
ll
OPEN ACCESS
Review
Photoresponsive Materials for
Antibacterial Applications

Yawei Ren,1,6 Hanpeng Liu,1,6 Xiangmei Liu,2,* Yufeng Zheng,3 Zhaoyang Li,1 Changyi Li,4

Kelvin Wai Kwok Yeung,5 Shengli Zhu,1 Yanqin Liang,1 Zhenduo Cui,1 and Shuilin Wu1,7,*
SUMMARY

Recently, photoactivated sterilization, as a rapid, effective, and anti-
biotic-free antibacterial method, has attracted increasing attention
from researchers. Many outstanding photoresponsive materials,
including photocatalysts, photosensitizers (PSs), and photothermal
materials, have been developed and applied to microbial inactiva-
tion and to treat infectious bacterial diseases. This mini-review
aims to provide insights gathered from studying photoresponsive
antibacterial materials and systems, including (1) reactive oxygen
species (ROS)-based photodynamic therapy (PDT) and (2) hyperther-
mia-based photothermal therapy (PTT). In addition, potential appli-
cation fields for these methods, the remaining challenges to using
photoresponsive materials for microbial inactivation, perspectives
for the future, and prospective research directions are discussed
in depth.
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INTRODUCTION

Infectious bacterial diseases have always threatened the lives and health of human

beings, especially in the eras before antibiotics and other effective therapeutic stra-

tegies. For instance, the infamous outbreak of the bubonic plague, also called the

Black Death, which was caused by Yersinia pestis bacterial infections, claimed the

lives of 30%–50% of the European population between 1347 and 1351.1,2 Since

the 1940s, many antibiotics have been developed and applied to fight pathogenic

microorganisms.3 However, the misuse or overuse of antibiotics has been inducing

increasingly serious bacterial resistance, which stems from de novo mutations or

from resistance genes that the bacteria acquire from other organisms. According

to speculations from the World Health Organization (WHO),4 by 2050, �10 million

people will die every year from diseases caused by bacterial resistance. No drugs

are available to treat infectious diseases caused by superbugs.5 Therefore, it is ur-

gently necessary to develop effective therapeutic strategies that will inactivate bac-

teria without causing bacterial resistance.

Metal ion antibacterial agents and some natural bio-antimicrobial agents have

already proven to be promising candidates. In recent years, research concerning mi-

crowaveocaloric therapy, sonodynamic treatment, and photoactivated therapy as

effective and rapid antibacterial methods has attracted tremendous interest.6,7 Pho-

toactivated sterilization uses light irradiation at appropriate wavelengths, ranging

from ultraviolet (UV) to near-infrared (NIR), to activate photoresponsive materials,

which absorbs light energy to effectively kill pathogens in a short time by producing

radical oxygen species (ROS) or/and hyperthermic conditions. This technique

can avoid bacterial resistance by killing the bacteria rapidly, as compared to
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Figure 1. Outline of Photoresponsive Mechanisms

Outline of primary mechanisms of photothermal and photodynamic.
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conventional antibiotic treatments. Another important advantage is that the newly

developed treatment can target infected sites without damaging other organs or

surrounding tissues because the position, strength, and time of the treatment can

be conveniently controlled.8

This mini-review comprehensively considers recent representative studies concern-

ing the development of photoresponsive systems for microbial inactivation. The

antibacterial modes in these studies are categorized into two types: (1) ROS-based

photodynamic therapy (PDT), and (2) hyperthermia-based photothermal therapy

(PTT). The fabrication, characterization, and antibacterial activity of some typical

photocatalysts, photosensitizers (PSs), photothermal materials, and heterostruc-

tures are also discussed, and the underlying mechanisms of photothermal and

photodynamic effects are summarized in Figure 1. In addition, the potential applica-

tions of photoresponsive materials for microbial inactivation, as well as the remain-

ing challenges to their use, are detailed in depth.
Photoresponsive Antimicrobial Materials Based on PDT

PDT involves combating pathogenic bacteria via ROS, which is a general term

describing the chemical species formed by incomplete oxygen reduction. ROS

mainly includes superoxide anion (,O2
�), hydrogen peroxide (H2O2), singlet oxygen

(1O2), and hydroxyl radical (,OH). It is widely accepted that ROS can bind to and

damage bacterial membranes and cell walls, thereby destroying the bacterial
2 Cell Reports Physical Science 1, 100245, November 18, 2020



Figure 2. Illustration of Photoresponsive Antibacterial Systems

(A) Schematic illustration of photoresponsive antibacterial materials and systems.

(B) Schematic illustration of the specific mechanism of PDT.
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defense system. ROS can also penetrate bacterial membranes, entering the cells to

destroy proteins and lipids and, thus, directly or indirectly disrupting cellular respi-

ration and other physiological activities (Figure 2).6,9 With the increasing bacterial

resistance to antibiotics, the PDT strategy is becoming one of the best substitutes

for treating certain infectious bacterial diseases, and its popularity may be ascribed

to the following attributes.8 First, PDT is a broad-spectrum therapeutic mode

because photoexcited ROS can act on the many metabolic pathways and cellular

structures of various bacteria types, rather than on a single process or structure. Sec-

ond, PDT is a rapid and highly effective treatment mode because it instantly pro-

duces and dissipates ROS and can very quickly combat bacteria once light has

been irradiated. Most photocatalysts and PSs do not demonstrate antibacterial

properties without light irradiation. Hence, bacteria cannot discern or develop
Cell Reports Physical Science 1, 100245, November 18, 2020 3
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resistance against photocatalysts or PSs. Lastly, the serious damage PDT causes to

bacteria makes it difficult for them to transmit their self-adaptivity to the next gener-

ation in a short time.10

It is worth mentioning, however, that PDT is less effective for Gram-negative (G�)
bacteria, such as Escherichia coli (E. coli), than for Gram-positive (G+) bacteria,

such as Staphylococcus aureus (S. aureus), due to their different membrane struc-

tures. Specifically, the outer membrane of G+ bacteria is composed of multiple

layers of loose, porous peptidoglycan (PG), which can be penetrated easily by small

molecular compounds, polysaccharides, peptides, and other biomolecules. In

contrast, the PG layer of G� bacteria is relatively thin, but there is a dense lipopoly-

saccharide (LPS) and lipoprotein structure outside the cell wall that acts as a perme-

ability barrier, making G� bacteria less sensitive to ROS.11 As illustrated in Figure 1,

PDT can be achieved through various routes under light irradiation, including photo-

catalysts, PSs, surface plasmon resonance (SPR), and heterojunction and up-conver-

sion luminescence, which are presented in the following sections.

