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Bacterial infection in bone tissue engineering is a severe clinical issue. Traditional antimicrobial methods
usually cause problems such as bacterial resistance and biosecurity. Employing semiconductor
photocatalytic antibacterial materials is a more controlled and safer strategy, wherein semiconductor
photocatalytic materials generate reactive oxygen species under illumination for killing bacteria by
destroying their cell membranes, proteins, DNA, etc. In this review, P-type and N-type semiconductor
photocatalytic materials and their antibacterial mechanisms are introduced. Type Il heterojunctions, P—N
heterojunctions, type Z heterojunctions and Schottky junctions have been reported to reduce the
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recombination of carriers, while element doping, sensitization and up-conversion luminescence expand
the photoresponse range. Furthermore, the applications of semiconductor photocatalytic antibacterial
materials in bone infection treatment such as osteomyelitis treatment, bone defect repair and dental
tissue regeneration are summarized. Finally, the conclusion and future prospects of semiconductor
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1. Introduction

Bone infection caused by traumatic fracture, surgical infection,
blood transmission, adjacent tissue infection and immune
dysfunction cannot be ignored, and its incidence is as high
as 30%." These infections often lead to serious complications
such as osteomyelitis and osteonecrosis, which affect the
quality of life of patients and even threaten their lives.
Implant-associated infections, in particular, have become a
growing problem with the popularity of orthopedic surgery
and artificial joint replacement.” Implant infection can not
only lead to postoperative complications, but also to implant
failure, bone damage and even reoperation, and it is thus
difficult to treat and require a long course of treatment.” Since
penicillin was discovered in 1928, various antibiotics have been
used to cope with bacterial infection, such as vancomycin,
tetracycline, and ciprofloxacin.* For example, Ren et al’®
found that bisphosphonate-bound sitafloxacin combined with
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photocatalytic antibacterial materials in bone tissue engineering were analyzed.

vancomycin was effective in clearing methicillin-resistant Sta-
phylococcus aureus (MRSA) infection, reducing bone resorption
and biofilm formation from the surrounding implant. How-
ever, the abuse of antibiotics generates bacterial resistance,
which can lead to the production of super bacteria, and long-
term or high doses of antibiotics may cause damage to liver and
kidney functions. Therefore, there is an urgent need to find a
strategy to replace antibiotics and fight bacterial infection.

To deal with the problem of bacterial infection without
causing bacterial resistance, researchers have sought to use
other strategies to combat bacteria, such as metal ion release,
photothermal therapy (PTT), and antibacterial gas therapy.
Shicheng et al.® prepared Cu-doped bioactive glass using elec-
trophoretic deposition to deal with implant-associated infec-
tion, and the released Cu ions could improve the antibacterial
effect of the implant through contact killing, immune regula-
tion, and other functions. Although released metal ions have
excellent antibacterial effects, they also exhibit a certain cyto-
toxicity, which limits their application in bone tissue engineer-
ing. By contrast, PTT has no cytotoxicity and can be controlled
by near-infrared (NIR) light; for example, Zhang et al.” modified
a nucleic acid aptamer on the surface of a polycaprolactone
(PCL) nanofiber scaffold to generate mild hyperthermia
through NIR light irradiation, thus effectively preventing the
proliferation of bacteria in the early stage of bone defect repair.
To completely kill bacteria, the temperature of photothermal
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therapy is usually maintained at >50 °C, but excessive tem-
perature could also cause damage to surrounding healthy
tissue. Antibacterial gases are able to diffuse freely into biofilms
and exert an antibacterial effect within bacterial cell due to
their low molecular weight, but the controllability of the gas
release rate and cytotoxicity need further consideration.

As a burgeoning antibacterial strategy, photocatalytic anti-
bacterial effect has attracted increasing attention. Specifically,
photocatalytic antibacterial materials can produce electrons
and holes because the electron can jump from the valence
band (VB) to the conduction band (CB) under illumination.
Then, the produced electrons and holes can react with sub-
stances such as water and oxygen to produce reactive oxygen
species (ROS) with strong redox properties, and the ROS can kill
bacteria by destroying the cell membranes, proteins, DNA, and
so on. The generation of ROS in photocatalytic antibacterial
processes can be precisely controlled by the external illumina-
tion, which is a key advantage of this method.® Once the
bacteria are eliminated, the external light source can be turned
off, effectively halting the production of ROS and preventing
any potential damage to normal, healthy cells.’ This ability to
control the activation of ROS based on illumination makes
photocatalytic antibacterial treatment a safer, more targeted,
and more controlled strategy compared to traditional antimi-
crobial methods, which may suffer from issues such as toxicity
to surrounding tissues and bacterial resistance.'® This control
over ROS generation offers a promising approach for localized,
selective bacterial eradication without causing harm to the host
cells. Semiconductor photocatalytic materials are widely used
to combat bacterial infection in bone tissue engineering but
only a few articles have summarized their application in bone
tissue engineering.

In this review, the research progress on semiconductor
photocatalytic antibacterial materials and their application in
bone tissue engineering have been presented. It focuses on
advancements made during the period 2019-2024, with key
topics including semiconductor, photocatalysis, antibacterial,
heterojunctions, doping, up-conversion, bone repair, bone
scaffolds, tooth implants, and osteomyelitis. The application
of semiconductor materials in bone repair has gradually
become a hot research direction, and breakthroughs in related
technologies have provided new solutions for bone regenera-
tion and repair. This paper will systematically review the
advances in these research fields, analyze their challenges
and development trends, and provide references for the future
application of related technologies. Two types of semiconduc-
tor photocatalytic materials are introduced, namely, P-type
semiconductor and N-type semiconductor, and the advantages
and limitations of each material have been discussed. To
decrease the recombination of electrons and holes, some
methods that could separate electrons and holes were summar-
ized, such as type II heterojunction, P-N heterojunction,
type Z heterojunction and Schottky junction. To increase the
utilization of light, some strategies that could expand the
light response range have been summarized, such as element
doping, sensitization and up-conversion luminescence.
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Furthermore, the applications of semiconductor photocatalytic
antibacterial materials in bone tissue engineering have been
discussed, such as osteomyelitis treatment, bone defect repair
and dental tissue regeneration. Finally, the prospects and
challenges of semiconductor photocatalytic antibacterial mate-
rials in bone tissue engineering have been summarized.

