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ABSTRACT

Antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs) persist in wastewater as chemically stable contami-
nants that evade conventional treatment, driving a global health crisis. Photocatalysis offers a promising route to simultaneously
inactivate ARB and degrade ARGs. However, its practical implementation stays hindered by fundamental gaps in understanding
how material interfaces control their fate. This review critically analyzes the interfacial battlefield, where surface chemistry,
charge dynamics, and nanoconfinement determine the efficiency and mechanism of resistance destruction. We establish a quan-
titative reaction-diffusion framework that reveals why photocatalytic degradation is governed not by bulk-phase kinetics but by
coupled transport-adsorption-reaction processes at the nanoscale interface. Through Damkdéhler analysis, we demonstrate that
short-lived reactive oxygen species (ROS, ®*OH diffusion < 10nm) impose transport-limited regimes where adsorption and nano-
confinement become as critical as charge separation. We evaluate the dual target challenge: ARB as complex, multi-layered cellu-
lar structures requiring membrane disruption, and ARGs as persistent polyelectrolytes demanding complete mineralization. By
examining how ROS with distinct lifetimes and diffusion distances operate at material interfaces, we establish that adsorption
and nanoconfinement are as critical as charge separation. The review synthesizes recent advances in doping, heterojunction
engineering (Z-scheme, S-scheme), defect creation, and carbon-based mediators through the cohesive perspective of interfacial
design. Key gaps include unverified eARG mineralization, matrix scavenging, catalyst fouling and regeneration, biofilm and
dormant cell formation after sublethal treatment, and insufficient life assessment. A roadmap is proposed toward selective, re-
generable, matrix-tolerant and sustainability guided photocatalytic systems for antibiotic-resistance control.

1 | Introduction

Bacterial antimicrobial resistance (antibiotic resistance) consti-
tutes a “silent pandemic” that claims > 750000 deaths every year
and is linked to 1.14 million deaths worldwide in 2021 [1-4].
Antimicrobial resistance is potentially leading to up to 10 million
deaths annually by 2050 from infections involving resistant bac-
teria and threatens to decline global GDP by 3.80% by the same
year [4-6]. Antibiotic resistance occurs when bacteria develop
or acquire antibiotic resistance genes (ARGs) that significantly

impair or negate the efficacy of standard antibiotic treatments
against antibiotic resistant bacteria (ARB). Wastewater treat-
ment plants (WWTPs) are recognized as critical hotspots for an-
tibiotic resistance propagation, where horizontal gene transfer
(HGT) among resistant bacteria facilitates the environmental
dissemination of ARGs [7, 8].

Conventional disinfection, chlorination, ozonation, UV irradia-
tion proves inadequate: it generates toxic by-products, induces re-
versible bacterial damage, and can paradoxically enrich resistant
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populations through stress response [9-13]. Photocatalysis has
emerged as a compelling alternative to control the spread of an-
tibiotic resistance in WWTPs [14-18]. Light-induced generated
reactive oxygen species (ROS) in the photocatalytic configura-
tions cause disruption to the bacterial cell membrane, metabolic
malfunction and oxidation of intracellular and extracellular
DNA. Photocatalytic processes significantly reduce ARB/ARGs
with complete inactivation of bacterial cells and considerable re-
moval of ARGs [16, 17, 19, 20].

Over the last decade, research and development to improve
visible-light photocatalytic activity and charge separation effi-
ciency has transformed the photocatalysts from simple metal
oxides (e.g., TiO,, ZnO) to complex nanocomposites, hetero-
junctions and surface modified materials [21-24]. Coupled and
hybrid systems such as solar-driven photo-Fenton process and
sono-photocatalysis exhibit enhanced photocatalytic reactivity
and improved removal efficiency [18, 25-27]. The application of
emerging materials such as metal-organic frameworks (MOFs),
carbon quantum dots (CQDs), and layered double hydroxides
(LDHs) provide new opportunities to increase ROS production,
extend the light absorption range, and minimize the charge re-
combination [17, 28-30]. Similarly, the recent advancements in
engineered nanocomposites such as metal-modified graphitic
carbon nitride and Fe-doped nanosheets have shown great po-
tential to reduce the persistence of ARGs and inhibit genetic ex-
change [10, 15, 28, 29, 31].

Yet despite the intensive research encompassing TiO,, ZnO,
Bi-based oxyhalides, carbon nitrides, and innumerable com-
posites, photocatalytic control of antibiotic resistance remains
largely confined to laboratory scale. It signals a fundamental
problem of aiming for a comprehensive list of materials over
critical mechanistic understanding. Hence, some photocata-
lytic systems succeed while others fail against ARB/ARGs. The
critical knowledge gaps that prevent moving from laboratory
to practical applications precisely involve a lack of mechanistic
understanding of photocatalytic configurations against ARB/
ARGs, and a quantitative framework that explains interfa-
cial constraints governing degradation efficiency. This review

pinpoints this gap and reformulates the discourse to address
the efficient photocatalytic inactivation of ARB/ARGs. We dis-
cuss that the photocatalytic interface, not the bulk material,
constitutes the battlefield against ARB/ARGs. ARB and ARGs
demand fundamentally different oxidative strategies, yet most
studies treat them as equivalent endpoints. We analyze how cell
wall complexity and DNA polyelectrolyte behavior dictate inter-
facial requirements. By examining ROS lifetimes and diffusion
distances, we establish that short-lived species (*OH, t, n ~1077s)
require reactant adsorption at the catalyst surface, while longer-
lived species (H,0,, 0,°7) can diffuse into bulk solutions. This
perspective equates the importance of surface charge, nanocon-
finement, and pore structure with that of bandgap engineering.
Instead of discussing every composite that has been published,
we extract mechanistic principles from successful studies, iden-
tify recurring issues, and propose a roadmap based on interfa-
cial design, matrix tolerance, and sustainability metrics.

2 | The Dual Targets: ARB Versus ARGs

Effective photocatalytic design requires precise understanding
of the targets. ARB and extracellular ARGs present chemically
and structurally distinct challenges that demand tailored inter-
facial strategies. Table 1 summarizes the distinct characteristics
and photocatalytic requirements for ARB versus ARGs.

2.1 | Antibiotic Resistant Bacteria: Multi-Layered
Cellular Fortress

ARB possess complex cell envelopes that vary fundamentally
between Gram-negative and Gram-positive lineages. Gram-
negative bacteria (e.g., Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa) feature an outer membrane rich in
lipopolysaccharides (LPS), a thin peptidoglycan layer, and an
inner cytoplasmic membrane [33, 35, 38]. This architecture
functions as a sophisticated barrier: LPS confers negative sur-
face charge (¢-potential typically between —30 to —40mV at
neutral pH) while limiting penetration of hydrophobic and

TABLE1 | Distinct characteristics and photocatalytic requirements for ARB versus ARGs [32-40].

