections (S aureus)!''%!''l among
others. Moreover, the improper use of antibiotics has led to ris-
ing antimicrobial resistance, making infections harder to treat.
Consequently, the demand for advanced antimicrobial materi-
als in medical applications, including implants, medical devices,
wound dressings and healthcare surfaces, has increased because
they can prevent or combat infections.

HEAs offer new opportunities in this arena. Many HEAs are
highly biocompatible metallic systems (e.g., composed of Ti,
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biofilm sessile cells®. Copyright 2023 Wiley-VCH GmbH.

Zr, Ta, and Nb) that have excellent mechanical properties for
load-bearing implants. By incorporating antibacterial elements
or coatings, HEA-based biomaterials can be made antimicrobial
without compromising their structural performance. Ren et al.l'
reported a novel Cu-bearing HEA (with composition Co,Fe-
Cr,,Cu,,, among other elements) designed for biomedical use
(Figure 7E). This HEA demonstrated far superior antibacterial
performance compared with standard antibacterial SS. In tests
(Figure 7A-D), after 24 hours, the HEA achieved a 99.97% re-
duction of E coli and 99.96% reduction of S aureus, essentially
complete sterilization. By contrast, a conventional antibacterial
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SS (containing copper) showed only 71.5% and 80.8% reduction
of E coli and S aureus, respectively. Additionally, the HEA showed
higher corrosion resistance than the SS, meaning it is less prone
to degradation in physiological environments. Notably, the HEA
could be synthesized without excessively complex procedures and
maintained excellent mechanical integrity. These results indicate
tremendous potential for HEA materials in biomedical applica-
tions, such as implant coatings or high-performance antibacterial
devices, where they could significantly reduce infection rates.
Another approach is to use HEAs as biocompatible sub-
strates with antimicrobial coatings. Ozdemir et al.’*! developed
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Antibacterial activity of HEM-based composites against typical pathogens.

Composition/structure Synthesis method Bacterial species Antibacterial rate References

Al, ,CoCrCuFeNi Vacuum-induction melting Pseudomonas aeruginosa 99.99% 1791
Burkholderia vietnamensis 99.99%

(La,,Sm,,Eu, ,Gd, ,Ho, ), W,0,,  High-temperature solid-phasemethod 5\1/?‘11 : (1)

Co,,FeCr,,Cu,, Vacuum-arc melting Staphylococcus aureus 99.96% 102

Al,;CoCrCu, ,FeNiSi, , Vacuum induction melting Escherichia coli 100% (3 days) [103]

CoCrCuO_SFeNi—Ag(1 suts) Vacuum-arc melting SARS-CoV-2 96% (24 h) [104]

CoCrCuFeNi = Acinetobacter baumannii 91.74% [105]
Methicillin-resistant Staphylococcus aureus 99.08%

TiVCrMoAIC,/CDs - Drug-resistant Escherichia coli 99.99% [106]

Bacillus subtilis

2 biomedical titanium-based HEAs, which are known for their
superior mechanical properties and biocompatibility. While
these HEAs are strong and corrosion-resistant ideal for im-
plants, they do not inherently kill bacteria. To add antimicrobial
functionality, the researchers coated the HEA implants with a
thin silver-containing layer designed to release Ag* ions. Silver
is a potent antimicrobial, but as noted earlier, rapid and un-
controlled release of Ag* can be cytotoxic to human cells. They
optimized the silver coating process to modulate the Ag* release
rate (Figure 7F, G). By adjusting coating thickness and deposi-
tion parameters, they achieved a balance where the coated HEA
released silver ions at a sufficient rate to kill bacteria (show-
ing good antibacterial performance in tests) but not so fast as
to harm mammalian cells, thus maintaining cytocompatibility.
This work highlights that combining HEAs with controlled-
release antimicrobial coatings could produce medical implants
that resist infection while remaining safe for human tissue.