2. Semiconductor photocatalytic
materials

Bacterial infection in bone tissue engineering has always been a
difficult problem. However, the development of semiconduc-
tors has provided a new solution for it in recent years. The band
structure of a semiconductor typically features a low-energy VB
filled with electrons and an empty high-energy CB, and the
distance between these two regions is called the band gap
width. The band gap in semiconductors is usually discontin-
uous, and their photocatalytic behavior depends on the specific
band structure. When light energy matches or exceeds the band
gap, electrons in the VB are excited to the CB, moving to the
surface and creating holes in the VB, resulting in a highly active
pair of hole-electrons, which can also be called photogenerated
carriers. The electrons in the CB react with oxygen molecules
(O,) in solution to form the superoxide anion (*O,~) through
the equation e” + O, — *0,"." The holes in the VB react with
hydroxide ion (OH™) to form the hydroxyl radical (*OH) (h* +
OH™ — °OH)."” Besides, *0,  can further react with water
molecule to form the hydrogen peroxide (H,0,) (*O,” + H,O —
H,0, + OH )."® These ROS have strong redox properties, and
when they come into contact with bacteria, they can destroy the
bacteria cell membrane, proteins and DNA, thus leading to
bacterial death. Semiconductor materials can be divided into P-
type and N-type semiconductors according to their carriers, and
commonly used semiconductor photocatalytic antibacterial
materials are shown in Table 1.

2.1. N-Type semiconductor photocatalytic materials

N-Type semiconductors, also known as electronic semiconduc-
tors, are semiconductors in which the free electron concen-
tration is significantly higher than the hole concentration.’®
The letter “N”’ comes from the English word ‘“Negative”’, mean-
ing negative electricity. In N-type semiconductors, the main
carriers involved in the conductance are negatively charged
electrons, which come from the doped donor impurity.*” Any
semiconductor doped with donor impurities, with donor
concentration higher than acceptor concentration, is an N-
type semiconductor, as shown in Fig. 1(A). The widely used
semiconductor photocatalytic antibacterial materials, such as
titanium dioxide (TiO,), zinc oxide (ZnO), graphitic carbon
nitride (g-C3N,), bismuth sulfide (Bi,S;), molybdenum oxide
(Mo0s3), and layer double hydroxides (LDHs), are mainly intro-
duced in this paper.

TiO, antibacterial materials have been widely used in med-
ical devices, dental implants and other medical aspects to
control pathogenic bacterial infection, as shown in Fig. 1(B).

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nh00542b

Published on 14 January 2025. Downloaded on 2/14/2026 9:12:38 AM.

View Article Online

Nanoscale Horizons Review
Table 1 Commonly used semiconductor photocatalytic antibacterial materials
Band Absorption
Type Materials gap (eV) wavelength Advantage Drawback Ref.
N TiO, 3.0-3.2  Ultraviolet e Low toxicity e Broad band-gap 14
(UV) light e High biocompatibility, e Fast recombination of electron-hole pair
e High antibacterial activity
ZnO 3.2-3.7 UV light e UV resistance e Broad band-gap 15
e Good photocatalytic performance e Fast recombination of electron-hole pair
e Antibacterial activity
g-C3N, 2.7 UV light e Biocompatible e High electron-hole recombination rate 16
o Non-toxic o Insufficient absorption of visible light
e Low manufacturing cost e Low surface area
Bi,S;3 1.3-1.7 Visible light e Visible-light response e Broad band gap 17
e Rapid recombination of holes and electrons and
18
WO, 2.7-2.8 UV light e Non-toxic and stable in water-based e High recombination of photogenerated carriers 19
media and
20
WS, 1.9 Visible light e Large surface area can increase the e High recombination of photogenerated carriers 21
active site
ZnS 3.7 UV light e Antioxidant e Broad band-gap 22
o Hydrolytic chemical stability o Fast recombination of electron-hole pair
Cds 2.4 Visible light e Strong reducing ability e Severe photocorrosion occurs during the photo- 23
catalytic reaction
SnS, 2.0-2.4 Visible light e High specific surface area and porosity e Charge mobility difference 24
P Cu,0 2.0-2.2 Visible light e Inhibit the recombination of electron- e Optical instability 25
hole pairs
CuO 1.2 Visible light e Low cost e Low photocatalytic activity 26
e Narrow band gap e Less oxidation activity
Cus 1.7-2.2  Visible light e Narrow band gap o Lack of chemical stability 27
e Good light absorption performance in e Rapid recombination of photogenerated carriers
the visible-NIR region
e Particle aggregation
MosS, 1.78 Visible light e Good visible light absorption ability e A limited number of active edge sites are available 28
SnS 1.3 NIR e Narrow band gap e Low conductivity and poor capacity retention 29
e High absorption coefficient
AgBr 2.57 Visible light e High photocatalytic efficiency ¢ Shielding effect by Ag layers on the surface of silver 30
halide and
31
NiO 3.3 UV light e Low-cost and earth-abundant e The active sites to the amorphization-induced under- 32

CoO 2.44-2.6 Visible light e High activity

o Relatively narrow bandgap

TiO, has three phases, namely, anatase, rutile, and brookite,
and it can respond to UV light. At the same time, it has high
antibacterial activity and has been widely used in the field of
photocatalysis. Many researchers have studied TiO, antibacter-
ial materials and their antibacterial effects.*’** Xiao et al.**
constructed FeS,-sensitized TiO, materials via a hot-solvent
method, and the disinfection efficiency was 95.7% and 92.4%
for Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus),
respectively. Varnagiris et al.*> deposited TiO, films on poly-
styrene magnetic beads by magnetron sputtering technology.
Under ultraviolet irradiation, TiO, films produced many ROS
and the results indicated that 94% of E. coli was Kkilled by the
films. Additionally, the photocatalytic antibacterial properties
of TiO, were largely influenced by the cell wall structure. For
optimal photocatalytic inactivation, direct contact between
bacteria and the TiO, surface is vital as it increases the like-
lihood of ROS attack. Consequently, photocatalytic antibacter-
ial effectiveness depends on cell wall thickness, cell envelope

This journal is © The Royal Society of Chemistry 2025

coordinated Ni atoms would result in electron doping
in NiO

e Lattice distortion (disorder) will produce localized
electronic states blocking the carrier migration

e Short lifespan

33-35

morphology, and the outer membrane’s resistance to ROS from
the photocatalyst.*® Besides, the development of TiO, faces key
problems such as wide semiconductor energy band, low quan-
tum efficiency, and inability to produce visible light response,
which limits its application in bone tissue engineering. How to
improve these shortcomings of semiconductors is the key to
using TiO, photocatalytic antibacterial materials.*”