Photocatalysts for Antibacterial PDT

Many traditional semiconductor materials are often used as photocatalysts, such as

TiO2,
12 ZnO,13 and WO3,

14 which have been studied both under in vitro and in vivo

conditions to control and combat bacterial infection. Their antibacterial activity

comes from ROS produced during the photoexcitation process.9,15 To be specific,

as shown in Figure 1, the electrons (e�) excited on the conduction band (CB) reduce

O2 into ,O2
�, while photoinduced holes (h+) on the valence band (VB) oxidize H2O to

,OH, which can be further converted to other types of ROS via various catalytic

reactions.16

Due to the wide bandgap, however, most photocatalysts can only be driven by UV or

shortwave visible light, which only makes up a small portion of solar light. To reduce

their bandgaps and enhance their light absorption capabilities, many strategies

have been implemented such as elemental doping,17,18 changing their size and

structure,19 and combining them with other semiconductors.20

Dating back to 2009, graphic carbon nitride (g-C3N4) is a metal-free photocatalyst,21

and in 2014, Huang et al.22 proved that g-C3N4 exhibited antibacterial effects

against E. coli under visible light irradiation. Although g-C3N4 possesses a narrower

band gap and a better adsorption capacity than traditional photocatalytic antibac-

terial agents, it still, like most photocatalysts, faces the problem of rapid electron-

hole recombination. In a recent work,23 Zn atoms were doped into the clearance

of the g-C3N4 structure to optimize its photocatalytic performance. Thanks to the

increased vacancy resulting from the generated lattice defects, the absorption prop-

erty of g-C3N4 increased, and the absorption edge appeared as an evident redshift.

Apart from g-C3N4, many other metal-free photocatalysts have attracted wide-

spread attention. The size and structure of red phosphorus (RP) and black

phosphorus (BP) endow them with unique physicochemical, optical, and biological

properties, which make them promising photoresponsive materials for using PDT

against bacterial infections.24 For example, the present authors’ research group

deposited RP films via chemical vapor deposition (CVD) on the surface of a Ti sub-

strate, which can be used as a surgical implant.25 The results demonstrated that

the Ti-RP combination exhibited a broad-spectrum light response, with sharply pro-

moted light absorption in the NIR region, which makes up �44% of the solar spec-

trum. The strong signal of detected ,O2
� and 1O2 under 808 nm irradiation verified
4 Cell Reports Physical Science 1, 100245, November 18, 2020



Figure 3. Heterojunctions for Enhanced Photocatalytic Disinfection

(A) Schematic illustration of enhanced photocatalytic properties of MnO2/g-C3N4 heterostructure.

Reproduced with permission from Wu et al.27 Copyright 2019, Elsevier BV.

(B) Schematic illustration of TiO2–Bi2WO6 binanosheets for enhanced photocatalytic disinfection of

E. coli. Reproduced with permission from Jia et al.29 Copyright 2016, American Chemical Society.
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that RP was an ideal NIR-activated antimicrobial agent for effectively eradicating

bacterial infections on the surface of implants.
Heterostructures as Photocatalysts

In addition to narrow band gaps, a factor that reduces the photocatalytic property is

the rapid recombination of photogenerated electron-hole pairs in single semicon-

ductors.26 A effective approach to this problem is constructing heterojunctions

with two or more semiconductors, which can promote charge separations and trans-

fers. For example, an MnO2/g-C3N4 heterostructure coating was developed on the

surface of a Ti implant by the present authors’ research group.27 As shown in Fig-

ure 3, in this system, MnO2 and g-C3N4 formed a Z-scheme heterojunction, leading

to the rapid migration of e� from the CB of MnO2 to the VB of g-C3N4. The rapid

charge transfer significantly promoted the ROS yield, which denatured the proteins
Cell Reports Physical Science 1, 100245, November 18, 2020 5
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and damaged the DNA in the bacterial cells. In vitro antibacterial tests confirmed

that the coating achieved a superior antibacterial efficacy of 99.26% and 99.96%

against E. coli and S. aureus, respectively, after being exposed to visible light for

20 min.

Compared with one-dimensional (1D) materials, 2D nanosheets have a higher spe-

cific surface area, more active sites for photocatalytic reactions, and shorter perpen-

dicular distances for electron and hole mobilization, endowing them with better

photocatalytic properties.28 Jia et al.29 prepared a TiO2-Bi2WO6 nanosheet to

deal with E. coli (Figure 3). After being composited with Bi2WO6, the adsorption to-

ward the visible light of TiO2 and the separation of h+-e� pairs were obviously

promoted. The result disclosed that bacterial membranes were ruptured, and the

substance inside the bacterial cells, such as 16S rDNA and total protein, flowed

out, demonstrating that their prepared heterostructure effectively killed bacteria

via enhanced PDT under visible light.

PSs for Antibacterial PDT

Similarly, someorganic PSs can alsogenerateROS in the presenceof light andoxygen to

kill nearbypathogenicmicroorganisms.However, there are some intrinsic differencesbe-

tween PSs andphotocatalysts. PSs aremainly small, organicmolecules, while photocata-

lysts are typically semiconductive, inorganic materials. In addition, the ROS generation

mechanism isquitedifferentbetween the two.Asshown inFigure1, after light irradiation,

a PS accepts the energy of photons and is excited from the ground state to the singlet

state (1PS). Theunstable 1PSquickly releaseselectronsorenergy to reach the longer-lived

triplet state (3PS), while generating ROS to destroy pathogens.10 There are two predom-

inant mechanisms for the photochemical reactions. The type I reaction is based on elec-

tron transfer. To be specific, 3PS reacts with biomolecules, such as lipids, proteins, and

nucleic acids, generating free radicals and radical ions, which subsequently react with

O2 or H2O, leading to the generation of ROS. The type II reaction is based on energy

transfer from 3PS to O2, which directly forms 1O2. After the reactions are complete, PS

molecules return to their ground states and participate in the next cycle of reactions.30,31

Porphyrins,32 phthalocyanines,33 phenothiazines,34 and many other organic PSs

have been widely used in PDT, and they have exhibited strong antibacterial activity.

For example, a cationic porphyrin derivative was proved to be effective for the

photodynamic inactivation of S. aureus, Pseudomonas aeruginosa, and Candida al-

bicans biofilms.35 However, when a PS is used alone, the efficiency of PDT is

restricted by the poor solubility of PS and the limited intracellular O2 content.36 A

convenient strategy for increasing the therapeutic effect is to load PSs with photo-

catalysts.37,38 When combined with photocatalysts, the ROS yields can be signifi-

cantly enhanced, beyond what PSs or photocatalysts can achieve alone. For

instance, Sułek et al.39 used impregnation methods to prepare halogenated

porphyrin (F2POH) and its zinc derivative (ZnF2POH) on the surface of TiO2. This

TiO2-based hybrid material showed a higher yield of 1O2 and a stronger photores-

ponsive antibacterial ability than pure TiO2 or porphyrin alone because of the syner-

gistic effect of porphyrins and TiO2. In another work, Senthilkumar et al.40 encapsu-

lated meso-tetra (4-sulfonatophenyl) porphyrin (TSPP) with ZnO, which endowed the

hybrids with much stronger photocatalytic activity than either pristine ZnO or

porphyrin. Hence, again, the hybrid showed superior PDT efficacy against bacteria.