Beyond coatings, some HEMs themselves exhibit intrinsic
biocompatibility and wound-healing capabilities. He et al.['*?!
fabricated monolayer high-entropy MXenes that efficiently gen-
erated ROS for antibacterial activity, achieving a 67.7% killing
rate in vitro. The material also showed excellent photothermal
conversion efficiency (65.8% in the NIR-II region)!!'>!"4 and
under NIR irradiation, the ROS vyield increased significantly,
raising the antibacterial efficiency to 96.5%. In vivo studies
further revealed accelerated wound-healing in mice, attributed
to the synergy of photothermal effects and oxidase-mimicking
catalytic activity. Immunofluorescence analysis showed that pro-
inflammatory factors such as TNF-o. and CD86 were downreg-
ulated, indicating a reduction in M1-type macrophages, while
anti-inflammatory factors TGF-§ and CD206 were upregulat-
ed, suggesting polarization toward M2-type macrophages. This
M1-to-M2 transition alleviated inflammation and promoted an-
giogenesis. Collectively, these results highlight that high-entropy
MZXenes can not only suppress infection but also actively regu-
late immune responses and vascularization, thereby accelerating
tissue repair.

Beyond preventing infections, HEMs are also finding roles
in therapeutic interventions. One exciting example involves
using HEA nanoparticles for cancer therapy, leveraging their
photothermal and catalytic properties to destroy tumor cells
(which conceptually overlaps with antibacterial mechanisms).
Ai et al.® fabricated ultra-small HEA nanoparticles com-
posed of noble metals (PtPdRuRhlr), which exhibited 2 syn-
ergistic functions: Strong NIR photothermal conversion (upon
808 nm laser exposure) and intrinsic POD-like activity. These
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HEA “nanozymes” could thus generate heat and ROS simul-
taneously (Figure 7H). In a mouse breast cancer model, the
HEA nanoparticles (dubbed “HEAzymes”) were injected into
tumors, and the site was then irradiated with an 808-nm la-
ser twice daily (Figure 71). The combined photothermal and
catalytic action completely eradicated the tumors: By day 7
of treatment, the cancer cells were ablated and the lesions
were healing, and by day 14, the tumors had vanished with
the wounds fully closed. Thermal imaging confirmed that the
HEA nanoparticles rapidly raised the local tumor temperature
from 36 to 48 °C under the laser (Figure 7]), contributing to
efficient tumor cell killing. While this example is focused on
cancer, the underlying mechanisms (photothermal heating and
ROS generation by HEA nanoparticles) are the same as those
used to kill bacteria. It showcases the versatility of HEA nano-
materials in biomedical therapy. They can be agents for pho-
tothermal ablation and disinfection alike. Future antibacterial
therapies might employ similar HEA nanoagents to target and
destroy bacterial biofilms or localized infections inside the
body in a minimally invasive way.

In summary, high-entropy antibacterial materials in the bio-
medical field can provide: (i) infection-resistant implant surfaces
and devices (either via antibacterial alloy composition or an-
timicrobial coatings on HEA substrates) and (ii) therapeutic
nanoparticles that eliminate pathogens or undesired cells via
photothermal and catalytic mechanisms. Their high strength,
corrosion resistance, and tailorable functionality make them
extremely promising for improving healthcare outcomes by pre-
venting implant-related infections and enabling new treatment
modalities.

4.2 Public health disinfection

The COVID-19 pandemic has driven home the importance of
public sanitation and infection control in communal spaces.
There is growing interest in antimicrobial surfaces and coatings
for environments such as hospitals, schools, public transit, and
shopping centers to reduce the spread of pathogens. HEMs are
being explored in this context as durable antimicrobial coatings
that can inactivate bacteria and viruses on contact.

Li et al.®! reported an HEA containing Cu, Fe, Cr, Co,
Ni (and a variant with added Al) for use as an antiviral sur-
face coating. As shown in Figure 8A, they prepared a CuFe-
CrCoNi HEA via vacuum arc melting and assessed its ability
to inactivate viruses such as influenza (HIN1) and entero-
virus 71 (EV71), which are responsible for respiratory and
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gastrointestinal infections, respectively (Figure 8D, E). On
the HEA surface, both HINI and EV71 were inactivated by
>99.99% within a short exposure time, whereas on a standard
304 SS surface, a large amount of infectious virus remained.
This dramatic difference demonstrates that the Cu-containing
HEA was highly effective in virus inactivation, likely due to
rapid release of Cu?* and perhaps other synergistic effects of
the multiple elements (copper and nickel both have known an-
tiviral properties).