Required
photocatalytic
Target Structural features Surface charge Key vulnerability strategy
ARB (Gram-negative) ~ LPS outer membrane,  Negative (LPS, phospholipids) Membrane Membrane
thin peptidoglycan integrity, electron disruption,
transport chain intracellular ROS
penetration
ARB (Gram-positive) Thick peptidoglycan, Negative (teichoic acids) Cell wall synthesis, Cell wall
teichoic acids membrane potential degradation,

oxidative stress

iARGs (intracellular) Protected by — DNA oxidation, Sufficient ROS
cytoplasm, proteins, replication inhibition  flux to overwhelm
membranes cellular defenses
eARGs (extracellular) ~ Phosphate backbone, Strong negative Phosphodiester Adsorption, high-
base stacking cleavage, base potential oxidation
modification (*OH, h")
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high-molecular-weight species [33, 35, 38]. Gram-positive bacte-
ria (e.g., Staphylococcus aureus, Enterococcus spp.) lack the outer
membrane but possess a thicker (20-80nm) peptidoglycan layer
that retains anionic teichoic acids, maintaining negative surface
charge [33, 34, 36]. Intracellular ARGs reside within these pro-
tective environments in ARB, shielded by multiple membranes
and cytoplasmic components that scavenge ROS before they
reach DNA targets [32].

Complete ARB inactivation and iARG damage therefore re-
quire more than contact between cells and photocatalyst par-
ticles. A credible mechanism should include: (i) membrane
or cell-wall disruption that compromises barrier function,
(ii) penetration or intracellular generation of oxidative spe-
cies, (iii) damage to multiple biomolecular targets including
proteins, lipids, and nucleic acids, and (iv) post-treatment ev-
idence that injured cells do not repair or regrow. In this con-
text, iARG mineralization is not treated as a direct primary
endpoint because iARGs are shielded by membranes, cyto-
plasm, and scavenging biomolecules; they become accessible
for direct mineralization mainly after cell lysis or release as
eARGs [32, 41].

2.2 | Antibiotic Resistance Genes: Persistent
Polyelectrolytes

Extracellular ARGs (eARGs) liberated from lysed cells present
an orthogonal challenge. DNA is a polyanionic polymer (phos-
phate backbone pKas2) with remarkable chemical stability
[40]. The phosphodiester bonds require high oxidation poten-
tial (E°>1.9V) for cleavage, while purine and pyrimidine bases
demand different ROS for effective modification [37]. Effective
eARG degradation therefore requires electrostatic capture, base/
backbone oxidation and verification that residual fragments no
longer retain biological functions. eARGs have a linear charge
density of approximately -2e per 0.34nm (one negative charge
per phosphate), so they are strongly attracted to the positively
charged surfaces. Because the Debye length (x7!) in typical
wastewater (ionic strength ~10-50mM) is only about 1-3nm,
this electrostatic enrichment occurs only in the immediate vi-
cinity of charged interfaces [39, 42, 43].

Guanine has the lowest ionization potential among nucleobases,
making guanine-cytosine (GC)-rich genes more susceptible
to one-electron oxidation. Genes with high GC content, such
as sulfonamide resistance genes (e.g., sull, and sul2), are con-
sequently more vulnerable to photogenerated hole attack than
AT-rich genes (e.g., tetA) [44, 45]. However, qPCR signal loss
alone is insufficient evidence of mineralization because par-
tially degraded fragments can retain transformation potential or
be repaired by competent bacteria [46, 47]. Table 2 presents the
operational endpoints and levels of evidence for managing ARB
and ARGs.

3 | Reactive Oxygen Species as Spatially
Constrained Weapons

Photocatalysis generates a suite of ROS with distinct oxidation
potentials, lifetimes, and diffusion distances. These differences

Operational endpoints and evidence levels for photocatalytic control of ARB and ARGs.

TABLE 2

Additional measurements

Common
measurements

References

(stronger evidence)

Limitations

Inference

Endpoints

[48, 49]

Regrowth tests, viability assays

CFU loss may miss VBNC or dormant cells

Loss of culturability,

CFU reduction, live/
dead staining, ATP or

respiratory activity assays

ARB inactivation

membrane/
metabolic damage

[48, 50, 51]

Irreversible cell death and loss

Unclear mineralization

Reduced detectable
gene copies inside cells

Intracellular gPCR/PMA-

gPCR after cell separation

iARG damage

of gene transfer potential

[14, 46, 47, 50, 51]

Fragment size profiling,

Short amplicons cannot distinguish

Short region
DNA damage or

gPCR/dPCR amplicon

eARG degradation

functional assays

complete gene destruction from

loss, gel electrophoresis,
fragment size analysis

partial fragmentation

fragmentation

[48, 49, 52, 53]

Mineralization differentiation
from qPCR loss/fragmentation

Energy intensive, rarely demonstrated

Conversion beyond

TOC/DOC removal, LC-

Mineralization

for trace eARGs in real matrices

fragments toward
small molecules, CO,,

MS/HRMS degradation

products, inorganic

NH,/NOx, phosphate

N and P release

Abbreviations: CFU, colony forming units; dPCR, digital PCR; LC-MS/HRMS, liquid chromatography-mass spectrometry/high-resolution mass spectrometry; PMA-qPCR, propidium monoazide-qPCR; TOC/DOC, total/dissolved

organic carbon; VBNC, viable nut non-culturable.
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TABLE 3 | Physiochemical properties of major ROS relevant to ARB/ARGs inactivation [15, 54, 55].

Oxidation Lifetime (Half- Migration
ROS potential (E°, V) life, ¢, ) distance Primary targets
Hydroxyl radical (*OH) 2.80 10~%s <10nm Lipids, proteins, DNA
bases/backbone

Sulfate radical (SO ,*7) 2.5-3.1 3-4%x1073s ~30nm Aromatic rings,
unsaturated bonds

Singlet oxygen (*O,) 2.25 10-6-103s ~100nm Guanine, unsaturated lipids.

Hydrogen peroxide (H,0,) 1.78 minutes to hours mm-cm Fenton chemistry, signaling

Superoxide (0,°") 0.94 107%s ~100nm Fe-S clusters, lipid peroxidation

determine whether oxidative damage occurs mainly at the pho-
tocatalyst surface, within the hydrodynamic boundary layer, or
inside bacterial cells. Table 3 quantifies these differences, which
are critical for rational interface design.