SPR Effect for Enhanced Optical Absorption

Some noble metals (Au and Ag) and metallic compounds (CuS) can be excited to

produce SPR, aiming to enhance the effect of PDT. Possible mechanisms for
6 Cell Reports Physical Science 1, 100245, November 18, 2020
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enhancing the SPR effect of photocatalysis under visible light have been discussed

previously.41 The first option is the charge transfer mechanism in which the plasmon

resonance activates electrons in the noble metals, which can then transfer to the CBs

of the photocatalysts.42 Another possible mechanism holds that the irradiation near

the plasmon resonance frequency of noble metals can result in intense local electric

field enhancement on the surfaces of photocatalysts, accelerating the separation of

e�-h+ pairs.43 For example, Ag/AgBr-loaded mesoporous silica nanomaterials (Ag/

AgBr/MSNs) were synthesized by the authors’ research group.44 The results showed

that the visible light absorption of the hybrid was much higher than that of Ag or

AgBr alone. In addition, the photocatalytic activity was significantly enhanced with

more ROS production. After 15 min of simulated sunlight irradiation, the Ag/

AgBr-loaded system exhibited a highly effective antibacterial rate of 99.99% against

E. coli, which was ascribed to the SPR effect of the Ag nanoparticles (NPs).

In addition to semiconductors, the light absorption and photocatalytic properties of

PSs can be strengthened by the SPR effect of noble metals combined with PSs via

loading or immobilizing processes. For example, Elashnikov et al.45 grafted modi-

fied porphyrin onto the surface of Ag NPs. The hybrids exhibited more outstanding

antibacterial activity than pure porphyrin or AgNPs alone under light-emitting diode

(LED) illumination at 405 nm, which corresponded to the absorption peak of

porphyrin and the SPR region of Ag NPs.

The light-harvesting capacities of semiconductors and PSs can also be enhanced by

metals other than Ag, such as Au and Bi. For example, Li et al.46 used Au nanorods to

decorate Bi2WO6 nanosheets (Au@Bi2WO6). Their results disclosed that the light ab-

sorption and photocatalytic properties of pure Bi2WO6 were significantly enhanced,

resulting in rapid photocatalytic microbial inactivation against both E. coli and

S. aureus (Figure 4), which was ascribed to the SPR effect of the Au nanorods.

Up-Conversion Luminescence Materials

The challenge of using UV-visible (vis) light as a light source for PDT is that it has a

poor penetration ability compared to NIR light. Unfortunately, however, most semi-

conductors cannot respond to NIR light. To overcome this restriction, up-conversion

nanoparticles (UCNPs) have been developed and are attracting increasing attention

because of their unique performance at converting the excitation of long-wave-

length light into short-wavelength light, which can more easily trigger the photody-

namic actions of visible light-responsive photocatalysts. Hence, in some cases,

photoresponsive systems consisting of up-conversion materials and semiconductors

or PSs have been developed for use with the PDT strategy. For instance, in recent

work by the current authors’ research team, a traditional semiconductor (TiO2) was

doped with proper content Er, which is one of the most frequently used rare earth

elements in up-conversion materials.47 The luminescence spectra of the doped

TiO2 proved that it could transform the NIR (808 nm) into the visible region, which

is more easily harvested to produce ROS to rapidly kill bacteria. In another work,

Yin et al.48 prepared NaYF4:Er/Yb/Mn UCNPs, modified by methylene blue (MB),

and loaded the UCNP/MB into polymeric hydrogel. To realize a deeper penetration,

a 980-nm laser was used as a light source. Under 980 nm NIR light irradiation, the

emission peak of the UCNPs was located at 650 nm, which was well matched with

the strong absorption region of MB. In other words, the emission UCNPs converted

the incident light of 980 nm into 650 nm red light, which was then used to excite the

MB and produce ROS. Therefore, the UCNP/MB-doped hydrogel showed excellent

antimicrobial efficiency, assisted by the electrostatic interaction of cations with the

bacterial membrane.
Cell Reports Physical Science 1, 100245, November 18, 2020 7



Figure 4. SPR for Enhanced Bacteria-Killing Effects

Schematic illustration of enhanced photocatalytic activity of the Au@Bi2WO6 composites for rapid

bacteria killing under NIR through SPR effects. Reproduced with permission from Li et al.46

Copyright 2019, Elsevier BV.
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Synergistic Antibacterial System Based on PDT

Despite ROS having strong bactericidal activity by participating in certain bacterial

chemical reactions, these species have a short lifetime and short penetration dis-

tance; that is to say, only those ROS generated on the surface of or near infected

sites can effectively kill bacteria, which hinders the application of PDT strategies.

To overcome this problem, many disinfection systems have been designed to

combine PDT with other sterilization methods, thus realizing a higher antibacterial

efficacy.49,50

It is widely accepted that Ag-based nanomaterials have a broad-spectrum bacteri-

cidal effect because the slow release of Ag+ can inflict physical damage to cell mem-

branes and the inside substances of bacterial cells.51 However, these nanomaterials

are also considered inherently toxic when used excessively. Therefore, in recent

years, many antibacterial systems have been constructed to combine Ag+ with

PDT to combat bacteria. For example, a hybrid Ag3PO4/graphene oxide (GO)

coating was established based on the electrostatic adsorption between Ag3PO4

and GO to attain rapid sterilization (Figure 5).52 Under the irradiation of a 660-nm

light for 15 min, the coating’s antimicrobial efficacy against E. coli and S. aureus

was 99.53% and 99.66%, respectively. The released Ag+ endowed the surface

with physical bacteria-killing performance. By inhibiting the recombination of e�-
h+ pairs and enhancing the light absorption of GO, the system, with a tunable

band gap, achieved, through the synergistic action of PDT and released Ag+,

much better antibacterial efficacy than a single component could have achieved

alone. The generated ROS enhanced the permeability of the bacterial membrane,

accelerating the rate at which Ag+ entered the cells. In addition, the dosage of

released Ag+ was controlled by the GO nanosheets, which had a large specific
8 Cell Reports Physical Science 1, 100245, November 18, 2020



Figure 5. Synergistic Antibacterial Platform Based on PDT

(A) Schematic illustration of hybrid Ag3PO4/GO coating with synergistic antibacterial behavior of

Ag+ and ROS to damage the bacterial cell membranes, proteins, and DNA. Reproduced with

permission from Xie et al.52 Copyright 2018, American Chemical Society.

(B) Schematic illustration of BP-loaded CS hydrogel for sterilization and acceleration of wound

healing under visible light. Reproduced with permission from Mao et al.55 Copyright 2018,

American Chemical Society.
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surface area that not only reduced the cytotoxicity of the silver ions for normal tissues

but also sustained stable antibacterial properties over a longer period.

Chitosan (CS), as a natural antimicrobial, is claimed to effectively kill many kinds of

pathogens and fungi through electrostatic action.53 Besides its intrinsic disinfection

ability, CS exhibits terrific biodegradability and biocompatibility, which makes it a

good carrier material.54 Therefore, much effort has been made to develop a CS

and PDT synergistic antibacterial system. For example, a BP-loaded CS hydrogel

was constructed via electrostatic interaction (Figure 5).55 In the presence of simu-

lated solar light, within 15 min, the hybrid hydrogel evidenced an antibacterial

rate of 98.90% and 99.51% against E. coli and S. aureus, respectively, due to the syn-

ergy between CS and PDT. In addition, the degradable BP products were confirmed

to induce signaling pathways, stimulating the proliferation and differentiation of
Cell Reports Physical Science 1, 100245, November 18, 2020 9
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fibroblasts by upregulating fibrinogen expression, thus hastening wound healing. In

addition to the information outlined above, synergistic sterilization systems

composed of PDT and other antimicrobial agents, such as quaternary ammonium

compounds (QACs),56 cyclodextrin (CD),57 and carbon dots,58 have been exten-

sively studied, and many advances have already been made.