To improve the alloy's applicability, a small amount of
aluminum was added, creating Al ,CuFeCrCoNi HEA. The
addition of Al increased the alloy’s corrosion resistance (an
important property for long-term use of surfaces) without
diminishing its antiviral performance (Figure 8B, C, E G).
The Al-containing HEA also inactivated HIN1 and EV71
by ~99.99%. The study noted that appropriate Al alloying
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improved durability (by forming a protective Al-oxide) but
did not negatively affect the release of Cu ions or other antivi-
ral mechanisms. These findings suggest that Cu-bearing HEAs
could be deployed as self-disinfecting surfaces in public set-
tings, such as door handles, elevator buttons, or hospital bed
rails, where they could continuously kill viruses and bacteria,
aiding infection control. Indeed, the authors proposed such
HEA coatings for high-touch surfaces in hospitals, schools,
and malls to help curb the transmission of viruses such as
influenza.

4.3 Industrial wastewater treatment

Environmental sustainability is a pressing global challenge, and
wastewater treatment is critical for removing pollutants from
industrial and municipal effluents. HEMs are being investigated
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as novel catalysts to degrade organic contaminants and even
convert pollutants into less harmful substances through ad-
vanced oxidation or reduction processes.

One approach is using HEAs as catalysts in Fenton-like re-
actions for water purification. Yao et al.'"¥l immobilized HEA
nanoparticles on a nitrogen-doped carbon (NC) support and
employed them to activate peroxymonosulfate (PMS) for ox-
idative degradation of organic pollutants (Figure 9A, B). The
HEA served as a catalyst to generate sulfate radicals from PMS,
akin to a heterogeneous Fenton catalyst. The resulting HEA-
PMS system was tested on real wastewater samples and demon-
strated strong tolerance to interference (it maintained activity
even in the presence of common inorganic ions and organics).
Impressively, it could efficiently remove a suite of 11 different
substituted phenol pollutants within 15 minutes (Figure 9C).
Moreover, the HEA-PMS system was effective over a broad
PH range, indicating versatility for different water conditions
(Figure 9D). This suggests that high-entropy catalysts could be
used for advanced oxidation processes in wastewater treatment,
offering robust performance even in complex water matrices.

Separately, Lv et al.''” synthesized an AICoCrTiZn HEA via
mechanical alloying and explored its ability to degrade organic
dyes. Thanks to the unique atomic-scale structure of the HEA
(severe lattice distortion, residual stresses, and high surface area
due to nanocrystalline nature), this alloy exhibited a lower acti-
vation energy barrier for certain reactions (Figure 9F). In tests,

the HEA readily degraded azo dye molecules (a common class
of water pollutants from textiles) with high efficiency. HEAs
and their oxides, thus, show potential as robust catalysts for
breaking down recalcitrant organic compounds in wastewater,
an application that benefits from HEAs’ chemical stability and
tunable active sites.

Another pollutant of concern is nitrate (NO,’) in water, which
can lead to eutrophication and is problematic in drinking wa-
ter. Ideally, nitrates could be catalytically reduced to benign
products such as nitrogen or selectively converted to useful
compounds such as ammonia (NH,). Liu et al.''¢ designed a
system using an HEA to catalyze nitrate electroreduction. They
prepared a FeNiCoMnRh HEA supported on N-doped carbon,
and incorporated it as a cathode catalyst in a Zn-air battery
setup to drive nitrate reduction to ammonia. In this decoupled
electrolytic system, the HEA/NC served as the cathode (reduc-
ing nitrate), while the Zn anode provided electrons (Figure 9E).
The HEA catalyst exhibited a specific response to nitrate: sig-
nificant cathodic current was observed around -0.3 V (versus
Hg/HgO reference) only when nitrate was present, and almost
no current in its absence (Figure 9G). This indicated that the
HEA was highly selective and active for nitrate reduction. Us-
ing this HEA-based system, nitrate was converted to ammonia
with high efficiency, offering a novel route for energy-efficient
wastewater treatment that simultaneously produces ammonia (a
valuable chemical). The use of a high-entropy catalyst was key
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to this performance, as the multiple elements provided a range
of active sites and a “cocktail effect” that enhanced electron uti-
lization and reaction kinetics.