As a multifunctional biosafety material, ZnO has outstand-
ing UV resistance, good photocatalytic properties and antibac-
terial activity, and has shown broad practical application
prospects in research and development, as shown in
Fig. 1(C). Some studies have pointed out that the antibacterial
effect of ZnO comes from the production of ROS, the release of
Zn** and cell membrane damage. Many studies clearly show
that ZnO nanoparticles could produce ROS, including °O,",
H,0, and hydroxyl radicals (*OH), which could lead to bacterial
death. Moreover, due to the oxidizing ability of Zn>* released by
ZnO, Zn>" interacts with organic functional groups and

Nanoscale Horiz., 2025, 10, 681-698 | 683
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Fig. 1 (A) N-Type semiconductors with electrons as the main photocarriers. (B) Schematic of graphdiyne-modified TiO, nanofibers with osteoinductive
and enhanced photocatalytic antibacterial activities to prevent implant infection. Reproduced with permission.>® Copyright 2020, Springer Nature.
(C) Schematic illustration of the antimicrobial mechanism of ZnO NPs against bacterial cells. Reproduced with permission.>® Copyright 2019, Springer
Nature. (D) Schematic diagram of indirect bacteria inactivation using H,O, generated by an edge-functionalized g-C3zN4 nanosheet. Reproduced with

permission.*® Copyright 2019, Elsevier.

attaches to bacterial cells and membrane proteins. It penetrates
bacterial cells, disrupting their electron transfer system and
hindering protein gene expression. Nonato et al.*® prepared
poly-lactic acid (PLA) bone scaffold with ZnO nanofibers, and
the results showed that ZnO nanofibers exhibited good anti-
bacterial properties. The specific surface area of ZnO will affect
its antibacterial effect, and small size ZnO particles and high
specific surface area ZnO have better antibacterial effect.*’
Besides, ZnO is a promising antimicrobial agent; however, it
only reacts with UV light due to its wide bandgap. In addition,
ZnO exhibits rapid electron-hole pairs recombination, which
limits its photocatalytic antibacterial efficiency.

¢-C3N, is a commonly used photocatalytic material with
good biosafety and excellent photocatalytic effect, and it has
been used in many fields such as antibacterial, water decom-
position and carbon dioxide decomposition. An example of
antibacterial application of g-C;N, is shown in Fig. 1(D).
Liu et al® prepared nitrogen-deficient g-C3N, ultra-thin
nanosheets using thermal polymerization technology. The
results indicated that the nanosheets could reduce O, to
*0, , which could attack the cell membrane of E. coli. Guo
et al.>* prepared acridinium-grafted g-C;N, nanosheets, which
changed the band gap of g-C;N,; from 2.77 eV to 2.12 eV.
Molecular dynamics simulation reveals that the nanosheets
could insert the bacteria, which facilitated ROS combination
with the bacterial cell membrane, and the removed biofilm
biomass was 91% after light irradiation. g-C;N, has the excel-
lent photocatalysis effect similar to TiO,, but the chemical
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potential of VB is lower than that of *OH generation, causing
low generation rate of *OH, and the antibacterial effect of *O,™
is lower than *OH, which limits its antibacterial application.
Bi,S; is a layered semiconductor with a narrow band gap of
1.2-1.7 eV.>> It has good photocatalytic stability, low cost,
harmless to human body, and is an excellent choice for bone
tissue engineering antibacterial materials. Wang et al.’® pre-
pared urchin-shaped Au/Bi,S; nanomaterials by the hard tem-
plate method to replace antibiotics and combat superbugs. Au/
Bi,S; core-shell structure improved the separation of electron-
hole pairs and increased the efficiency of ROS production. As a
result, the bactericidal rate of S. aureus and E. coli reached
100% under NIR irradiation. Wang et al.’*® developed a green
and reliable antimicrobial method by loading ZnS and Bi,S;3
into thermally-sensitive polymer microspheres. The Bi,S; could
be released under the NIR irradiation because the micro-
spheres transformed the absorbed NIR into heat and the
thermally-sensitive polymer could be melted when the tem-
perature was above the fusing point, and compared with the
photothermal method alone, the killing rates of S. aureus and
E. coli were increased remarkably. Although the Bi,S; can be
excited under NIR, the narrow band gap also corresponds to
low redox potential, thus limiting the generation of ROS.
MoO;, as a typical 2D layer structure material, shows
remarkable photocatalytic and antibacterial properties.’*
Recently, there has been extensive research on the use of
MoO; nanomaterials for photodynamic or photocatalytic anti-
bacterial applications. Gao et al.”> prepared an oxygen vacancy-

This journal is © The Royal Society of Chemistry 2025
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mediated bactericidal MoO3;, and MoO; nanosheets were able
to activate the adsorbed oxygen production *O, ", break the cell
membrane of the bacteria attached to the surface, and induce
the production of intracellular ROS, resulting in the death of
the bacteria, and the antibacterial rate reached 99% in bacterial
disinfection of authentic atmosphere. Yang et al.>® anchored
MoO; nanosheets to the surface of carbon nanosheets, which
effectively collected NIR light and promoted the transfer of
charge carriers, thus greatly enhancing the ability of *O,~
generation. After 50 min of NIR light treatment, folds and
partially merged membranes appeared on the surface of the
bacterial cells, and eventually the violent collapse of the cell
structure led to the death of the bacteria.

LDHs are an important class of layered materials, which are
classified as a type of semiconductor material, known as
naturally occurring hydrotalcite compounds, and they have
been widely utilized in the fields of photocatalytic antibacterial
materials and bone repair.”” Rad et al.’® synthesized FeCuMg
and CrCuMg LDHs and compared their sonophotocatalytic
activities. The bandgap energies of FeCuMg and CrCuMg LDHs
were calculated to be 2.54 eV and 2.41 eV, respectively. At
600 pg mL~', CrCuMg LDH and FeCuMg LDH reduced the
activity of S. aureus by 91.3% and 80.0%, respectively. Mg alloy
materials used in biomedicine lack corrosion resistance and
antibacterial properties, while LDH surface coating engineering
technology is expected to improve their antibacterial effects.”®
Zhang et al.®® prepared a plasma electrolytic oxidation coating
on Mg alloy and modified it with LDH. After NIR irradiation,
the bacterial colony of the LDH group decreased significantly,
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indicating that the LDH film had good antibacterial activity.
Besides, the sample also had good biocompatibility and osteo-
genic induction.