In a photocatalytic configuration, upon photoexcitation, valence
band holes (h*) and conduction band electrons (e~) migrate to
the surface, where they participate in redox reactions with ad-
sorbed H,0, OH™ and O, [20, 41, 56, 57].

H,0 +h* - ®OH + H* (1)
OH™ +h* - ®0OH )
0,+e — 0,% 3)
0,* +H" - HO,® @
2HO,®* — H,0,+0, 5)
0, +h* =10, 6)
H,0,+e” — OH™ +®0OH @)

The extremely short lifetime and < 10nm diffusion distance of
°OH mean that ®OH mediated oxidation requires adsorbed or
nonconfined targets. This does not imply that ®°OH is the only
biologically relevant ROS. Longer lived species such as H,O,
and 0,°" contribute through different routes: H,O, can diffuse
across or through bacterial envelopes and participate in intra-
cellular Fenton-type reactions that generate secondary ®OH,
whereas 0,°~ can damage Fe-S clusters, disturb redox metab-
olism and amplify oxidative stress [41, 54, 58]. Thus, surface-
bound ®OH is central to eARG oxidation, while intracellular
oxidative injury in ARB is often produced by a coupled cascade
involving H,0,, O,°~, holes and secondary *OH.

Optimal ARB inactivation therefore requires interfaces that
promote attachment without excessive fouling, concentrate
cells near ROS-generation sites and sustain ROS flux long
enough to exceed cellular repair capacity. In contrast, eARG
degradation relies more strongly on surface-mediated oxi-
dation because the negatively charged phosphate backbone
can adsorb to positively charged domains, positioning DNA

within the short reaction radius of ®OH or direct hole trans-
fer. This mechanistic interpretation is synthesized from prior
photocatalytic and oxidative-stress studies rather than pro-
posed as a universal conclusion from a single experiment
[39, 41, 54, 58-61]. After identifying the unique needs of ARB
and ARGs and considering the spatial limitations of ROS, we
now explore how the design of materials influences the interfa-
cial microenvironment.

4 | Reaction-Diffusion Constraints

Photocatalytic inactivation of ARB and degradation of ARGs are
frequently described using apparent pseudo-first-order kinetics.
Although this treatment is convenient for comparing experimental
datasets, it conceals the fact that heterogeneous photocatalysis is
fundamentally an interfacial process in which adsorption, charge
transfer, radical generation, and oxidation occur predominantly at
or near the catalyst surface. Classic photocatalysis literature has
long emphasized that overall reaction rates are jointly governed
by photon absorption, charge-carrier dynamics, surface reaction
kinetics, and transport of reactants to active sites rather than by
bulk concentration decay alone [62-64].

Accordingly, many studies report target removal using an ap-
parent pseudo-first-order model:

dc
== kG ®)

where C, is the bulk concentration (ML) of the target species
and kapp is an apparent pseudo-first-order rate constant (T1).
Although this formulation provides a convenient way to com-
pare catalytic performance, it implicitly assumes homogeneous
ROS distribution, instantaneous mixing, and negligible trans-
port limitations. These assumptions are rarely valid in photo-
catalytic systems because many ROS, particularly hydroxyl
radicals (*OH), have extremely short lifetimes (<10~%s) and dif-
fusion lengths of only a few nanometers. As a result, oxidation
reactions occur almost exclusively at or extremely close to the
catalyst surface. This spatial limitation implies that photocata-
lytic destruction of ARB and ARGs is fundamentally governed
by reaction—-diffusion coupling at the photocatalytic interface
rather than by bulk-phase kinetics [65-67].
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4.1 | Interfacial Reaction-Diffusion Framework

A more physically meaningful description separates diffusion
through the liquid boundary layer from reaction at the photocat-
alyst surface. The concentration profile of a target species near
the photocatalyst surface can be described using the classical
reaction—diffusion equation.

2
& =Dyt s - RO ©
where C(x,t) represents the concentration (ML~3) of the target
compound (e.g., extracellular DNA fragments or cell-associated
biomolecules), D, is the effective diffusion coefficient (L>T)
of the target compound in the hydrodynamic boundary-layer
thickness, and R denotes the interfacial reaction rate (T1).

Under steady-state conditions the governing equation reduces to:

o°C
Df-’ffﬁ = R(C) (10)

with boundary conditions defined by the catalyst surface and
the bulk solution. At the interface (x=0), the diffusive flux of the
target species equals the net interfacial reaction rate, while at
the outer boundary layer the concentration approaches the bulk
concentration (Cp).

Solutions to this equation reveal a concentration gradient within
the hydrodynamic boundary layer, indicating depletion of reac-
tants near the photocatalyst surface when reaction rates exceed
transport rates. Such gradients are commonly observed in het-
erogeneous catalysis and environmental reaction systems where
interfacial processes dominate overall kinetics [67, 68].

4.2 | Adsorption-Controlled Photocatalytic
Reactions

Because ROS operate only within nanometer-scale distances
from the catalyst surface, effective degradation requires adsorp-
tion or close proximity of targets to the catalytic interface. This
behavior is often described using Langmuir-type adsorption ki-
netics: [62, 68, 69]

_ (Kadscs)
0= (1+K.4,C,) an

where 0 represents the fractional surface coverage, C; is the
concentration adjacent to the surface (ML™3), and K, is the
adsorption equilibrium constant (L3M™). The corresponding
Langmuir-Hinshelwood-type surface reaction rate can then be
expressed as follows:

r= kreacto (12)

where k., is the first-order oxidation frequency of the ad-
sorbed target. Combining these relations yields a Langmuir-

Hinshelwood-type expression widely applied in photocatalysis:

r= ( reactKadsCs) (13)
(14 KyyCy)

This formulation demonstrates that degradation rates are
strongly influenced by adsorption affinity. For extracellular
ARGs, the negatively charged phosphate backbone promotes
electrostatic attraction to positively charged photocatalyst
surfaces, increasing surface coverage and enhancing reac-
tion probability. In contrast, bacterial cells must first attach
to the photocatalyst surface before oxidative attack can occur.
Consequently, interfacial adsorption and attachment pro-
cesses play a critical role in determining overall photocata-
lytic efficiency [63, 69, 70].

4.3 | Reaction-Transport Coupling and Damkdhler
Analysis

The relative importance of interfacial reaction and mass transfer
can be quantified using the Damkdhler number (D ):

(kSL) ks
D= 5= a4

where k_is the surface reaction rate constant (T™), k,, is the mass-
transfer coefficient (T~1), and L represents the characteristic diffu-
sion length (L) (e.g., boundary-layer thickness) [65-67].