In summary, HEMs in wastewater treatment can function as
catalysts for pollutant degradation or conversion. Their struc-
tural disorder and multicomponent surfaces can be advanta-
geous in activating oxidants (such as PMS) to generate radicals
for oxidation of organics, or in facilitating multielectron reduc-
tion processes (such as nitrate-to-ammonia). Furthermore, their
typically high corrosion resistance ensures durability in harsh
aqueous environments. These features make HEAs and high-
entropy oxides very attractive for developing next-generation
water treatment technologies aimed at sustainable pollution
mitigation.

4.4 Marine and shipbuilding applications

Marine environments are extremely challenging for materials
due to constant exposure to saltwater, biofouling organisms,
and mechanical wear from waves and tides. Ships and marine
structures suffer from corrosion and biofilm growth, which can
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lead to structural damage and increased drag (fuel inefficiency).
HEAs, with their outstanding corrosion and wear resistance, are
being explored as new materials for marine applications, includ-
ing as antibacterial, antifouling coatings to protect ship hulls
and components.

Ships are typically made of various metals, creating galvanic
potential differences. In seawater (an electrolyte), galvanic corro-
sion cells can form between different metals, accelerating overall
corrosion!''$-1201 Additionally, ships that carry organic cargo or
fuel may have tanks where organic compounds exacerbate cor-
rosion. Mechanical forces such as waves, tides, and suspended
particles also cause continuous erosion and abrasion of surfaces,
damaging protective coatings and exposing fresh metal to cor-
rosive attack!'?"122l, Combining these factors, marine corrosion
is severe and leads to frequent maintenance and repairs. HEAs
are promising as corrosion-resistant coatings or components in
such conditions!!?l. Many HEAs form protective passive films
(rich in Cr, Al, etc), and their sluggish diffusion and cocktail
effects can impart superior resistance to uniform and localized
corrosion. They also tend to have high hardness and thus good
erosion resistance.
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One issue encountered in some HEAs is the tendency for
certain elements (such as copper) to segregate, which can in-
duce galvanic microcouples and reduce corrosion resistance or
cause embrittlement. Verma et al.'*! found that in as-cast Co-
CrFeNiCu HEAs, increasing Cu content reduced the wear rate
(improving wear resistance), but large-scale segregation of Cu
could deteriorate corrosion behavior and even cause brittleness.
The key is to refine the microstructure so that copper (or other
additives) is uniformly distributed. Liu et al.l'"* addressed this
by adjusting the processing of a Cu-containing HEA to achieve
a nanoscale homogeneous distribution of Cu, thereby retaining
the HEA’s excellent bulk properties while minimizing galvanic
microcells. The optimized HEA showed minimal adverse effect
from Cu addition and even improved antifouling and friction
performance (likely by leveraging Cu’s biocidal effect without
sacrificing alloy integrity).

To protect against marine biofouling and corrosion, high-
entropy coatings are being investigated. Wang et al.['?”! deposit-
ed a refractory high-entropy carbide coating, (TiZrNbTaMo)C,
on a Ti alloy substrate to test its tribocorrosion performance in
artificial seawater. The HEA carbide coating exhibited a much
lower corrosion potential and current density compared with
the bare Ti alloy, indicating significantly better corrosion resis-
tance (it acted as a noble, protective layer). The coating also
resisted chloride ion penetration/adsorption better than the un-
coated alloy. Importantly, under sliding wear in saltwater, the
HEA coating showed excellent tribocorrosion behavior, main-
taining integrity without pitting. This suggests such HEA coat-
ings could protect mechanical parts (such as propellers, pumps,
and valves) in marine systems by simultaneously reducing wear
and corrosion.