2.2. P-Type semiconductor photocatalytic materials

Compared with N-type semiconductors, which use electrons as
the main carriers, P-type semiconductors, also known as hole-
type semiconductors, refer to semiconductors with positively
charged holes as the main conductive carrier or impurity
semiconductors with hole concentrations much higher than
free electron concentrations.®' In P-type semiconductors, holes
are the majority charge carriers and free electrons are the
minority charge carriers. The holes act as positive charge
carriers and lead the conduction process.®® The letter “P” is
derived from the first letter of the word “‘Positive”. In this type
of semiconductor, the charge carriers involved in the conduc-
tivity are mainly positively charged holes, which come from the
acceptor in the semiconductor,®® as shown in Fig. 2(A). In this
article, the main introduced P-type semiconductors are CuO,
CuS and Mo,S.

CuO is a monoclinic crystalline semiconductor, and in
addition to producing ROS, CuO can also release Cu®** to
contact bacteria and destroy bacterial cell membranes;®” an
example diagram of the antibacterial use of CuO photocatalysis
is shown in Fig. 2(B). Guan et al.°® found that ROS produced by
CuO could destroy bacterial cell structure. Several studies have
shown that the shape, morphology, and size of CuO nanos-
tructures appear to influence their antimicrobial properties.
Siddiqui et al.®* studied the biosynthesis of flower-shaped CuO

NaOH

A .]le® ® <— Free electrons
2| e® ©®
~ @ @@ g@y— Positive donor ions
CuO CuS  MoS, AgBr
CCuCI,~2N.0 :
¥ o= @

Fig. 2 (A) P-type semiconductors with holes as the main photocarriers. (B) The sustainable performance of CuO in methylene blue degradation and

bacterial organisms. Reproduced with permission.®* Copyright 2020, Springer Nature. (C) Synthesis of CuS/rutin and its antibacterial mechanisms.
Reproduced with permission.®> Copyright 2024, Elsevier. (D) The physical antibacterial mechanisms between MoS, nanosheets and bacterial cell
membranes. Reproduced with permission.®® Copyright 2022, John Wiley and Sons.
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nanostructures and photocatalytic antibacterial activities, and
the obtained results confirmed that the prepared flower-shaped
CuO nanostructures showed good antibacterial activity against
E. coli (29 &+ 2 mm) at a concentration of 100 pg mL ™', George
et al.®® focused on the effect of calcination temperatures on the
size, size distribution and morphology of the prepared CuO
nanoparticles. The results showed that CuO nanoparticles
calcined at 800 °C had a smaller size and better antibacterial
effect.

CuS nanomaterials can excite a large number of charge
carriers, which endows the materials with localized surface
plasmon resonance properties in the NIR region, as shown in
Fig. 2(C). Zou et al”® used vancomycin (Van)loaded CuS
nanoparticles (CuSNPs) (CuS@Van) for killing the bacteria. In
this study, Van was used not only as a reducing agent acting in
tandem with CuSNPs but also as a booster to promote CuS to
enter the bacterial interior. It was found that CuS@Van had
good antibacterial activity and the antibacterial rate was up to
90%. CusS is also useful for bone tissue engineering. Xu et al.”*
used 3D printing technology to prepare PCl bone scaffold, and
CuS nanoparticles and polyethylene glycol were added to
endow the scaffold with antibacterial properties and elasticity.
Under NIR treatment, the scaffold showed good antibacterial
and bone regeneration ability.

MoS, has the greatest potential to fight pathogens because
of its layered structure, and the mechanical antibacterial effect
is shown in Fig. 2(D). Hu et al.”> modified two-dimensional
MosS, using galactose and focal ligands as starting materials,
which had the ability to selectively locate Pseudomonas aerugi-
nosa via polyvalent carbohydrate-lectin interactions. The
results showed that ceftazidime antibiotics could be thermally
released from two-dimensional MoS, when NIR and white light
irradiated antibiotic-supported materials, causing intracellular
oxidative stress and reducing the level of intracellular glu-
tathione (GSH), resulting in an antimicrobial rate of 90%. Some
researchers reported an enhancement in its antibacterial effect
by changing the size and form of MoS,, and MoS, quantum
dots had better photocatalytic effect than monolayer MoS,. The
yield of singlet oxygen by MoS, quantum dots was higher than
that of MoS, nanosheets and bulk MoS,. Most importantly,
reducing the number of layers changed the band gap of MoS,,
with values of about 1.1-1.7 eV for different number of layers.
The results showed that MoS, quantum dots had stronger hole
and electron redox activity than MoS, blocks and MoS,
nanosheets.

2.3. Size and morphology

The size and morphology of semiconductor photocatalytic
materials have significant influence on the photocatalytic
effect.”® The different size and morphology of the material
usually affect its specific surface area, and a larger specific
surface area can provide more active sites and enhance the
efficiency of the photocatalytic reaction.”? The different size
and morphology will affect the light absorption characteristics,
electron transport rate and selectivity of the catalytic reaction.”
By precisely controlling the size and topography, the band
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structure of the semiconductor material can also be adjusted
to further optimize its response to light. Therefore, optimizing
the size and morphology of semiconductor photocatalytic
materials is a key factor to improve their photocatalytic
efficiency.

From the perspective of size, the influence of the size of
semiconductor photocatalytic material on its photocatalytic
performance is mainly reflected in the specific surface area
and quantum effect.”® As the size decreases, the specific surface
area of the material increases, thus providing more active sites
for the reaction, which helps to improve the adsorption amount
of the reactants and the efficiency of the photocatalytic reac-
tion. Sun et al.”” studied the effect of particle size distribution
for the photocatalytic effect of carbon dots, and the smaller
particles had significantly enhanced antibacterial activity.
Cheng et al.”® constructed MOF/CdS photocatalyst with differ-
ent specific surface area, and the results indicated that com-
pared with pure CdS and MOF, the MOF/CdS photocatalyst had
a larger specific surface area and better photocatalytic effect. In
addition, the quantum size effect is particularly significant in
nanomaterials. When the material size reaches the nanometer
scale, the energy level structure of electrons changes, which can
improve the light absorption and electron transition ability so
as to improve the efficiency of photocatalytic reaction.”® Kazemi
et al.® synthesized Se nanoparticles by biosynthesis, which
exhibited a band gap of 5.12 eV, different from the bulk (5.2 eV)
due to the quantum size effect, and showed enhanced photo-
catalytic antibacterial activity.