Two limiting regimes can be distinguished. When D, <<1,
overall removal is reaction-limited and improvements in in-
trinsic catalytic activity are most beneficial. When D, >> 1, the
system becomes transport-limited, meaning that even if the cat-
alyst generates ROS efficiently, the observed rate is constrained
by delivery of the target to the interface. Analyses of photocata-
lytic reactors have shown that mass-transfer limitations are not
negligible under many operating conditions, particularly where
boundary layers are thick, catalyst agglomeration occurs, or
pore accessibility is restricted [67].

For photocatalytic reactions involving short-lived radicals such
as ®*OH, the effective Damkdhler number is typically large, indi-
cating transport-limited behavior. In this regime, improvements
in photocatalyst performance require strategies that increase
the probability of target molecules entering the ROS reaction
zone rather than simply increasing ROS generation [64-67].
However, the actual regime depends on catalyst loading, mix-
ing intensity, particle aggregation, pore accessibility, light dis-
tribution, matrix scavenging, and the size and diffusivity of the
target. This point is especially important for ARB because bac-
terial transport and attachment are not governed by molecular
diffusion alone.

4.4 | Interfacial Residence Time and Probability
of Oxidative Degradation

Nanoconfinement improves photocatalytic performance not
merely by increasing adsorption, but by increasing the time
that targets remain within the reactive interfacial zone.
Interfacial residence time strongly influences photocatalytic
degradation efficiency because heterogeneous photocatalytic
reactions occur mainly at or near the catalyst surface, where
adsorption, desorption, radical generation, and interfacial ox-
idation are coupled [62-64, 67-70]. Adsorbed targets remain
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exposed to ROS flux for mean residence time determined by
desorption kinetics:

1
Tres = @ (15)
where k. is the apparent first-order desorption rate constant
(T1). The probability (p) that an adsorbed molecule undergoes
oxidative degradation during this residence period can be ap-
proximated as follows:

p= 1-— e(_kreaczfms) (16)

This expression reflects a first-order interfacial reaction prob-
ability during the mean residence time and indicates that deg-
radation becomes more likely when adsorption is sufficiently
long-lived relative to the oxidation frequency [65, 66, 68, 69].
Materials that increase adsorption strength or create nano-
confined environments can therefore enhance degradation
efficiency by increasing residence time (z,,) and cumulative
ROS exposure. Hierarchical porous structures, layered mate-
rials, and graphene-based architectures have been shown to
promote such nanoconfinement effects, effectively trapping
bacteria or DNA fragments within the diffusion range of re-
active radicals [39, 46, 61, 71]. For ARB, the same principle
applies at a larger scale: attachment and confinement increase
local exposure to surface-bound ROS, but irreversible inac-
tivation also requires sufficient oxidative damage to mem-
branes, proteins, and intracellular components to prevent
repair and regrowth.

4.5 | Mechanistic Implications
for Photocatalyst Design

The reaction-diffusion framework provides a mechanistic ex-
planation for experimental trends in photocatalytic ARB/ARG
studies (Figure 1). First, surface charge engineering enhances
electrostatic attraction between photocatalysts and negatively
charged bacterial membranes or DNA molecules, increasing ad-
sorption (K, ) and effective reaction rates [33, 39, 46, 61, 72-77].
Second, hierarchical or porous structures promote nanocon-
finement, ensuring that targets remain within the limited dif-
fusion radius of short-lived ROS [14, 39, 61, 71]. Third, defect
engineering and heterojunction design increase ROS generation
rates (k,,,.), improve charge separation, and extend charge-
carrier lifetimes, thereby raising oxidant flux at the interface
[14, 15, 61, 78-90]. Finally, conductive carbon mediators im-
prove electron transport and sustain ROS production, maintain-
ing oxidative capacity during interfacial reactions [21-23, 55, 71,
91-94].

Taken together, these mechanisms indicate that photocatalytic
performance is governed not only by intrinsic material proper-
ties such as bandgap and light absorption but also by the ability
of photocatalysts to regulate transport, adsorption, and reaction
processes at the nanoscale interface [62-64, 67, 68]. This per-
spective highlights the photocatalytic interface as the central
arena where ARB and ARG destruction occurs and provides the
mechanistic foundation for the material-engineering strategies
discussed in the following section.

5 | Engineering the Photocatalytic Interface:
Mechanistic Principles

To advance material designs for controlling the interfacial mi-
croenvironment, we extracted mechanistic principles from four
strategic domains: surface charge engineering, charge carrier
direction, defect-mediated activation, and conductive mediation.

5.1 | Surface Charge and Nanoconfinement

The electrostatic attraction between photocatalyst surfaces and
negatively charged ARB/ARGs constitutes the first and most
critical step in the degradation cascade [72, 74]. Zeta ({) potential
measurements reveal that most bacterial cells maintain negative
surface charges at pH higher than 2 due to the predominance
of negatively charged functional groups associated with pepti-
doglycan, teichoic acid, and teichuronic acid on the surface of
gram-positive bacteria and with lipopolysaccharide (LPS), phos-
pholipids, and proteins on the surface of gram-negative bacteria
[33, 76, 77], while DNA exhibits strong negative charge density
from phosphate backbone ionization [73, 75].

Bismuth oxyhalides (BiOX) demonstrate the power of surface
charge engineering [95-97]. The layered BiOCl structure con-
sists of positively charged [Bi,0,|** slabs alternately stacked
with Cl~ layers, generating an intrinsic internal electric field
along the c-axis and perpendicular to the (001) facets [96]. As
shown by electron difference density maps and Mulliken charge
analysis (Figure 2a-c), interfacial charge redistribution pro-
duces distinct positive and negative domains, confirming self-
induced polarization. When facet orientation is tuned (e.g.,
BiOI(001)/BiOCI1(010)), the internal field reorients parallel to
the heterojunction plane, shortening electron diffusion dis-
tance and enhancing charge-injection efficiency, as schemat-
ically illustrated in Figure 2d. This nanoconfined, directional
carrier transport suppresses recombination, while the positively
polarized [Bi,0,]** layers provide electrostatically favorable
adsorption sites for anionic species, coupling surface charge en-
gineering with improved interfacial reaction kinetics.

Yu et al. [61] demonstrated this principle through a Z-scheme Bi/
BiOCl/Bi(In3*)-MOF heterojunction. The composite exhibited
strongly positive {-potential (+25 to +35mV across pH4-9), re-
sulting in rapid electrostatic capture of both E. coli ARB and tetA
ARG fragments. This local preconcentration effect, described as
nanoconfinement, shortened diffusion distances between tar-
gets and surface-bound «OH and enabled 4.89-log removal of
tetA genes within 2h. However, this advantage should be inter-
preted as an initial interfacial enrichment effect rather than an
indefinitely sustainable property; repeated operation requires
regeneration to remove cell debris, adsorbed DNA, and matrix
foulants that would otherwise mask active sites.