Another crucial consideration is microbiologically influenced
corrosion (MIC) and biofouling by marine organisms (e.g.,
algae, bacteria, and barnacles). Han et al.'**l applied a laser-
cladded FeCrNiCuAl HEA coating onto 304 SS and studied
how varying aluminum content (x) affected its corrosion and an-
tibacterial performance (Figure 10C). At an optimal Al content
(approximately 1.2 in atomic ratio), the HEA coating formed
a unique nanostructured, interwoven microstructure with na-
noscale precipitates. This Al , HEA coating exhibited the best
corrosion resistance among the tested compositions and also
demonstrated strong antibacterial effects against P aeruginosa,
a common marine bacterium that contributes to biofilm forma-
tion and MIC. After 24 h of exposure to P aeruginosa, live/dead
staining showed that the HEA-coated surface had far fewer vi-
able bacteria than the uncoated steel (the 304 SS control had
a thick biofilm with many live cells, whereas the HEA coating
had only a sparse presence of bacteria), as shown in Figure 10A.
Surface profilometry and confocal microscopy revealed that the
304 SS developed deep corrosion pits (~6.14 pm deep) under
the biofilm, while the HEA coating showed only minor surface
corrosion products and much shallower attack. The biofilm
thickness on the HEA coating was only ~15 pm, compared with
~63 pm on 304 SS, indicating a 4-fold reduction (Figure 10B).
This indicates that the HEA coating not only resisted bacterial
corrosion but also significantly inhibited biofilm growth (Al ,
seemed to provide the best antiadhesion property). The authors
concluded that the Al-containing HEA coating could effective-
ly mitigate marine biofouling and MIC, and that its excellent
performance provides a new strategy for ship coating design.
By reducing biofilm formation, such coatings can decrease drag
on ship hulls and protect against corrosion, enhancing both effi-
ciency and longevity of marine vessels.
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In addition, nicotinamide mononucleotide (NMN) can be
rapidly absorbed in vivo and converted into nicotinamide ade-
nine dinucleotide!'?%, the increase of which inhibits ROS-induced
pyroptosis and reduces the production of pro-inflammatory
cytokines. Based on this concept, Zhang et al.'*! developed
an ultrathin high-entropy hydrotalcite (CeZnMnMgAl-based)
with abundant oxygen vacancies, highly dispersed multimetallic
sites, and significant lattice distortion. These structural features
endowed the hydrotalcite with an appropriate bandgap and
excellent singlet oxygen generation activity under ultrasound
irradiation. Subsequently, the ultrathin high-entropy hydrotalcite
was incorporated into a thermoresponsive Pluronic F127 hydro-
gel loaded with NMNI'3%, Under ultrasound irradiation, this
composite could rapidly produce singlet oxygen and effectively
kill multidrug-resistant bacteria. Moreover, when the ultrasound
was stopped, the redox enzyme-mimicking catalytic activity of
the high-entropy hydrotalcite and the sustained release of NMN
significantly alleviated inflammation. In in vivo experiments
using a mouse model infected with methicillin-resistant Staph-
ylococcus aureus (MRSA), the material notably promoted tissue
recovery and wound-healing, with no obvious toxic side effects
or weight loss. In vitro experiments further demonstrated that
under ultrasound, the material could effectively disrupt MRSA
and E coli membranes and biofilms, while also exhibiting good
biocompatibility and anti-inflammatory capability.

Building on this, Yang et al.["*'l developed Al,CoCrCuFeNi
HEAs with varying Al contents. The addition of Al increased
the polarization resistance by nearly twentyfold compared
with the Al-free alloy, markedly enhancing corrosion resis-
tance. Moreover, the alloy suppressed microbial adhesion
and growth through a dual mechanism of Cu?* ion release
and ROS generation, thereby improving antifouling capa-
bility. In a complementary approach, Yu et al.l'3?! designed
a high-entropy oxide nanozyme coating, which exhibited
multienzyme-mimicking activities and strong photothermal
conversion due to the synergistic action of multiple cations
and defect engineering. When blended with polyurethane,
the coating drastically reduced bacterial survival and inhib-
ited biofilm formation, underscoring its potential for marine
antifouling. Process optimization can further improve perfor-
mance. Wang et al.!33 employed high-velocity oxygen fuel
spraying to deposit a dense FeCrNiCoAl HEA coating onto
steel substrates. In artificial seawater tests, the HEA coating
exhibited a corrosion rate only one-fifth that of 304 SS or con-
ventionally cast HEAs, demonstrating outstanding long-term
corrosion resistance.

In summary, HEMs hold great promise in marine and ship-
building applications by offering integrated antifouling and
anticorrosion capabilities. They can serve as advanced coating
materials that withstand the harsh marine environment better
than traditional single-metal coatings. Their broad-spectrum
antibacterial properties (e.g., due to Cu and Ag) help prevent
biofilm and barnacle attachment, while their high corrosion re-
sistance and hardness protect against chemical and mechanical
degradation. These features could reduce maintenance costs and
extend the service life of ships and offshore structures. As re-
search progresses, we may see HEA coatings becoming a new
standard for maritime anticorrosion technology.