From the perspective of morphology, one-dimensional
nanostructures (such as nanowires or nanorods) or two-
dimensional nanostructures (such as nanosheets or less lamel-
lar material) can provide more reaction sites and enhance the
adsorption capacity of the material due to their larger surface
exposure. Liu et al.®" developed an NIR-activated heterostruc-
ture catalyst (MXene/Co nanowires) consisting of two-
dimensional MXene and one-dimensional Co nanowires for
acting against bacteria in drug-free therapy. Heterostructure
coatings on orthopedic implants could achieve high antimicro-
bial efficacy of more than 90% within 20 min. Besides, the
nanostructures can also damage bacterial cell membrane by
mechanical damage. Zhang et al.®* constructed TiO, nanorod
arrays in the surface of implant, which could kill the bacteria
not only through ROS and heat under NIR but also through the
effect of mechanical puncture. Metasurface engineering is a
promising strategy for fighting bacterial infections in Ti-based
implants. Yang et al.®* produced metasurface with strong NIR
response antibacterial activity on Ti alloy implants through a
newly invented alkali-acid bidirectional hydrothermal method
based on topochemical transformation. The antimicrobial rates
of the metasurface-treated Ti against E. coli and S. aureus were
96.88% and 97.56%, respectively. The powerful nanostructure-
induced effect provided a good way to improve the antibacterial
effect and bone regeneration effect of implants.

Semiconductor photocatalytic antibacterial materials have
good application prospect in bone tissue engineering, but there
are some key problems such as broad semiconductor energy

This journal is © The Royal Society of Chemistry 2025
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bandwidth, causing failure to produce visible light response and
fast electron-hole pair recombination, causing low quantum
efficiency. Thus, studies on improving photocatalytic properties
are particularly important. Methods to improve the photocatalytic
properties mainly include promoting the separation of photogen-
erated carriers and expanding the light response range.

3. Separation of photogenerated
carriers

As mentioned earlier, photocatalytic materials are able to
generate electron-hole pairs under light and further generate
ROS. However, these electrons and holes do not remain sepa-
rated forever, and most of the transitioned electrons return to
the VB and undergo a recombination process, releasing energy
usually in the form of light or heat, resulting in photogenic
carriers unable to participate in an effective photocatalytic
reaction.®* Recombination can reduce the photocatalytic effi-
ciency of semiconductor materials, especially in applications
such as photocatalytic degradation and antibacterial, where
electrons and holes must be effectively separated to generate
ROS or drive charge transport.®®> To solve the problem of fast
recombination of photogenerated carriers, suitable heterojunc-
tions are usually constructed between semiconductors. It is
considered to be a useful strategy for promoting the separation
of photogenerated electron-hole pairs and enhancing the
photocatalytic activity. According to the different carrier separa-
tion mechanisms and coupling materials of various hybrid
heterojunctions, semiconductor photocatalysts can be divided
into different heterojunctions. In this section, we mainly
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introduce several commonly used types of heterojunctions
and their applications in the field of photocatalytic antibacter-
ial materials, including Schottky junction, type II heterojunc-
tion, P-N heterojunction and type Z heterojunction.

3.1. Schottky junction

Semiconductors are able to work with conductive substances
such as GO and precious metal nanoparticles to transfer the
generated electrons through good electrical conductivity, which
is able to reduce the recombination of electrons and holes. At
the same time, due to the difference in Fermi energy levels,
Schottky barriers, also known as Schottky junction (Fig. 3(A)),
are generated between them, which can prevent electron reflux,
effectively realize the separation of electrons and holes, and
improve the photocatalytic efficiency. Ma et al.*® constructed an
oxygen vacancy-embedded LDH/Ti;C,T, MXene 2D/2D sheet-
like Schottky heterostructure, which had improved photocata-
lytic activity. Wang et al.®” encapsulated colloidal semiconduc-
tor quantum dots into an MOF matrix using a simple ligation-
assisted self-assembly method, which showed excellent anti-
microbial properties against E. coli (7.99 lg reduction in 60 min)
and S. aureus (5.23 1g reduction in 120 min) under visible light
irradiation. Although semiconductor cooperation with conduc-
tive substances is cost-effective and has high optical stability
and optical catalytic efficiency, the preparation method is
complicated and there are problems such as precious metal
shedding and biosecurity, which need to be further studied.

3.2. Type II heterojunction

Heterojunctions are usually defined as an interface between
two regions of different semiconductors with different band
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Fig. 3 (A) Schematic of charge transfer in the Schottky junction. Reproduced with permission.88 Copyright 2020, MDPI. (B) Schematic of charge
distribution in type |, type Il and type Il heterojunctions. Reproduced with permission.&? Copyright 2023, Elsevier. (C) Schematic of carrier production and
charge separation in an NiO-SnO, system. Reproduced with permission.>® Copyright 2017, Elsevier. (D) Charge transfer route in a traditional Z-scheme
heterojunction. Reproduced with permission.®t Copyright 2020, Elsevier. (E) Schematic of the charge transfer route in an S-scheme heterojunction.

Reproduced with permission.®? Copyright 2023, Elsevier.
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structures, and they can produce an interfacial band arrange-
ment. According to the difference in the CB and VB energy
levels of two semiconductors, the heterojunction formed can be
divided into three types, namely, type I (transversal gap), type II
(staggered gap) and Type III (broken gap), as shown in Fig. 3(B).
For the type II heterojunction, both the VB and CB of semi-
conductor A are higher than that of semiconductor B. As a
result, the photogenerated carriers can be separated because
the excited electrons will be easily transferred. Yang et al.®?
constructed a core-shell interface electric field at the interface
between metal organic framework (MOF) and two-dimensional
MoS, nanosheets by in situ growth of MoS, on the surface of
MOF, which it exhibited an antimicrobial efficiency of 99.73%
and 99.58% against S. aureus and E. coli within 20 min. The
problem of the type II heterojunction photocatalyst is that the
redox reaction is carried out on the semiconductor with low
redox potential, which inhibits its redox ability. At the same
time, the electrostatic repulsion of electrons and holes also
prevents their migration between semiconductors.