Photoresponsive Antimicrobial Materials Based on PTT

Under light stimulation, many kinds of materials, including noble metal nanomateri-

als,59,60 metallic oxides,61,62 metallic sulfides,63,64 carbon-based materials,65 phos-

phorus,9,66 and polymeric nanocomposites,67,68 can convert solar energy into

heat, which can also kill pathogenic bacteria. This therapeutic strategy is called

PTT, and the materials used are called photothermal agents (PTAs). As previously

mentioned, NIR light (700–1,300 nm) more efficiently penetrates skin and tissue,

with minimal damage to healthy sites, compared to UV and visible light; thus, it is

suitable for biological applications, especially for deep disinfection6,69 and targeted

antitumor treatments.66,70,71 Because local hyperthermia damages the bacterial

structure, disrupts cell membrane permeability, and ultimately results in bacterial

death, PTT has a broad-spectrum antibacterial efficiency and will not lead to bacte-

rial resistance or side effects.72 Notably, according to the different features of the

materials used, Xu et al.73 divided the photothermal mechanism into three cate-

gories: (1) the localized SPR (LSPR) effect, (2) electron-hole generation and relaxa-

tion, and (3) the conjugation or hyperconjugation effect.

Noble Metals for Antibacterial PTT

As mentioned above, noble metal NPs have been widely used to inactivate microor-

ganisms, and they are promising PTAs due to their LSPR effect. When absorbing

light energy, they can transfer it into heat via the surface plasmons nonradiative

decay process. The light absorption ability of noble metals is relevant to their sizes,

shapes, distributions, and surface chemical states. When their sizes and shapes are

appropriately altered, they can show significant LSPR properties, which can endow

them with photothermal properties under NIR irradiation; thus, they kill bacteria

via PTT.59,74 For instance, Zhao et al.59 synthesized triangle silver nanoplates (Tri-

Ag), whose absorption was tuned to the NIR region by a simple, one-step, seedless

synthetic method. Their results showed that the photothermal conversion efficiency

of Tri-Ag was up to 58.67% under 808 nm laser irradiation, which endowed the ma-

terial with good photothermal performance. This Tri-Ag exhibited a high bacteri-

cidal efficacy of >90% against both E. coli and S. aureus. Even for two typical

drug-resistant bacteria, extended spectrum b-lactamase (ESBL) E. coli and methi-

cillin-resistant S. aureus (MRSA), the corresponding antibacterial efficiency of the

material reached up to 90.1% and 87.0%, respectively, more than that of spherical

Ag NPs. In another work, bimetallic Au-Ag NPs were successfully manufactured

through the seed-mediated growth method, using E. coli as the reducing agent;

these NPs exhibited a more remarkable PTT effect than Au or Ag NPs alone (Fig-

ure 6).60 It is worth mentioning that in addition to photothermal sterilization, Au-

Ag NPs have other clinical applications; they could, for example, achieve the ultra-

fast colorimetric detection of H2O2 without 3,30,5,50-tetramethylbenzidine and

peroxidase, an outcome that could even be observed by visual inspection.

Metal-Organic Framework-based Materials for PTT

Recently, metal-organic frameworks (MOFs), porous, crystalline materials made up

of organic and metal units held together by coordination bonds, have been attract-

ing great attention because of their flexible morphology, structure, size, and tunable

compositions.75,76 By changing the organic ligands or metallic nodes, MOFs can be
10 Cell Reports Physical Science 1, 100245, November 18, 2020



Figure 6. Bimetallic Au-Ag NPs for PTT

(A) Schematic illustration of the preparation process of bimetallic Au-Ag NPs with core-shell

structure through seed-mediated growth method. Reproduced with permission from Jiang et al.60

Copyright 2020, American Chemical Society.

(B) Schematic illustration of the applications of bimetallic Au-Ag NPs in the biomedical field.

Reproduced with permission from Jiang et al.60 Copyright 2020, American Chemical Society.
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endowed with various specific properties for different applications. For example, as

a kind of MOF, Prussian blue (PB) nanotubes have demonstrated photothermal per-

formance under NIR light.77 Although the specific mechanism of these materials is

not fully understood, they have been widely used as PTAs for treating tumors and

bacterial infections.78,79 They have also been approved for use in clinical treatment

by the US Food and Drug Administration due to their excellent biocompatibility and

biosafety. However, during light irradiation, a single MOF has some drawbacks, such

as low photothermal conversion efficiency. Therefore, researchers have developed

some methods to strengthen the photothermal performance or assist in the PTT ef-

fect of MOFs. For example, recently, the present authors’ research group used den-

sity functional theory (DFT) calculations to guide the doping of Zn into PB MOF

(ZnPB) with different doping levels; thus, the photothermal performance and
Cell Reports Physical Science 1, 100245, November 18, 2020 11



Figure 7. ZnPB for Synergistic Bacteria Killing

(A) Schematic illustration of narrowed band gap of ZnPB with different Zn doping density.

Reproduced with permission from Li et al.80 Copyright 2019, Springer Nature.

(B) Schematic illustration of enhanced photothermal conversion efficiency of ZnPB. Reproduced

with permission from Li et al.80 Copyright 2019, Springer Nature.

(C) Schematic illustration of mechanism of synergistic bacteria killing of ZnPB. Reproduced with

permission from Li et al.80 Copyright 2019, Springer Nature.
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released ions of ZnPB were optimized (Figure 7).80 The results disclosed that the

band gap narrowing effect occurred with red-shifted LSPR toward the lower energy

region as the Zn doping density was increased, which significantly enhanced the NIR

absorption of ZnPB. This kind of PB showed broad-spectrum antibacterial effects

against both G+ and G� in vitro and in vivo. It also obviously eradicated the MRSA
12 Cell Reports Physical Science 1, 100245, November 18, 2020
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biofilm, which was formed by the self-produced extracellular polymeric substances

of the bacteria and could encapsulate the bacteria as a protective barrier. This highly

effective antibacterial activity of ZnPB was ascribed to the synergistic action of PTT

and the released Zn2+. The released Zn2+ also promoted wound healing by upregu-

lating the expression of genes involved in tissue remodeling. In another work,81 the

authors’ research team prepared nanocomposites of humic acid (HuA) and zeolitic

imidazole framework-8 (ZIF-8) through the in situ growth of ZIF-8 on the surface of

modified HuA (Figure 8). Within 20 min, this exhibited a highly effective bactericidal

rate of 99.59% and 99.37% against S. aureus and E. coli, respectively, because of the

synergy of PTT and the released Zn2+.