Here, we review 4 key areas where these materials show
significant promise: (1) biomedical applications, (2) public
health disinfection, (3) industrial wastewater treatment, and
(4) marine (shipbuilding) applications, as summarized in

Table 2.
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5.Challenges and outlook

Despite the promising advances in high-entropy antibacterial
materials, several challenges must be addressed before these ma-
terials can achieve widespread practical adoption. In this sec-
tion, we outline the key challenges and then discuss the outlook
and future directions, including the importance of interdisciplin-

ary research and process innovation.

5.1 Current challenges

e Complex composition design: The very feature that gives
HEMs their unique properties, such as a multitude of el-
ements in a single material, also makes rational design
extremely challenging. With so many components and
possible combinations, predicting the phase formation and
properties of HEAs is difficult!’3%!3%, When designing an
HEMs for antibacterial performance, one must consider not
only the antimicrobial efficacy but also how the addition of
certain elements (and their concentrations) will affect phase
stability, mechanical properties, corrosion behavior, etc. For
example, adding a bioactive element such as Cu or Ag in
different amounts can drastically change the alloy’s micro-
structure and entropy, thereby influencing not just bacterial
killing ability but also strength and ductility. The composi-
tional design space is enormous, and optimizing a material
for multiple performance criteria requires complex trade-
offs and extensive experimentation or computational guid-
ance. Screening through endless combinations to find an
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“optimal” formulation is time-consuming and often ineffi-
cient. This complexity means that achieving the best overall
performance (antibacterial efficacy and other properties)
is very challenging and currently often done by trial-and-
error. Design strategies and tools (such as high-throughput
computation or machine learning) are still needed to navi-
gate this vast compositional landscape more efficiently.

Biosafety and environmental impact: High-entropy anti-
bacterial materials typically contain multiple heavy metals
or oxides. If these materials are to be used in biomedical
implants or in environmental settings (such as water treat-
ment or marine coatings), it is crucial to ensure they do
not pose long-term toxicity or ecological risks. Preliminary
studies suggest that certain HEAs (e.g., TiZrHfNbTa-based
alloys) are cytocompatible in the short term, but the long-
term effects of HEMs in the human body or environment
remain unclear. Do the corrosion or wear products of an
HEA (which may contain Ni, Co, etc) cause any chronic
toxicity? If nanoparticles of HEA are introduced into the
body (for therapy) or released into waterways (from coat-
ings), what happens to them over time? These questions
require thorough investigation. Large-scale application
will demand detailed biosafety evaluations to ensure that
HEMs (or their degradation products) do not harm hu-
man health or accumulate in ecosystems. In particular, if an
HEA releases metal ions as part of its antibacterial action,
one must ensure the concentration stays below harmful
thresholds for humans and nontarget organisms. Devel-
oping strategies to mitigate any potential toxicity—for in-
stance, by adding elements to neutralize harmful ions or by
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Recent advances in high-entropy antibacterial materials.