3.3. P-N heterojunction

P-N heterojunction is constructed with a P type heterojunction
and an N type heterojunction, where the generation of addi-
tional electric fields at the interface can improve the electrons
transfer (Fig. 3(C)). Li et al.>* prepared Cu,0-TiO, photocataly-
tic composites with the homogeneous distribution of P-N
heterostructures by supercritical solvothermal method. Holes
were the main active substances that reduced water to *OH,
while the Cu,0-TiO, interaction caused K' leakage. The anti-
bacterial effect of several common pathogens, such as Pseudo-
monas aeruginosa, E. coli and S. aureus, was almost 100%. Ma
et al.”® prepared Cu, ¢6S/2-MnO, P-N heterojunction, and the
photoluminescence strength of Cuy ¢6S/g-MnO, nanocompo-
sites was low, which further indicated that P-N heterojunction
significantly inhibited the recombination of charge pairs. How-
ever, P-N heterojunction is prone to photoinactivation under
light irradiation, especially in an oxidizing environment, such
as oxygen in the air, which will induce the oxidation of the
heterojunction surface, resulting in reduced catalytic activity.

3.4. Type Z heterojunction

The above heterojunctions have the problem that the redox
reaction is carried out on the semiconductor with low redox
potential. Type Z photocatalysts can be divided into indirect
type Z and direct type Z (type S) photocatalysts. The indirect Z
heterojunction consists of two photocatalyst semiconductors
and an intermediate A/D. Under photoexcitation, the inter-
mediate A/D causes electrons to transfer indirectly from the
CB of one semiconductor to the VB of another. Specifically, the
photoelectrons reduce A to D, and subsequent holes oxidize D
to A (Fig. 3(D)). The electrons are concentrated in semiconduc-
tor I and the holes are concentrated in semiconductor I, both of
which have good redox ability. This system inhibits the recom-
bination of electrons and holes, improves the redox capacity,
and sacrifices part of the carrier to promote charge
separation.’® For direct type Z photocatalysts, two different
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semiconductors without the intermediate are needed, as shown
in Fig. 3(E). The photogenerated electrons migrate directly from
the CB of one semiconductor to the VB of another, leaving
electrons and holes at a high redox potential.®” Zhao et al.°®
prepared an organic-inorganic S-scheme heterojunction by
carboxyl-modified polythiophene-based linear conjugated poly-
mer and TiO,, where under white light irradiation for 20 min,
the heterojunction materials showed significant antibacterial
properties, killing 3.86 x 107 cfu mL~' MRSA. Jiang et al.”’
developed a Z-scheme heterojunction composed of single Ag
atoms-anchored polymeric carbon nitride (Ag-PCN) and
SnO,_,, where the synergy between the single Ag atoms and
the Z-scheme heterojunction initiated a cascade electron trans-
fer from SnO,_, to Ag-PCN and then to O, adsorbed on Ag. A
type Z photocatalytic system can not only reduce electron-hole
recombination but also maintain excellent redox ability. How-
ever, most synthetic artificial type Z photocatalytic systems
usually have precious metals or redox pairs, which will bring
great difficulties to their practical application.

4. Expansion of light response range

In addition to the problem of photogenerated electron and hole
recombination, the semiconductor photocatalyst also have the
problem of low light utilization. Most semiconductor photocata-
lysts have a wide band gap and can only absorb UV light and some
visible light, but UV light only accounts for a small part of the
sunlight. Therefore, it is very important to enlarge the light
absorption range of semiconductor photocatalysts. This paper
mainly introduces the methods to expand the light response
range of semiconductor photocatalysts, including element dop-
ing, sensitization and up-conversion luminescence.

4.1. Element doping

Element doping can change the band structure of a semicon-
ductor and generate visible light excitation and photoelectron
transition. The doping of elements will affect the outermost
orbital of the semiconductor, and metal ions or non-metal ions
can enter the band gap as an intermediate stage. Also, the
variant phase will narrow the band gap and cause the redshift
of the absorption wavelength, further expanding the light wave
response range and generating visible light response. On the
other hand, the doping of elements causes the covalent bond
between the atoms inside the semiconductor to break, resulting
in certain defects in the crystal and formation of oxygen
vacancies. A low concentration of oxygen vacancies can
strengthen the transport of carriers and capture of photoelec-
trons, inhibit electron-hole recombination, and increase the
visible light response. At present, element doping mainly
includes metal and non-metal element doping. Metals have
semiconductor-like properties, and their addition can
strengthen the band gap structure of the semiconductor
(Fig. 4(A)), increase the oxygen vacancy, which acts as an
electron trap, and help to enhance the charge separation of
photoactivity, thus improving the photocatalytic efficiency.'*

This journal is © The Royal Society of Chemistry 2025
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photocatalysts. Reproduced with permission.*°? Copyright 2022, Elsevier. (B) Mechanisms of pollutant degradation using a zeolite carbon-doped TiO»
nanocomposite under sunlight. Reproduced with permission.2°® Copyright 2023, Springer Nature. (C) Energetics and electron transfer processes and
degradation of acetophenone derivatives occurring on dye-sensitized TiO,. Reproduced with permission.1°* Copyright 2015, MDPI. (D) Schematic of the
working mechanisms for the Yb/Er/Nd@Nd@Mn:TiO, photocatalyst under 808 nm NIR irradiation. Reproduced with permission.2°® Copyright 2019,

American Chemical Society.

Although ion doping can improve the ROS production of
semiconductors, the biocompatibility of metal ions needs to
be further studied. Doped non-metallic elements can improve
the relative stability of semiconductors with improved optical
quantum efficiency due to their stable valence bond structure
and unique charge distribution (Fig. 4(B)). Moreover, non-
metallic doping can cause a redshift of optical absorption edge
and show the effect of visible light absorption. Common doped
non-metallic elements are N, C, F, B, and S.'°! However, the
influence of specific gravity and doping amount of different
nonmetallic elements on the visible light response range of
semiconductors needs to be further confirmed.