In addition to Zn doping, electrostatic adsorption was used to assist in the PTT effect

of a hydrogel composed of quaternary ammonium and double-bond modified CS

and PB MOF particles (Figure 8), thus effectively killing bacteria.82 In this system,

the surrounding bacteria were tightly captured by the hydrogel through electrostatic

absorption; then, the normal bacterial metabolism and respiration were suppressed

by perturbing the surface potential of the bacterial membrane. Hence, the PTT killed

these bacteria rapidly with an efficacy of 99.97% and 99.93% against S. aureus and

E. coli, respectively.

Metal Sulfides for PTT

Over the last few decades, various metal sulfides have been applied in the biomed-

ical fields due to their distinctive structures and properties.64,83 Studies have dis-

closed that these sulfides possess a powerful NIR absorption ability, which makes

them highly efficient and promising PTAs. As a representative of these metal sul-

fides, CuS is a p-type semiconductor following a large number of hole carriers and

based on intrinsic Cu deficiencies in their lattice, which can cause the LSPR phenom-

enon to take the form of a different mechanism from that of noble metals. In addi-

tion, the d-d energy band transition of Cu2+ can significantly enhance PTT perfor-

mance via NIR irradiation.84 For example, in a 808-nm laser-driven system, CuS

NPs exhibited strong photothermal sterilization performance due to the d-d energy

band transition of Cu2+ (Figure 9).64 Cu2+ was also found to promote wound healing

due to its stimulation of cell proliferation. Therefore, the synthesized CuS NPs were

considered excellent wound dressings, which could both release antibacterial ef-

fects and promote skin tissue regeneration.

Various transition-metal dichalcogenides, such as MoS2, WS2, and TiS2, have also

displayed high photothermal conversion efficiencies under NIR irradiation. Taking

MoS2 for example, its band gap can vary from 1.8 to 1.2 eV, depending on its thick-

ness. By tuning the thickness and morphology of MoS2, its spectral response edge

can be adjusted to NIR, which makes it an ideal PTA for antibacterial platforms

and antitumor treatments.63,85 Similarly, Zhang et al.86 discovered that CuS@MoS2
hydrogel had a higher photothermal conversion efficiency than CuS hydrogel.

MoS2 could markedly enhance the hyperthermia phenomenon and ROS production,

ultimately leading to bacterial death. Under the irradiation of 660 nm + 808 nm light,

99.3% of E. coli and 99.5% of S. aureus were killed within 15 min.

Non-metallic PTAs

Although metal elements play crucial roles as trace elements in the physiological ac-

tivity of the body, their long degradation periods and probable residues may cause

severe side effects. In view of this, non-metallic PTAs have attracted considerable

attention. Among them, carbon and various carbon-based materials have been

considered the most promising photoresponsive biological materials due to their
Cell Reports Physical Science 1, 100245, November 18, 2020 13



Figure 8. MOF-Based Composite Materials for PTT

(A) Schematic illustration of HuA@ZIF-8 for rapid bacteria killing by Zn2+-assisted PTT. Reproduced

with permission from Liu et al.81 Copyright 2020, Elsevier BV.

(B) Schematic illustration of PB-strengthened CS hydrogels for rapid wounds through PTT and

electrostatic absorption. Reproduced with permission from Han et al.82 Copyright 2020, Elsevier

BV.
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strong optical absorptions, superior stabilities, high quantum efficiencies, and

biosafety. The underlying photothermal mechanism of these materials is that photo-

excited electrons can return to the ground state by emitting fluorescence or nonra-

diative relaxation, producing heat during this course of action.65,87 Kim et al.88 first

reported carbon nanotubes (CNTs) as exhibiting photothermal antibacterial
14 Cell Reports Physical Science 1, 100245, November 18, 2020



Figure 9. CuS-Containing Hybrid Hydrogel for PTT

Schematic illustration of CuS-containing hybrid hydrogel for bacteria killing and acceleration of

wound healing under 808 nm NIR. Reproduced with permission from Li et al.64 Copyright 2018,

Royal Society of Chemistry.
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performance. Their results disclosed the high binding affinity of CNTs to bacteria

and their inherent NIR responsiveness. Since then, high photothermal disinfection

efficiencies have been investigated in GO, reduced GO (rGO), carbon quantum

dots (CQDs), and graphene quantum dots (GQDs). To date, these carbon-based

nanomaterials and their derivatives are still being widely researched and applied

in PTT.52,89,90 For example, Yu et al.91 developed GQD-Ag NP hybrids for antimicro-

bial therapy. Compared with GQDs alone, the conjugation of Ag NPs significantly

improved the light-heat transformation efficiency under 450 nm of light irradiation.

At the same time, there was a remarkable increase in ROS yield. Hence, the GQD-Ag

NP hybrids exhibited remarkable bactericidal capability against both E. coli and

S. aureus.

Although the nanomaterials mentioned above have satisfactory photothermal prop-

erties, they still have disadvantages—biodegradation difficulty, long-term cytotox-

icity, and other side effects. With this in mind, organic PTAs, as candidates for photo-

thermal nanomaterials, are attracting increasing attention, including indocyanine

green (ICG),67 polypyrrole,92 polyaniline (PANI).93 In general, after being excited

by photons produced by NIR irradiation, organic PTAs absorb energy, rapidly

convert to the lowest excited singlet state, and then return to the ground state by

generating photons (fluorescence) or non-radiative relaxation pathways. The PTT

mechanism triggered by organic PTAs is mainly related to non-radiative relaxation

pathways, which requires materials to have a low fluorescence quantum yield and

singlet oxygen generation yield, thereby ensuring maximum energy-heat
Cell Reports Physical Science 1, 100245, November 18, 2020 15



Figure 10. Photothermal Platform Based on Organic PTAs

(A) Schematic illustration of Zn2+ assisted ZIF-8-ICG system used for the therapy of MRSA infection

using 808 nm. Reproduced with permission from Wu et al.95 Copyright 2019, MDPI.

(B) Schematic illustration of pH-dependent platform composed of PANI and GCS for imaging-

guided and precise PTT. Reproduced with permission from Yan et al.97 Copyright 2020, John Wiley-

VCH & Sons.
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conversion.87 Taking ICG as an example, as it is an amphiphilic cyanine dye, it has

strong NIR (600–950 nm) absorption features by a p conjugate system for inducing

the PDT and PTT effect, following poor singlet oxygen yield and high heat genera-

tion.94 Wu et al.95 combined ZIF-8 with ICG to successfully create a synthetic ZIF-8-

ICGMOF system, which could thoroughly ablate MRSA (nearly 100% bactericidal ra-

tio) under 808 nm irradiation due to efficient photothermal sterilization from ICG and

inhibiting bacterial growth from released Zn2+ ions (Figure 10).

Another popular organic PTA, PANI, has also shown great potential for bacteria

ablation due to its high photothermal conversion property, its great photostability,
16 Cell Reports Physical Science 1, 100245, November 18, 2020
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and, most important, its pH-dependent photothermal feature. To be specific, the

light-heat conversion property of PANI is much stronger under acidic conditions

than under neutral or alkaline conditions.96 Yan el al.97 manufactured an intelligent

and precise antibacterial nanoplatform based on the pH-dependent photothermal

feature of PANI and the pH-responsive surface charge conversion property of glycol

chitosan (GCS). As shown in Figure 10, the pH of a normal physiological region is

�7.4, while the pH of infected tissue is <6.5. Therefore, PANI could selectively act

on pathological tissues without damaging nearby normal tissues. GCS could also

make the acidic bacterial infection positions become positively charged, without

influencing the charge of healthy cells, thus helping the platform capture bacteria

more precisely. The platform could, therefore, achieve targeted and efficient steril-

ization and bring little harm to normal tissues, killing >99% of S. aureus, E. coli, and

MRSA under 808 nm irradiation.