Composition/structure Synthesis method Application Performance summary References
FeMnCoTiVCu Mechanical alloying Wastewater treatment Exhibits >99% antibacterial rates against E coli and S aureus [65]
even without light activation.
Al,, CoCrCuFeNi High-temperature solid-state - Achieves nearly 100% killing of Pseudomonas aeruginosa and (791
reaction 99.99% of Bacillus velezensis.
PtPdRuRhIr Metal-ligand crosslinking Photothermal cancer Nanoparticles exhibit concentration-dependent cytotoxicity to 180]
therapy cancer cells with minimal toxicity to normal cells; effective
photothermal ablation under 808 nm NIR laser.
FeNiTiCrMnCux Nonequilibrium arc discharge Marine biofouling/ Under illumination, photothermal effect enhances antibiofilm, 971
plasma corrosion antibacterial efficacy: Cu, ,-HEA-NPs increase antibiofilm rate
from 81% to 97.4% for P aeruginosa.
(La, ,Sm, ,Eu, ,Gd, ,Ho, ), W.0,, High-temperature solid-state - Antibacterial efficiency >99.9% against S aureus and E coli.
reaction (1o1]
Co, ,FeCr, Cux Vacuum arc melting - At x = 0.3, achieves 99.97% (E coli) and 99.96% (S aureus) [102]
killing after 24 h, far surpassing traditional antibacterial SS.
CoCrCu, FeNi Vacuum induction melting - Exhibits >99.9% antibacterial efficacy against Pseudomonas [104]
-Ag(1.8 wt%) aeruginosa (Gram-) and Bacillus velezensis (Gram-+).
Cu,,Pd, Fe, Co,,Ni,, Vacuum arc remelting Organic wastewater HEA-PMS system degrades phenol with over 7-fold higher [115]
treatment efficiency than N-doped graphene; exhibits rapid kinetics
for various phenolic pollutants, strong anti-interference, and
stability over a wide pH range.
AlxCoCrCuFeN Vacuum arc melting Marine alloys Against Pseudomonas aeruginosa, Al ,-HEA achieves 99.99% 131
antibiofilm efficiency; after 7 days, efficiency remains 99.87%.
ZNbTiCrCu Magnetron sputtering Biomedical At a sputtering current of 0.6 A, demonstrates excellent [134]
biocompatibility (~95% cell viability) and 96.2% antibacterial
rate.
TiZrNbTaxGa Arc melting Bone implant material In vivo experiments show that 1% Ga-doped alloy inhibits biofilm (1351
infection, alleviates inflammation, and reduces bacterial load.
(TiZr),(NbTa),, xCux Arc melting Biomedical implant ally At x = 7.5 at%, antibacterial rate against E coli and S aureus [136]
exceeds 90% with good biocompatibility.
Ti, Zr, Nb, Biomedical implant alloy Biomedical implant alloy At x = 2.5, shows 99% antibacterial efficiency against S aureus;  [137]
Cu, xAgx inhibits biofilm formation.

applying safe coatings over HEA implants that only acti-
vate when needed—will be important. Likewise, studying
the environmental fate of HEA nanoparticles or dissolved
species will be necessary for regulatory approvals.

HEMs often incorporate multiple heavy metals or oxides.
For their safe use in biomedical implants, water treatment
systems, or marine coatings, it is critical to ensure that they
do not pose long-term toxicity or ecological risks. Prelimi-
nary studies suggest that certain HEAs (e.g., TiZrHfNbTa
alloys) show short-term cytocompatibility, but long-term
effects in vivo or in ecosystems remain unclear. Do corro-
sion or wear products of HEAs containing Ni, Co, or sim-
ilar elements cause chronic toxicity? If HEM nanoparticles
are used in biomedical therapies or released into waterways

substrate: Medina et al."*l showed that tuning the Ta or W
content expanded the passivation range of CrFeNi-based
HEAs, producing stable protective oxide films. In addi-
tion, advanced processing techniques can improve coating
density and stability: Jia et al.'*!! employed laser melting
deposition to fabricate defect-free CoCrNbNiW HEA coat-
ings with enhanced hardness and wear resistance, indirect-
ly reducing surface degradation and ion leaching. These
examples suggest that careful compositional tuning and
processing innovation can significantly lower the risks of
elemental leaching and improve environmental compatibil-
ity, but systematic long-term studies remain lacking.

from coatings, how do they behave over time? Answering 5.2 Future perspectives

these questions will require systematic biosafety and eco-

toxicological evaluations. Moreover, since many antibacte-  Addressing the above challenges and advancing high-entropy
rial HEMs rely on controlled ion release, it is essential to  antibacterial materials will likely require a combination of mul-
ensure that the released ion concentrations remain below  tidisciplinary research efforts and innovations in fabrication
harmful thresholds for humans and nontarget organisms.  techniques. Below, we outline some key perspectives:

Several strategies may mitigate such risks. For example, mi-
crostructural control can regulate ion release: Ozdemir et al.
demonstrated that optimizing the deposition conditions of
Ag coatings on Ti-based HEAs allowed precise control over
Ag* release, thereby minimizing environmental hazards.
Similarly, enhancing passive film formation can protect the
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e Multidisciplinary research and material innovation: The
development of high-entropy antimicrobial materials will
benefit from the deep integration of materials science with
physics, chemistry, biology, and medicine. By combining
insights from these disciplines, researchers can achieve a
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more comprehensive understanding of how composition
and structure relate to performance. For instance, using
surface physics and electrochemistry, one can probe the de-
tailed interactions between an HEA surface and bacterial
membranes (e.g., how the work function or surface charge
of the alloy influences bacterial adhesion). Theoretical
modeling and simulations (quantum calculations, molecu-
lar dynamics, etc.) can help screen compositions and pre-
dict stable phases or likely properties, significantly speeding
up the discovery of new HEAs with desired antibacterial
traits. Meanwhile, collaboration with microbiologists and
medical scientists is essential to study the interactions of
HEAs with cells and to establish rigorous biosafety evalua-
tion systems. Future research might involve in situ imaging
techniques (such as advanced microscopy) to watch how
HEA particles degrade in the body or how bacteria respond
at the molecular level when contacting an HEA surface. At
present, most research on high-entropy antibacterial mate-
rials remains at the preclinical stage, with the majority of
studies focusing on in vitro experiments and small-animal
models, while systematic clinical studies are still limited.
The use of advanced characterization and monitoring tech-
nologies will be crucial to promote clinical translation. For
example, Real-time biomedical imaging could, for exam-
ple, track the degradation of an HEA implant in vivo and
the distribution of released metal ions, informing how to
optimize the material’s design. Overall, an interdisciplinary
approach will accelerate innovation-leading to HEMs that
are not only effective against microbes but also safe and
reliable for clinical or environmental use.

Process innovation and industrialization: Developing
cost-effective, scalable fabrication methods will determine
whether high-entropy antibacterial materials can transition
from the lab to real-world applications. On one hand, tra-
ditional processes such as casting, thermal spraying, and
powder sintering can be optimized. For example, improv-
ing thermal spray parameters can produce denser HEA
coatings with fewer pores, thereby enhancing their protec-
tive quality. On the other hand, entirely new processes may
emerge. The advent of additive manufacturing (3D print-
ing) offers a powerful tool for fabricating complex HEA
components with customized shapes and compositions.
Already, researchers have combined HEA development
with 3D printing to create architectured materials!'*>'4], In
the context of antimicrobial materials, 3D printing could
enable patient-specific HEA implants or tailored porous
structures that fit unique anatomical needs while providing
antibacterial function. For industrial scaling, processes such
as rapid solidification, mechanochemical synthesis, or even
in situ alloying during part fabrication (as in some directed
energy deposition methods) could lower costs and allow
mass production. Another promising direction is thin-film
deposition techniques (such as magnetron sputtering or
pulsed laser deposition) to create high-entropy coatings on
large surfaces uniformly—this is crucial for covering hos-
pital surfaces or ship hulls. As these fabrication technolo-
gies mature and become more economical, we can expect
high-entropy antibacterial materials to find broader use
in healthcare, food processing, water treatment, marine
transportation, and morel'*?. Industrial uptake will also be
spurred by demonstrating clear technical advantages (e.g.,
significantly longer service life and reduced infection rates)
that justify the switch to these new materials.
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In conclusion, high-entropy antibacterial materials repre-
sent a cutting-edge solution to longstanding challenges posed
by microbial infections. They uniquely combine the broad-
spectrum antimicrobial efficacy (through multipronged mecha-
nisms such as ion release, photothermal effect, ROS generation,
and electrostatic disruption) with the structural and chemical
robustness inherent to high-entropy compositions. This dual
advantage means they can combat microbes while also serving
as durable engineering materials. Although there are hurdles
to overcome—chiefly in optimizing complex compositions and
verifying long-term safety—the field is rapidly progressing. With
continued multidisciplinary research, clever design strategies,
and advances in manufacturing, high-entropy antimicrobial ma-
terials are poised to become important tools for safeguarding
human health and improving industrial processes. They offer
an innovative pathway toward solving global bacterial infection
problems, whether it be reducing hospital-acquired infections,
keeping public spaces sanitary, treating polluted water, or pro-
tecting ships at sea. The ongoing developments reviewed here
pave the way for these HEMs to transition from experimen-
tal prototypes to impactful real-world applications in the near
future.
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