4.2. Sensitization

The addition of sensitizers can broaden the semiconductor
absorbance spectrum, which can produce a response to visible
light or even NIR light. Sensitizers will be absorbed on the
surface of TiO, with a narrow band gap and higher CB position
than TiO,. When photoexcited, optical quantum is absorbed to
produce electronic transition, the chemical potential of the
excited state is more negative than that of the CB, and the
excited electron transfer is injected into the CB of TiO,. The
electrons in the CB will be transferred to the surface to
participate in the photocatalytic reaction, thus expanding the

This journal is © The Royal Society of Chemistry 2025

wavelength response range of TiO, (Fig. 4(C)). Yang et al'®®
studied the design process of chlorophyll-sensitized TiO,. They
used a one-step synthesis method to extract chlorophyll from
spinach and dope it into TiO, by heating the reactor. The results
showed that TiO, doped with chlorophyll possessed two different
absorption bands near 407 and 668 nm, indicating that the
chlorophyll-sensitized TiO, had wide absorption from UV to
visible light region. Wei et al.'®” synthesized CdSe quantum dot
(QDs)-sensitized TiO, photoanode on fluorine-doped tin oxide-
coated glass by molten salt-assisted self-assembly and constructed
an efficient photoelectric chemical sensor to detect rutin. It was
found that CdSe could transfer photoexcited electrons to the CB of
TiO, and improve the photoelectric activity of TiO,. In conclusion,
the addition of sensitizer to TiO, could broaden the spectral range
of TiO,, generate visible light response, and improve the optical
quantum efficiency. However, due to the different components
and types of sensitizers and catalytic antibacterial materials, the
mechanism of action in the process of photocatalytic antibacterial
effect is more complicated and needs to be further studied.

4.3. Up-conversion luminescence

Many semiconductors cannot be excited by NIR light, and the
UV light that excites them and part of the visible light used in
bone tissue engineering can damage normal human tissue. In
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addition, their penetration is not as good as NIR light and
cannot reach the inside of bone tissue. Up-conversion materials
are those with anti-Stokes properties, which can convert infra-
red light to shorter wavelengths of light (Fig. 4(D)). The most
widely used material with the highest light conversion effi-
ciency is NaYF,. Zhang et al.'°® synthesized an up-conversion
photocatalytic system (UCNPs-CPZ-PVP) using a [-carboxylic
phthalocyanine (CPZ) molecule, up-conversion nanoparticles
(LiYF4:Yb/Er) and polyethylpyrrolidone (PVP). The UCNPs-CPZ-
PVP could absorb NIR and release ROS, and it had good
bacteriostatic effect on S. aureus and E. coli. However, photo-
conversion materials are often difficult to biodegrade, which
hinders their application in bone tissue engineering.

5. Application in bone tissue
engineering

Semiconductor photocatalytic antibacterial materials have been
used in bone tissue engineering, including osteomyelitis treatment,

bone defect repair and dental tissue regeneration. Some examples
of the application in bone tissue engineering are shown in Table 2.

5.1. Osteomyelitis treatment

Bacterial infection due to trauma or surgery is a major cause of
osteomyelitis, and severe osteomyelitis can lead to osteoporosis

View Article Online
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and pathological fractures. At present, the clinical treatment of
osteomyelitis mainly relies on anti-infective drugs and surgical
intervention, but drug therapy takes many weeks and is prone
to relapse, while surgical debridement may aggravate bone loss.
Semiconductor photocatalysis technology provides a new strat-
egy for the treatment of osteomyelitis, such as the use of ROS
produced by photocatalysis to inhibit bacterial growth; some
examples are shown in Fig. 5. Li et al.'*® prepared Zn-doped
C;3N, by two high-temperature combustion processes aimed at
osteomyelitis caused by bacterial infection. The results demon-
strated that after secondary calcination, the incorporation of
Zn*" into C;N, improved its electronic structure and promoted
interfacial polarization and electron transfer. Under microwave
irradiation, the resulting plasma collided with oxygen, produ-
cing '0, and *0, ", and the eradication rate of S. aureus reached
99.8% within 15 min. In addition, the released Zn*>* promoted
the polarization of macrophages, further enhancing bone
repair.

Jin et al.*®*® used MoS,/Fe;0, to treat S. aureus infectious
osteomyelitis. The experimental results indicated that the
magnetic coordination between ROS produced by MoS,/Fe;0,
and Fe;0, increased the thermal sensitivity and permeability of
bacterial cell membrane, prevented bacteria from spreading
through the blood, targeted bacteria and killed them in situ. Wu
et al."® prepared core-shell heterojunction ZnO/Ag,S nano-
particles by a wet chemical method for the treatment of early

Na,MoO,
H,;SO/HNO, 5 CHN;S Hydrothermal
—-— b —-— —-—

60°C,1h 2

Pure CNTs Pretreated CNTs

Microwave

Interface Polarization

Mutltiple Reflection and Scattering

Control

Osteomyelitis treatment

MoS:2/CNTs

MoS2/CNTs+MW

Fig. 5 MoS,/CNTs heterojunctions generate heat and ROS under light, enabling treatment of deep tissue infections. TEM images of S. aureus and E. coli
co-culture samples, and X-ray images of the tibias of the mice. Reproduced with permission.*®> Copyright 2024, Elsevier.
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bacterial infection in osteomyelitis. The experimental results
showed that 99.9% of E. coli and S. aureus could be eradicated
after 10 min of irradiation when the material concentration was
100 pug mL . In addition, the release of Zn ions showed good
osteogenic effect. However, existing research shows that the
recurrence rate of osteomyelitis is still high, most treatment
methods are still in the experimental stage, and few have been
applied in clinical practice. In the future, the targeted treat-
ment strategy of minimally invasive injection may be an
important development direction of osteomyelitis treatment.

5.2. Bone defect repair

Bone scaffold is an effective means to treat bone defect, but it
can easily lead to implant-related infection during implanta-
tion, resulting in implantation failure and secondary damage to
patients."*'™'** Therefore, improving the antimicrobial perfor-
mance of bone scaffold is an effective strategy to deal with
implant infection. For example, the antibacterial effect of bone
scaffold is enhanced by introducing antibacterial components
or surface modifications into the material (Fig. 6). Ullah et al.'*®
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indicated that Ca and P-doped ZnO nanorods were grown on Ti
implant by hydrothermal method to deal with the antibacterial
effect of the implant and promote the balance between bones.
The results showed that the samples exhibited excellent anti-
bacterial effects against E. coli and S. aureus and improved the
inflammatory response around the implant.