Hierarchical architecture amplifies nanoconfinement and
interfacial charge regulation. Li et al. [71] engineered NRGO-
wrapped Bi,0,CO, microspheres, where the core-shell struc-
ture (Figure 3a-f) creates a nanoconfined interface that localizes
bacteria near reactive sites, while nitrogen doping tunes surface
electrostatics to enhance adsorption affinity (Figure 3e). This
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FIGURE1 | The reaction-diffusion framework for photocatalytic inactivation of ARB and ARGs.

interfacial coupling accelerates charge transfer (carrier lifetime
reduced from 55.3 to 19.8 ns), extends light absorption to 459 nm,
and promotes ~3-fold higher ROS generation while improving
photocatalyst stability. The NRGO shell additionally suppresses
photocorrosion, improving catalytic stability and operational
lifespan.

Accordingly, effective photocatalyst design should move be-
yond maximizing positive surface charge or adsorption capacity
alone. Materials must balance target capture, ROS generation,

pore accessibility, and cleanability so that ARB/ARGs are re-
tained within the ®*OH reaction radius without promoting irre-
versible fouling, residual biomass accumulation, or secondary
biofilm formation during repeated use.

5.2 | Charge Carrier Direction

The recombination of photogenerated electrons and holes remains
the primary efficiency bottleneck in photocatalysis [80, 86, 90].
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tion. The resulting facet-dependent pathways (d) enhance charge separation, reactive oxygen species generation, and pollutant degradation through
nanoconfined charge transport. Reprinted with permission from [96]. Copyright 2015, American Chemical Society.

Type-II heterojunctions have been widely used to address this
issue by facilitating charge separation. However, they often suf-
fer from reduced redox potential, as electrons and holes migrate
to lower conduction bands (CB) and higher valence bands (VB),
respectively, which diminishes their oxidation and reduction capa-
bilities [83]. Z-scheme and S-scheme heterojunctions overcome this
limitation by preserving high-energy charge carriers [84, 85]. In a
direct Z-scheme, the CB electron from one semiconductor recom-
bines with the VB hole from another, leaving the high-potential
CB electron of the second and the high-potential VB hole of the
first available for redox reactions [89]. Yu et al. [61] demonstrated
two charge-transfer pathways for the Bi/BiOCl/Bi(In**)-MOF
system (Figure 4). In the Type-II heterojunction model, electrons
migrate to Bi® (Ef=-0.17€V), which is thermodynamically insuf-
ficient to reduce O, to 0, (-0.33eV). The Z-scheme pathway,
mediated by Bi® as an electron bridge and an internal electric
field, retains electrons on the BiOCl CB (-0.75€V) and holes on
the MOF VB (2.99€V). This directional recombination preserves
strong redox potentials, enabling simultaneous O,°~ and *OH for-
mation that oxidatively damages cell membranes and intracellular
biomolecules.

S-scheme (step-scheme) heterojunctions represent an evolution
beyond conventional Type-II systems, specifically designed to
preserve strong redox potentials in particulate photocatalysts.
The NiFe,0,/Bi,WO,/ZnO photocatalyst developed by Lam
et al. [81] operates via an S-scheme charge-transfer mechanism,
where ZnO nanorods (CB~—0.42V, VB~ +2.68V) and Bi,WO,

(CB~+0.40V, VB~ +3.18V) establish an internal electric field
after Fermi-level equilibration (Figure 5). Under illumination,
photogenerated electrons in Bi, WO, recombine selectively with
holes from ZnO at the interface, eliminating low-energy carriers
while retaining highly reducing electrons on ZnO and strongly
oxidizing holes on Bi,WO,. This directional carrier filtering en-
hances charge separation without sacrificing redox capability,
thereby promoting efficient reactive oxygen species generation
and improved photocatalytic performance. Overall, Z-scheme
and S-scheme architectures are superior for photocatalytic
°OH generation because they maintain high-potential charges,
whereas Type-II causes high-energy electrons/holes to migrate
to lower-energy bands, significantly reducing redox potential. S-
schemes, in particular, use internal electric fields to recombine
low-energy carriers, preserving strong oxidative holes in the va-
lence band for ®*OH production.

5.3 | Defect Engineering

Oxygen vacancies (OVs) and other point defects modulate elec-
tronic structure, light absorption, and surface reactivity of metal
oxides through multiple mechanisms. These defects influence
the material properties through mechanisms such as bandgap
narrowing, charge trapping, and adsorption activation [87]. OVs
introduce mid-gap states 0.5-1.5eV below the conduction band,
which extend light absorption into visible and near-infrared
regions. OVs localize photogenerated electrons to suppress
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pathways. Reprinted with permission from [71]. Copyright 2020, Elsevier.

recombination, increase carrier lifetime and binding energy for
0, and H,0, and promote ROS generation for inactivation of
ARB/ARGs in aquatic systems [78, 79, 82, 88].

Wang et al. [87] engineered oxygen vacancy-mediated Bi,WO,/
FeOOH heterojunctions (Vo-BWO/FeOOH) for photo-Fenton
ARB inactivation. The Vo-rich sample (Vo-r-BWO/FeOOH)
exhibited: (i) accelerated interfacial charge migration; (ii) en-
hanced H,O, adsorption and activation; (iii) 94.1% inactiva-
tion of tetracycline-, ampicillin-, and kanamycin-resistant E.
coli within 80min; and (iv) complete tetracycline degradation

(100%) within 60 min. The oxygen vacancies functioned as elec-
tron traps, facilitating Fe3*/Fe?* cycling and sustaining ®*OH
production through Fenton chemistry. This exemplifies defect-
mediated synergy between photocatalysis and classical Fenton
processes.

Gao et al. [15] demonstrated that carbon vacancies in g-C,N, cre-
ate localized electronic traps that function as reactive hotspots
(Figure 6). Deformation charge density mapping reveals elec-
tron accumulation at C-(N), defect sites, promoting charge sep-
aration and directing electrons toward surface reactions. These
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FIGURE 4 | Two possible photodegradation mechanisms: (A) type II heterojunction—passive charge separation and (B) Z-scheme heterojunc-
tion—directed charge flow. Reproduced with permission from [61]. Copyright 2025 Elsevier.
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FIGURE 5 | Dual S-scheme NiFe,0,/Bi,WO./ZnO nanorod array photoanode showing internal electric-field-mediated charge transfer and en-
hanced photocatalytic activity in a photocatalytic fuel cell. Reprinted with permission from [81]. Copyright 2025, Elsevier.

vacancy centers strengthen persulfate adsorption and elongate
the 0-O bond (1.505—1.519 A), enabling efficient SO,*~ gen-
eration. Consequently, defect-engineered CN-C,,,/PS exhibits
rapid ROS production, achieving 6.5-log ARB inactivation and
4.8-6.7-log eARGs removal.