Natural Materials as PTAs

Nature is a huge treasure trove of materials, so some researchers have shifted their

gaze toward developing natural components into PTAs. This is a promising initiative

due to the wide availability, low cost, strong biocompatibility, and negligible cyto-

toxicity of natural materials. Through extraction, purification, and further processing,

various novel and satisfactory photoresponsive antibacterial platforms have been

created from natural materials. For example, melanin-like nanomaterials, which

can be obtained from human hair, cuttlefish ink, black sesame seeds, and so forth,

are considered to be versatile and powerful PTAs with broad biomedical applica-

tions. In recent work by the present authors’ research team, negatively charged,

human hair melanosome derivatives (HHMs) were successfully extracted with the

low-temperature alkali heat method and were then combined, through electrostatic

interaction, with positively charged lysozyme (Lyso) to form HHMs-Lyso compos-

ites.72 In vitro tests proved that the HHMs-Lyso possessed excellent photothermal

conversion properties, photothermal reversibility, and cycling stability, and in vivo

tests confirmed its high antibacterial efficacy against MRSA. In addition, polydop-

amine (PDA) NPs have the same precursor molecules and similar oxidation-polymer-

ization processes with eumelanin; thus, they are known as melanin-like materials and

are being widely explored for biomedical applications.98

PTT-Based Synergistic Antibacterial System

Normal tissue caused by local hyperthermia and the unsatisfactory penetration

depth of NIR light are twomain obstacles inhibiting PTT effects.99,100 Obviously, sin-

gle PTT is not ideal for combating bacteria. To solve these questions, PTT is usually

synergized with various other antibacterial strategies for sterilization (e.g., metal ion

release, drug release, electrostatic adsorption bacteria). Through these well-de-

signed synergistic therapies, treatment time has been shortened, and the steriliza-

tion effect has been greatly improved.

Some metal ions, such as Ag+, Cu2+, Zn2+, and Au2+,101 have shown antibacterial

properties by interacting with DNA, changingmembrane permeability, desaturating

proteins, and disrupting intracellular metabolism.102 Hence, PTT has been widely

incorporated with metal ions to achieve a higher sterilization efficiency. Local heat

triggered by PTAs can accelerate the release and penetration of ions into bacteria,

thus eliminating the bacteria. For example, Cu2+ was doped into MoS2 nano-

flowers,103 where it improved the separation of the electron-hole pairs, promoted

ROS production, and enhanced the photothermal effect of MoS2 due to its d-d tran-

sition. An interesting discovery was that Cu2+ could also facilitate the oxidation of

glutathione in the bacteria, being reduced to Cu+ itself, which could act with
Cell Reports Physical Science 1, 100245, November 18, 2020 17
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H2O2 to generate ,OH and thereby lessen the bacterial resistance to the surround-

ing environment. Owing to the combined effects of heat, ROS, and released Cu2+,

the designed material exhibited an excellent bacteria-killing efficacy of 99.64%

against S. aureus under 660 nm irradiation. However, it should be noted that the

dosages off metal ions must be controlled, since large concentrations may cause

cytotoxicity.104 Compared with other antibacterial elements, Zn is a good compro-

mise between antibacterial properties and cytotoxicity. Yang et al.105 modified the

Ti surface with a bilayer film, consisting of gold nanorods (GNRs) as the inner layer

and PDA containing Zn (PDA@Zn) as the outer layer. When the Zn ions released

from the outer layer came into contact with the bacteria, they were absorbed into

the bacterial membrane and destroyed the membrane’s stability and permeability.

When the coating was irradiated with NIR, GNRs could also induce high tempera-

tures and accelerate Zn2+ release. As the concentration increased, Zn ions could

enter the bacterial cells, interacting with nucleic acids, inhibiting glycolysis, and

reducing acid tolerance. Thus, the composite coating possessed both contact and

heat-responsiveness-release antibacterial properties against E. coli and S. aureus.

In addition to being synergized with metal ion release, PTT has also been widely

incorporated with drugs to slowly release them, shorten treatment time, and

enhance the drugs’ therapeutic effects.106 For example, Ma et al.107 prepared an

antibacterial coating on Ti implants by loading the gentamicin (Gent) with polyeth-

ylene glycol (PEG)-modifiedMoS2, finally covering it with CS (Figure 11). As a broad-

spectrum antibacterial agent with good thermal stability, Gent is well suited to

synergy with PTT. When the coating was radiated with 808 nm of light, the increased

temperature accelerated Gent release and promoted its entry into the bacteria inte-

riors. With the irradiation of 808 nm of light for a short time, the composite coating

achieved a high efficiency of in situ sterilization, with antibacterial rates of 99.93%

and 99.19% against E. coli and S. aureus, respectively. Similarly, Wang et al.108

modified Au nanostars (NSs) with low-concentration vancomycin (Van). As shown

in Figure 11, the designed Au NSs displayed a strong absorption in the NIR region

due to the LSPR phenomenon and the ability of Van to selectively recognize G+.

Therefore, the platform could target and kill MRSA via the antibacterial ability of

Van and the assistance of heat produced under NIR irradiation. In another piece

of research,Tan et al.109 noted that a low-temperature antibacterial platform based

on RPNPs and conventional aminoglycoside antibiotics was developed. Different

from previous photothermal systems, this platform processed at a mild temperature

(45�C), which was not lethal to antibiotic-resistant pathogens. However, the

increased temperature could have weakened the activities of many proteins, which

may participate in the resistance processes of invalidating antibiotics. By this means,

MRSA was re-sensitized to conventional aminoglycoside antibiotics. This work

proved that low-temperature antibacterial strategies may have the potential to be

exogenous-modifying enzyme inhibitors for dealing with multiple drug-resistant

pathogens and prolonging the lives of old antibiotics.

To better enhance disinfection efficacy, the more effective the contact of the light-

responsive materials with the bacteria, the better the sterilizing effect. Among the

many ways of targeting and capturing bacteria, electrostatic adsorption is the

most common.110,111 The bacterial surface is negatively charged and, therefore, it

is easier for positively charged materials to target bacteria112—for example, metal

ions, polyethyleneimine,113 GCS,114 some amino groups.72 It is worth noting that

the process of electrostatic adsorption may be affected by the surrounding physio-

logical environments, such as pH, proteins, temperature, and salt ions.110 As a

typical example, Mei et al.115 prepared amino-functionalized GO (GO-NH2), whose
18 Cell Reports Physical Science 1, 100245, November 18, 2020



Figure 11. Antibacterial Platform Combined PTT with Drug Release

(A) Schematic illustration of the multiple high-efficiency antibacterial coating based on

photothermal and Gent release. Reproduced with permission from Ma et al.107 Copyright 2019,

Royal Society of Chemistry.

(B) Schematic illustration of Au NSs@Van for targeting and killing MRSA under 808 nm irradiation.

Reproduced with permission from Wang et al.108 Copyright 2019, American Chemical Society.
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antibacterial activity upon white light was increased by 32 times compared with GO

alone. Their results proved that the designed GO-NH2 could accumulate on bacte-

rial surfaces through electrostatic attraction and effectively damage cell membranes

through enhanced photothermal performance, resulting in cytoplasmic leakage to

sterilization. In another work, He et al.116 synthesized a comprehensive system to

combine photothermal, drug release, and electrostatic adsorption with bacteria us-

ing PDA, GNRs, GCS, and daptomycin (DAP). As shown in Figure 12, they synthe-

sized a PDA coating on GNRs, grafted it with GCS, and finally loaded DAP onto

the PDA coating. In the low pH environment of the bacterial infection sites, the
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Figure 12. Antibacterial Platform Combining PTT with Antibiotic

Schematic illustration of the preparation processes and antibacterial mechanisms of DAP-GCS-PDA@GNRs based on photothermal and antibiotic.