Wang et al.®® synthesized graphitic acetylene/TiO, nanofi-
bers by electrostatic assembly to prevent implant bacterial
infection. The nanofibers displayed excellent photocatalytic
properties and produced a large amount of ROS, which induced
bacterial cell wall perforation, cell membrane leakage, and
eventually bacterial death. The antibacterial experiment indi-
cated that the antibacterial rate of nanofibers against MRSA
reached 98%. In addition, the results of the section of the
femur tissue indicated that the nanofiber group had a higher
antibacterial effect and bone-inducing ability than the other
groups. Lu et al.'*® prepared chitosan nanofiber membrane
modified with fucoidan and CusS for the prevention of bone
infection. The results showed that the antibacterial activity of
nanofibers against S. aureus and E. coli reached 99% under
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(A) Schematic of the TiO,/SrTiO3 coating with photocatalytic antibacterial and osteogenesis properties, and the colony of E. coli on a plate after

incubating with different samples under dark and UV light. Reproduced with permission.**® Copyright 2022, Elsevier. (B) Schematic of a bone implant with
antibacterial and accelerated bone reconstruction functions. Reproduced with permission.**” Copyright 2023, Springer Nature.
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light and had good biocompatibility. At present, manufacturing
technology has provided assistance for the development of
bone scaffolds,'**™** but the antibacterial research on bone
scaffolds is still mainly in the theoretical and experimental
stages, and the intensity damage of scaffolds and potential
damage to human body caused by the light required for
photocatalytic antibacterial treatment need to be further
evaluated.

5.3. Dental tissue regeneration

Tooth loss due to aging, periodontitis, dental caries and other
factors seriously affect people’s quality of life. Thus, dental
implantation becomes an effective means to solve this problem.
However, dental implantation surgery is prone to contact with a
variety of bacteria, which can adhere to the surface of the
implant, causing peri-implant inflammation. Currently, most
dental implants are made of ceramic or metal materials such as
Ti and its alloys, zirconia, but these materials do not have
antibacterial properties on their own. In order to improve the
antimicrobial properties of dental implants, researchers have
made many explorations (Fig. 7). For example, the production
of a TiO, oxide layer on the surface of Ti implant by anodization
is considered to be an effective way to deal with peri-implant
inflammation. Heloisa et al.'®® developed TiO, films with

View Article Online

Review

different crystal phases by magnetron sputtering deposition,
which showed good antibacterial activity on oral multi-species
biofilm models. It is a technology that has the potential to
reduce biofilms on the surface of implant abutment, and its
photocatalytic effect plays a positive role in the treatment of
oral biofilm-related diseases.

Chen et al.**® designed ZnO/TiO, heterojunction nanofilms
with photoresponsive properties on the surface of Ti implant to
solve the problem of insufficient anti-infection ability of
implanted teeth. The nanothin films enhanced the photother-
mal and photoelectric properties of the implant under NIR
irradiation by reducing the band gap and improving the inter-
facial charge transfer efficiency. Experiments indicated that the
implant exhibited excellent broad-spectrum antibacterial effect
against three dental pathogens (Porphyromonas gingivalis, Clos-
tridium nucleatum and S. aureus) by destroying the bacterial
membrane and increasing the production of intracellular ROS
with a bactericidal rate of more than 99.4%. However, the
antibacterial strategy of dental implants has not been widely
used in clinical practice, and the artificial antibacterial
model cannot fully reproduce the complex environment of
human implants. Meanwhile, the biocompatibility of antibac-
terial materials still needs to be further verified. The future
direction of development is to develop materials that meet the

sl,tgate-of-the-art implant
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Fig. 7 (A) Schematic of synthesis and performance evaluation of hexagonal boron nitride nanosheet/TiO, composites. Reproduced with permission.*
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requirements of dental implant with antibacterial function,
facilitate the integration of the implant with the surrounding
tissue, and provide personalized solutions for different
patients.

6. Conclusions and future prospects

This article summarized the semiconductor materials used for
photocatalytic antibacterial treatment, the strategies for
improving photocatalytic properties, and their applications in
bone tissue engineering. According to the difference in their
carriers, semiconductors can be divided into P-type and N-type,
and several commonly used photocatalytic semiconductor
materials are introduced, such as TiO,, ZnO, and g-C3N,. In
order to further improve the antibacterial effect, the efficiency
of photocatalysis is improved by reducing the recombination of
carriers and expanding the photoresponse range, and the
specific methods are summarized such as construction of
heterojunction, element doping, and up-conversion lumines-
cence. Finally, the research on the application of semiconduc-
tor photocatalytic antimicrobial treatment in bone tissue
engineering is summarized, including osteomyelitis treatment,
bone defect repair and dental tissue regeneration.

Although semiconductor photocatalytic materials have been
used to combat bacterial infection in bone tissue engineering,
their clinical applications are still limited, mainly due to the
following unresolved issues. Firstly, the biocompatibility of the
material is key, but the ROS produced by photocatalysis may
damage normal cells, which is not conducive to bone repair,
and the clearance of nanomaterials in vivo is also an
obstacle.'®® Secondly, the lack of standardized models to eval-
uate the effectiveness of these materials, especially antimicro-
bial properties and long-term properties, makes comparisons
with different bacteria and conditions difficult.’®® Thirdly,
cumbersome regulatory requirements further complicate the
journey from lab to market. To achieve efficient clinical transla-
tion, academia, industry and regulators need to work closely
together. In recent years, photocatalytic therapy has been
transformed into a synergistic therapy by combining with other
antimicrobial approaches, bringing the expected benefits, but
increasing the composition adjustment and pharmacological
complexity, which in turn increases the difficulty of
approval.">*'®* To overcome these challenges, technologies
such as materials genomics, artificial intelligence and machine
learning can help drive development, while interdisciplinary
collaboration is also key to accelerating the transformation of
antimicrobial phototherapy. Semiconductor photocatalytic
antimicrobial technology has great potential in the field of
bone repair from basic research to clinical application, and
future research should focus on the design of multi-functional
semiconductor materials with both efficient photocatalytic
performance and excellent biocompatibility to meet the needs
of bone repair. In addition, research on bone repair and
implants should focus on how to design semiconductor mate-
rials with durable antibacterial properties and avoid toxic

694 | Nanoscale Horiz., 2025, 10, 681-698
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effects on host cells. Through these technological break-
throughs, semiconductor photocatalytic antimicrobial technol-
ogy can play an important role in the field of bone repair,
promoting its transformation from laboratory research to clin-
ical application.
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