Defect engineering regulates the electronic structure and sur-
face reactivity, creating electron-rich hotspots that promote
charge separation and catalytic activation. However, sustained
photocatalytic efficiency also requires rapid charge transport
beyond localized defect sites. In this context, conductive car-
bon materials function as electron highways, enabling efficient

interfacial electron migration and improving charge utilization
for continuous ROS generation.

5.4 | Conductive Mediators

Carbon-based materials—graphene, reduced graphene oxide
(rGO), carbon nanotubes (CNTs), carbon quantum dots
(CQDs)—function not as primary photocatalysts but as conduc-
tive electron mediators that extract and shuttle photogenerated
charges. Their high carrier mobility (up to ~2x 10> cm?/V.s for
high quality graphene) enables rapid electron transfer from
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semiconductor conduction band to surface redox sites, thereby
suppressing recombination and accelerating interfacial reac-
tions [55, 91, 94].

Graphene acts as a conductive mediator forming electron-
transport highways. Ilkhas et al. [92] developed a ternary
Cu-doped ZnO/rGO nanocomposite that exemplifies the syn-
ergistic roles of defect engineering and conductive mediation.
TEM/SEM images (Figure 7a,b) reveal ZnO nanoparticles uni-
formly anchored on graphene sheets, creating a continuous
conductive network that efficiently extracts photogenerated
electrons. Consistently, the markedly reduced photolumines-
cence intensity of Cu-ZnO/GP (Figure 7c) indicates suppressed
electron-hole recombination arising from rapid electron mi-
gration into graphene. This carbon-mediated charge delo-
calization prolongs carrier lifetime and enhances interfacial

FIGURE 6

redox reactions, demonstrating that carbon materials function
as electron highways rather than primary photocatalysts.

CQDs offer additional quantum confinement effects. Jin et al. [93]
consolidated CQDs with NiFe-MOF in photo-Fenton membranes,
achieving 84.9% rifampicin degradation and potent antibacterial
activity against both Gram-positive and Gram-negative patho-
gens. The CQDs served dual functions, up-converting near-IR
light to visible and facilitating electron transfer to Fe centers (elec-
tron transfer efficiency increased 2.3-fold). Integrating conduc-
tive carbon architectures as electron mediators can significantly
enhance photocatalytic processes by extending carrier lifetimes,
suppressing recombination, and enabling multi-electron reduc-
tion pathways such as O, — H,0, — ®*OH. This approach leverages
the unique properties of carbon materials to improve charge sepa-
ration and transfer, which are critical for efficient photocatalysis.

The structure of CN (a) and CN-C (b, c) the electronic trap of CN-CV2 (The yellow and red cloud densities represent the electron en-

richment and electron depletion, respectively). Reprinted with permission from [15]. Copyright 2021, Elsevier.
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6 | Critical Knowledge Gaps and Challenges

Despite significant advances, critical obstacles hinder the prac-
tical application of photocatalytic ARB/ARGs control. We high-
light three major challenges and suggest corresponding research
pathways.

6.1 | eARGs Mineralization

Conventional evaluation of ARGs removal is predominantly
based on qPCR quantification, which measures short ampli-
cons (approximately 100-200bp) and therefore cannot distin-
guish between intact functional genes and partially degraded
fragments [50, 51]. Complete eARG mineralization requires
extensive backbone cleavage and oxidation of bases to low-
molecular-weight products and inorganic N/P species; this is
a demanding endpoint and may require substantial photon,
oxidant, or electrical energy when pursued in real matrices.
Moreover, photocatalytic lysis of dead or injured ARB can con-
tinuously release new eARGs during treatment, while eARGs
may adsorb onto cell debris, suspended solids, or biofilms where
they are partly shielded from ROS. Therefore, eARG destruction
is governed not only by radical yield but also by interfacial resi-
dence time, target renewal through cell lysis, and the accessibil-
ity of DNA bound to solids [46, 55, 98].

Multiple complementary analytical and material-design strat-
egies are needed. Transformation assays using competent bac-
teria should verify loss of biological function; long-amplicon
gPCR, dPCR, or sequencing can better resolve fragmentation;
and LC-MS/HRMS product analysis, TOC/DOC loss, and
phosphate/nitrogen release can provide stronger evidence of
mineralization [51, 60, 99]. From a design perspective, eARG-
focused studies should prioritize strong but regenerable DNA
adsorption, high local ®OH or direct-hole flux, and evaluation of
energy-normalized mineralization rather than reporting qPCR
loss alone [100].

6.2 | ROS Scavenging and Target Shielding in
Realistic Matrices

The treatment of ARGs in real wastewater matrices is funda-
mentally constrained by competitive reaction environments.
Dissolved organic matter (DOM; typically, 5-50mgL~! as TOC),
bicarbonate/carbonate (1-10mM), and other background con-
stituents are present at concentrations orders of magnitude
higher than extracellular ARGs (often ng-pg L=1). These species
act as effective ROS scavengers, with second-order rate con-
stants for «OH typically in the range of 10°~10°M~'s™!, thereby
rapidly consuming reactive species before they interact with
target DNA [23, 101, 102]. The challenge in treating ARGs in
real wastewater matrices is significant and this complexity often
leads to an overestimation of treatment efficacy when studies
are conducted using clean matrices.

To overcome these matrix-induced limitations, future research
should prioritize systematic evaluation of photocatalytic per-
formance in real wastewater and effluent matrices to capture
competitive kinetics and radical scavenging effects [101, 103].

Advanced material strategies are required to shift from bulk
diffusion-limited reactions toward interfacial, target-selective
processes, which include developing molecular imprinting strat-
egies that selectively bind ARGs while excluding scavengers
[46, 104], utilizing nanoconfinement to create local environ-
ments where target concentration exceeds scavenger concentra-
tion [105], and designing materials that generate ROS through
pathways less susceptible to DOM quenching like direct h*
transfer [106, 107].