Reproduced with permission from He et al.116 Copyright 2018, Elsevier BV.
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composite coating became positively charged due to the unique property of GCS,

ensuring that it targeted the infection site accurately through electrostatic attraction.

GNRs and DAP could thus kill the bacteria through PTT and antibiotic therapy simul-

taneously. Finally, the bacteria inactivation efficiency of the coating against MRSA

reached �100% under 808 nm irradiation.

Chemotherapy for microbial inactivation still presents some disadvantages, espe-

cially the inability to avoid promoting bacterial resistance. Compared with chemo-

therapy, causing physical damage to bacteria will not further bacterial resistance

because it offers the bacteria no time to develop specific recognition and active tar-

gets. In addition to PTT causing bacterial death through overheating, physical dam-

age also involves physical cutting,117 magnetic responses,59 and so forth.

Benefiting from sharp edges, which look like needles or blades, graphene-like 2D

materials, acting as nanoknives, can incise or pierce microbial cellular membranes,

causing the intracellular substances to leak away and eventually leading to bacterial

death.118,119 Fan et al.120 integrated ZIF-8 with graphene and obtained ZnO-doped

C on graphene (ZnO@G). Then, they grafted the phase-size transformable thermal-

responsive brushes (TRBs) onto the ZnO@G to fabricate the TRB-ZnO@G nanocom-

posite, realizing localized multiple bacterial eradication therapies. NIR-triggered

photothermal, localized massive Zn2+ penetration, and physical cutting synergisti-

cally disrupted bacterial membranes and intracellular substances. The antibacterial

experiment results showed that the bactericidal efficiency of the synergistic system

against both E. coli and S. aureus reached nearly 100% in a short time, without accu-

mulating toxicities or damaging normal tissues.
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Magnetic response nanomaterials play a unique and ingenious role in inactivating

microorganisms due to their special magnetic properties.121 This feature is used

for multiple applications under external magnetic fields, such as magneto-thermal

drug release, magnetic release, magnetic separation, and precision target-

ing.59,122,123 Yu et al.124 designed a multifunctional, versatile antibacterial system

based on photothermal and nitric oxide (NO) release. PDA coated Fe3O4 was

synthesized as the core, exhibiting both photoconversion efficiency and superpara-

magnetic properties. Then, dendritic poly(amidoamine) (PAMAM) and

N-diazeniumdiolate (NONOate) were sequentially grafted onto the Fe3O4@PDA

surface, obtaining versatile Fe3O4@PDA@PAMAM@NONOates nanocomposites.

This nanoplatform possessed multiple functions: (1) capturing bacteria via the posi-

tively charged surface; (2) killing bacteria via the PTT effect of PDA and NO release;

(3) ensuring the photocontrol of NO release via photo-heat conversion; and (4) sepa-

rating dead bacteria with the external magnetic field.

Synergistic Systems Based on PTT and PDT

Both PTT and PDT have disadvantages when used alone. The high temperatures

necessary for PTT may burn healthy tissues.125 In addition, it is difficult for in-

fected tissues to absorb the NIR preferred for PTT. In PDT, using UV-vis irradi-

ation in vivo may also damage some healthy biological tissues.64 Therefore,

many synergistic antibacterial systems combining PTT and PDT have been devel-

oped in recent years. In these systems, ROS can increase the permeability and

thermal sensitivity of damaged bacterial membranes. Therefore, the sterilization

temperature need not reach levels at which it would scald normal tissues. Mean-

while, membrane permeability is also increased with temperature, thus strength-

ening the therapeutic effect of ROS by accelerating the leakage of proteins and

other contents from the bacteria. The following section mainly discusses these

synergistic photoresponsive antibacterial systems according to different light

sources.

Full-spectrum Responsive Synergistic Antimicrobial System

Solar energy is advantageous because it is abundant and convenient; therefore, it is

suitable as the stimulation source for photoresponsive materials. Solar light can be

used to simultaneously trigger PDT and PTT because of its wide wavelength range

covering UV, visible light, and NIR. To take advantage of the full solar spectrum, it

is wise to design composite materials that can both boost ROS generation and

convert solar energy to heat. For example, fibrous RP is not only an important semi-

conductor but also a non-negligible solar photothermal material. Hence, a fibrous

RP/ZnO heterojunction thin film was deposited on a Ti substrate to achieve rapid

disinfection through ROS-heat synergy.9 In the platform, the RP/ZnO heterojunction

showed a speedy migration of charge carriers, a narrow band gap, and intensive op-

tical absorption, endowing the system with strong photocatalytic performance.

Fibrous RP also gave the system excellent sunlight-heat conversion efficiency

(>50�C in 2 min). Many solar radiation photons have a greater amount of energy

than the RP energy band. Therefore, under exposure to sunlight, the excited carriers

are above the band gap, and they can transform the extra energy into heat via a ther-

malization course.

Synergistic Antimicrobial System Driven by Single-Wavelength Light

As mentioned above, NIR is more suitable for deep treatment than simulated solar

light. Therefore, many synergistic photoresponsive systems can also be excited by

NIR. For example, a Ti plate with Ag-loaded MoS2 was immersed in a CS solution

to obtain a 660-nm-driven CS/Ag/MoS2 antibacterial coating (Figure 13).63 As
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Figure 13. Synergistic Photoresponsive Systems Using 660 nm Irradiation

(A) Schematic illustration of enhanced photocatalytic and photothermal performances of CS/Ag/

MoS2 antibacterial coating. Reproduced with permission from Zhu et al.63 Copyright 2020, Elsevier

BV.

(B) Schematic illustration of preparation procedures and enhanced bacteria-killing properties of

Cu-doped MOFs. Reproduced with permission from Han et al.126 Copyright 2020, Elsevier BV.
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mentioned before, MoS2 possesses both a satisfactory photodynamic effect and

prominent photothermal performance. As a result, in this system, the CS/AgMoS2
coating not only strongly responded to UV-vis light but also harvested NIR, produc-

ing ROS and heat to kill bacteria. Under exposure to a 660-nm laser, the coating’s

antibacterial efficiency toward E. coli reached up to 99.77% in 20 min.

In addition, many PSs and PSs-containing materials are used as a matrix to design

synergistic photoresponsive platforms. For example, Han et al.126 introduced a

proper amount of Cu2+ into PCN-224, a kind of porphyrin-containing MOF. As illu-

minated in Figure 13, the d-d transition of Cu2+ played an important role in strength-

ening light absorption. Meanwhile, Cu2+ hindered the recombination of h+-e� pairs.

With the existence of porphyrin and the assistance of Cu2+, the synthetized Cu-

doped MOFs produced considerable amounts of ROS and translated the light

into heat when triggered by 660 nm of light, exhibiting powerful PDT and PTT

effects.