6.3 | Catalyst Fouling, Regeneration
and Biofilm Risk

Adsorption of ARB/ARGs onto photocatalysts is mechanis-
tically beneficial because it shortens transport distances,
but it can also shorten the operational lifetime of the cata-
lyst. Bacterial cells, lysed-cell residues, proteins, extracel-
lular polymeric substances, and adsorbed DNA can mask
active sites, attenuate light penetration, consume ROS non-
selectively, and alter surface charge. In authentic wastewater,
incomplete removal of these residues may provide condition-
ing films that promote subsequent microbial attachment and
biofilm development [48, 52, 53]. Therefore, photocatalytic
disinfection should be evaluated over repeated cycles using
activity retention, surface fouling markers, zeta-potential
drift, photocurrent/PL changes, ROS yield, metal leaching,
and microscopy of residual biomass rather than single-cycle
inactivation alone.

Regeneration strategies should be built into reactor design.
Practical options include immobilized or magnetic photocat-
alysts to enable separation, hydraulic backwashing or shear-
assisted cleaning, mild alkaline or oxidant washing, periodic
photo-regeneration, membrane-photocatalyst configurations
with controllable cleaning cycles and pretreatment to reduce
particulate/organic loading [108-112]. The key requirement is
to preserve the target-capture function while preventing irre-
versible coverage of reactive sites and minimizing secondary
nanoparticle release.

6.4 | Irreversible Killing Thresholds, Dormancy
and Post-Treatment Regrowth

Microorganisms differ from conventional chemical pollut-
ants because sublethally injured cells can repair membranes
and DNA, enter viable-but-nonculturable or persister-like
states, and later regrow under favorable conditions [48, 49]. A
reported 4-6 log CFU reduction can satisfy practical disinfec-
tion benchmarks, but it does not by itself prove that dormant,
VBNC or biofilm-associated subpopulations have been elimi-
nated. The operational threshold for photocatalytic ARB control
should therefore be defined by combined evidence: sustained
CFU loss, reduced intact-cell counts, loss of metabolic activ-
ity, absence of regrowth over 24-72h under nutrient-rich and
matrix-relevant conditions, decreased PMA-qPCR signal for
intracellular ARGs and reduced transformation/conjugation
potential [14, 48, 50, 51, 60, 99, 100, 107]. Such multi-endpoint
validation helps distinguish irreversible killing from temporary
growth arrest or repairable oxidative injury.
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6.5 | Sustainability Blind Spot in Photocatalytic
Systems

Despite significant advances in photocatalytic configurations,
sustainability considerations remain a critical blind spot limit-
ing large scale implementation. The synthesis of many highly ef-
ficient photocatalysts often involves energy-intensive processes,
the use of scarce or noble metals, and hazardous reagents, all
of which contribute to elevated environmental footprints and
production costs, resulting in significant environmental and
economic challenges to their practical application. Life cycle as-
sessment (LCA) evaluates the environmental impacts of these
processes; however, it is underutilized in the field of photoca-
talysis. Additionally, the leaching of metal ions or nanoparticles
remains insufficiently addressed, raising concerns regard-
ing secondary contamination and long-term ecological risks
[113, 114].

To overcome these critical challenges, sustainability must be
embedded at the materials design stage. This includes inte-
grating LCA from early development stages, comparing energy
demand, material toxicity, and end-of-life scenarios [114-117],
favoring the use of earth-abundant elements (Fe, Cu, Mn, C, N)
over noble metals [118, 119], selective recovery of precious met-
als [120, 121], and developing magnetic or immobilization tech-
niques for catalyst recovery and reuse [108, 109]. Collectively,
integrating sustainability metrics with photocatalytic perfor-
mance is essential to transition from laboratory-scale innova-
tion to environmentally responsible, real-world water treatment
applications.

7 | Emerging Frontiers: Demonstrated Tools and
Prospective Directions

7.1 | Selective Nanomaterials

Among various selective nanomaterials, molecularly im-
printed photocatalysts represent the most clearly demon-
strated method for targeting ARGs. MIPs form recognition
cavities that concentrate target DNA sequences near oxidiz-
ing sites, thereby shifting degradation from indiscriminate
bulk oxidation to a more targeted interfacial attack [46, 122].
For instance, molecularly imprinted graphitic carbon nitride
(MIP-C,N,) has been shown to accelerate degradation of
blaNDM-1 compared to non-imprinted counterparts, indicat-
ing that adsorption informed by the sequence can enhance
eARG photodegradation [46]. This method is thus an experi-
mentally validated, short-term strategy, although its effective-
ness in high-DOM wastewater and mixed ARG environments
still needs confirmation.

In contrast, CRISPR-coupled photocatalytic treatment should be
viewed as a conceptual idea rather than a fully developed ARB/
ARG photocatalysis platform. CRISPR/Cas systems, such as
Casl2a, have shown high sequence specificity for detecting and
cleaving ARGs in molecular assays, and nanoparticle carriers
have been suggested to improve delivery [123-126]. However,
challenges remain in achieving stable delivery into diverse
wastewater bacterial communities, avoiding unintended eco-
logical impacts, integrating catalysts, and ensuring biosafety.

Therefore, we propose CRISPR-assisted materials as a prom-
ising direction for selective ARG recognition, rather than as a
fully mature treatment technology.

7.2 | Integrated Platforms
7.2.1 | Photocatalytic Membrane

Membrane photoreactors combine physical separation with
in situ ROS generation, providing superior water treatment by
integrating size exclusion for antibiotic-resistant bacteria/partic-
ulates and photocatalytic degradation. They leverage pore con-
finement for high-concentration ROS, electrostatic repulsion for
anionic ARGs, and photocatalytic oxidation to reduce biofoul-
ing, enhance efficiency and minimize operational challenges
[111, 112]. Light-responsive self-cleaning membranes represent
the state of the art in photocatalytic water treatment. Hou et al.
[110] fabricated a TA@Fe-TiO,/PVDF membrane by depositing a
tannic acid-iron complex onto PVDF, integrating photothermal
activation (TA@Fe) with photocatalysis (TiO,) to achieve nearly
100% bactericidal efficiency and 98% ARG removal. Figure 8a-h
demonstrates that a thin photocatalytic coating generates *OH
and 'O, while locally elevating surface temperature under irra-
diation, forming a confined oxidative interface. As mechanisti-
cally illustrated in Figure 8i-k, dual Fe/Ti active sites enhance
oxygen adsorption and interfacial electron transfer, promoting
localized ROS production. Filtration-induced pollutant accu-
mulation restricts reactions to the boundary layer, enabling the
membrane to function as a continuous-flow microreactor for
in situ degradation of bacteria and ARGs. The narrowed pore
channels served as microreactors in PVDF ultrafiltration mem-
branes, increasing local ROS concentration and collision proba-
bility while reducing diffusion distances to targets [112].

7.2.2 | Photocatalysis-Fenton Hybrid Systems

Coupling photocatalysis with Fenton chemistry (photo-Fenton)
overcomes individual limitations by using photo-generated
electrons to accelerate Fe**/Fe’* cycling, enhancing H,O,
decomposition into ®*OH. The synergy improves mineraliza-
tion rates, reduces iron sludges and expands operational pH
ranges [25, 127]. Photocatalysis-Fenton hybrid systems oper-
ate through interfacial redox synergy, where photogenerated
charge carriers sustain catalytic iron cycling [87]. As shown in
Figure 9a-c, photoexcited electrons from Bi,WO, migrate to
FeOOH, reducing Fe** to Fe?* and continuously activating H,0,
to generate *OH radicals, while holes and O,°~ originate from
photocatalytic pathways. Figure 9d further reveals that Fermi-
level equilibration creates a built-in electric field that directs
carrier migration and suppresses recombination. This coupling
integrates photocatalytic oxidation with Fenton chemistry into
a closed redox loop, enabling simultaneous ROS amplification
and efficient Fe(III)/Fe(II) regeneration. The result is enhanced
antibiotic degradation and ARB inactivation beyond either pro-
cess alone [87]. Furthermore, bimetallic Fe-Cu systems exploit
synergistic redox cycles. The Fe3*/Fe** and Cu?*/Cut cycles
operate cooperatively, where Cu* reduces Fe3* to Fe?*, acceler-
ating Fenton chemistry while photocatalysis regenerates both
reduced species [127].
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7.2.3 | Photocatalysis-Constructed Wetlands

Constructed wetlands (CWs) provide low-energy and sus-
tainable wastewater treatment but typically achieve limited
antibiotic resistance genes removal (<1-log) due to reliance
on passive adsorption and biodegradation [128]. Integrating
photocatalysis fundamentally enhances performance of CWs.
Chen et al. [129] compared three CWs configurations, series
photocatalysis-CW (S-PT-CW), built-in photocatalysis-CW
(B-PT-CW), and conventional CW (S-CW) (Figure 10a-c).
B-PT-CW achieved the highest intracellular ARGs removal
(1.27-1.72 log) via substrate adsorption and plant-microbial
uptake, whereas S-PT-CW maximized extracellular ARGs
degradation (0.23-0.65 log) through photocatalytic oxida-
tion (Figure 10d-g). Photocatalysis further reshaped micro-
bial communities, enriching denitrifying Proteobacteria and
phosphorus-accumulating taxa. The hybrid system therefore
establishes a functional division of labor: wetlands remove
protected intracellular genes, while photocatalysis oxidizes
extracellular DNA and suppresses host bacteria, enabling sus-
tained ARG attenuation.

7.3 | Machine Learning-Guided Design

Machine learning (ML) represents another emerging frontier,
although current findings should be interpreted carefully.
ML has already been applied to predict band structures, de-
fect descriptors, surface properties, and photocatalytic activ-
ity in broader photocatalyst discovery, whereas direct ARB/
ARGs-specific datasets remain limited [130-135]. Therefore,
ML-guided design for antibiotic resistance control should
presently be viewed as a data integration and hypothesis
generation tool rather than a fully validated replacement for
matrix-specific experiments.

The most realistic near-term application is to integrate curated
literature data, high-throughput synthesis and characterization,
physics informed descriptors, including band positions, ROS
yield, surface charge, adsorption constants, pore accessibility,
light distribution, and matrix scavenging capacity. Such mod-
els could help screen candidate materials for target specific in-
terfaces and prioritize experiments under realistic wastewater
conditions.
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Adjacent demonstration in high-throughput photocatalysis,
MXene bandgap prediction, metal oxide screening show how
automated synthesis and ML-assisted analysis can accelerate
materials discovery [133-137]. However, these studies do not yet
provide direct evidence of ARB/ARGs photocatalytic treatment
performance. Future models should therefore include standard-
ized biological endpoints, regrowth data, eARG transformation
assays, and energy-normalized metrics to avoid optimizing only
apparent qPCR removal or dye-degradation proxies.

8 | Conclusion

The photocatalytic control of antibiotic resistance has pro-
gressed from empirical material discovery to rational interfacial
engineering. This review has advanced a paradigm centered
on the interfacial battlefield, where surface charge dictates
target adsorption, charge separation determines ROS genera-
tion pathways, and nanoconfinement concentrates oxidative
attack within the diffusion radius of short-lived *°OH. The re-
action—-diffusion framework provides a quantitative foundation
for this paradigm, demonstrating through Damkohler analysis
that photocatalytic ARB/ARG destruction operates in transport-
limited regimes (Da>>1) where adsorption kinetics and interfa-
cial residence time govern overall efficiency. This mechanistic
insight explains why materials with strong target affinity often
outperform those with higher intrinsic ROS generation but poor
adsorption. The following key principles have emerged:

1. ARB and ARGs require distinct strategies. Live bacterial
cells require membrane disruption and intracellular ROS
penetration; whereas eARGs demand adsorption and high-
potential surface oxidation.

2. Z-scheme and S-scheme heterojunctions preserve high
redox potential while maintaining charge separation, out-
performing conventional Type-II designs.

3. Oxygen vacancies and other defects serve dual functions:
extending light absorption and creating reactive hotspots
for co-catalyst activation.

4. Conductive carbon architectures function as electron high-
ways, extracting charges and enabling multi-electron re-
duction pathways.

5. Integrated platforms—photocatalytic membranes, hybrid
Fenton systems, constructed wetlands—exploit synergistic
mechanisms and offer practical scalability.

6. Emerging frontiers as novel paths for advancing photoca-
talysis. Selective nanomaterials target specific ARGs while
machine learning-guided design facilitates high through-
put automated screening and optimizing materials.

Despite great advances in interfacial photocatalysis, significant
gaps persist in mitigation of antibiotic resistance. The reaction-
diffusion framework reveals that complete eARG mineralization
requires not merely adsorption but sufficient interfacial resi-
dence time (z,,,=1/k,,) for cumulative ®*OH attack, a condition
rarely verified in current studies. Complete eARGs mineraliza-
tion is unproven, matrix effects are underexplored, standard-

ization is absent, and sustainability is overlooked. Addressing

these challenges requires a concerted shift from descriptive cat-
aloging to hypothesis-driven, mechanism-focused research. By
centering design on the photocatalytic interface and embracing
rigorous, real-world validation, the field can finally transform
laboratory potential into scalable solutions against the escalat-
ing threat of antibiotic resistance.
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