Many synergistic antimicrobial platforms have also been developed to respond to

another frequently used NIR resource: an 808-nm laser.127 In one work, a negatively

charged RP film was deposited on the Ti surface and immobilized with positively

charged IR780, a common PS. Then, the coating was modified with PDA, aiming

to enhance the RP photothermal conversion efficiency.128 PDA includes highly reac-

tive catechol groups, so it inherently possessed an antiseptic function. Owing to the

outstanding photocatalytic and photothermal performances of BP, along with the

assistance of IR780 and PDA in strengthening the photocatalytic and photothermal

properties, respectively, the in vivo tests disclosed that the temperature of the

implant site increased to 50�C after only 2 min of 808 nm laser irradiation at an inten-

sity of 2.0 W/cm2. The generation of 1O2 from IR780 showed no differences with the

variable temperature; in other words, the temperature had no adverse effect on

IR780 photocatalysis. After 10 min of irradiation at 50�C, the system eradicated

96.2% of S. aureus on bone implants due to the synergistic effects of both PTT

and PDT.
Synergistic Antimicrobial System Driven by Dual Lights

On some occasions, single-wavelength light sources may be not enough to concur-

rently induce photothermal conversion and ROS generation. Dual-light sources are a
22 Cell Reports Physical Science 1, 100245, November 18, 2020



Figure 14. PB@MOF for Synergistic Bacteria Killing

(A) Schematic illustration of the core-shell structure of PB@MOF. Reproduced with permission from Luo et al.129 Copyright 2019, American Chemical

Society.

(B) Schematic illustration of the bacteria killing processes under dual-light irradiation. Reproduced with permission from Luo et al.129 Copyright 2019,

American Chemical Society.

(C) Schematic illustration of the photocatalytic mechanism of PB@MOF Heterojunction. Reproduced with permission from Luo et al.129 Copyright 2019,

American Chemical Society.
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reasonable solution.90,129 In one work, a core-shell dual MOF (PB@MOF) was synthe-

sized, with PB acting as the core and porphyrin-doped UIO-66 as the shell (Fig-

ure 14).129 When exposed to 660 nm of light, the synthesized PB@MOF showed

satisfactory yields of 1O2. PB accelerated the separation and migration of the photo-

generated carriers, while 808 nm cannot trigger the photocatalytic activity of

PB@MOF. However, PB@MOF showed no photothermal effect under 660 nm irradi-

ation. These results indicated that 660 nm irradiation could only trigger the photo-

catalytic process, and 808 nm irradiation could only drive the photothermal process.

Furthermore, mixing light was the motivation for this antibacterial platform. Under

the irradiation of dual lights, the dual MOF concurrently exhibited a high photother-

mal conversion efficiency and rapid generation of 1O2. It is, therefore, not surprising

that within 10 min, the designed PB@MOF achieved high antibacterial efficacies of

99.31% and 98.68% against S. aureus and E. coli, respectively.
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Figure 15. DFT-C/ZnO-Hydrogel for Synergistic Bacteria Killing

Schematic illustration of DFT-C/ZnO-hydrogel for killing bacteria and promoting wound healing under dual-light irradiation. Reproduced with

permission from Xiang et al.90 Copyright 2019, John Wiley-VCH & Sons.
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PDT- and PTT-Based Multiple Synergy

The above-mentioned synergistic, photoresponsive platforms involve PDT and PTT

acting together. However, there are also some multiple antibacterial systems that

combine PDT and PTT with other mechanisms to combat microbes.

For example, an injectable antibacterial hydrogel was synthesized by binding PDA

and folic acid (FA) with Zn2+ and loading CQD-decorated ZnO (C/ZnO) NPs with

PDA (Figure 15).90 The up-conversion effect of the CQDs enhanced the ROS gener-

ation of the ZnO. The prepared hydrogel reached up to 55�Cwithin 15min under the

illumination of 660 and 808 nm of light because both PDA and CQDs could produce

heat. Meanwhile, the hydrogel released Zn2+ over 12 days, resulting in a long-lasting

antibacterial effect and promoting fibroblast proliferation. What is more, the PDA

endowed the antibacterial hydrogel with tissue adhesion, hemostatic ability, and

self-healing ability. Above all, this hybrid hydrogel exhibited great potential for heal-

ing bacteria-infected wounds and reconstructing tissues, especially for irregular

wounds, because it could perfectly match the wound shape.
Summary and Outlook

The development of photoresponsive materials and platforms for microbial inactiva-

tion has attained tremendous achievements in recent years, and Table 1 summarizes

the representative photoresponsive antibacterial materials. Compared to traditional

antibiotics, PDT and PTT can effectively treat inflammation and infection in a short

time, without invasiveness or side effects, and, most important, they do not

encourage bacterial resistance. Constructing antibacterial coatings on the surface

of biomedical implants and biomedical devices can reduce the risk of postoperative

infections, and photoactivated antibacterial dressings can both eliminate infection

and promote wound healing. In addition, the newly developed technology can be

applied to touch screen sterilization, water disinfection, and many other fields.130
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Table 1. Summary of Photoresponsive Systems for Microbial Inactivation

Photoresponsive
Components

PDT or
PTT

Light
Source

Biocides Microorganism Ref.

RP/ZnO nanofilm PDT
and PTT

solar light,
LED

Zn2+ E. coli, S. aureus 9

g-C3N4 PDT visible
light

E. coli 22

g-C3N4-Zn
2+@GO PDT

and PTT
808 and
660 nm

Zn2+ E. coli, S. aureus 23

MnO2/g-C3N4 PDT visible
light

E. coli, S. aureus 27

TiO2-Bi2WO6 binanosheets PDT visible
light

E. coli 29

Halogenated porphyrin Zn
derivatives@TiO2

PDT visible
light

E. coli, S. aureus 39

ZnO-TSPP PDT visible
light

E. coli, S. aureus 40

Ag/AgBr PDT solar light Ag+ E. coli, S. aureus 44

Porphyrin@Ag NPs PDT LED Ag+ E. coli,
S. epidermidis

45

Au@Bi2WO6 nanosheets 808 nm Au+ E. coli, S. aureus 46

Er and Ce co-doped TiO2 PDT visible
light

E. coli, S. aureus 47

NaYF4: Er/Yb/Mn@MB) PDT 980 nm MDR E. coli, MDR
S. aureus

48

Ag3PO4/GO PDT 660 nm Ag+ E. coli, S. aureus 52

BP nanosheets PTT visible
light

CS E. coli, S. aureus 55

Triangular Ag NPs PTT 808 nm Ag+ EBSL E. coli,
MRSA

59

Au-Ag NPs PTT 808 nm Au+ and Ag+ E. coli, S. aureus 60

Ag/MoS2 PDT
and PTT

660 nm CS and Ag+ E. coli, S. aureus 63

CuS PDT
and PTT

808 nm Cu2+ E. coli, S. aureus 64

Hair-melanosome derivatives PTT 808 nm lyso MRSA 72

ZnPB PDT
and PTT

808 nm Zn2+, Fe2+,
and Fe3+

E. coli, MRSA 80

HuA@ZIF-8 PTT 808 nm Zn2+ E. coli, S. aureus 81

PB PTT 808 nm CS E. coli, S. aureus 82

CuS@MoS2 PDT
and PTT

808 and
660 nm

E. coli, S. aureus 86

CQDs/ZnO PDT
and PTT

808 and
660 nm

Zn2+ E. coli, S. aureus 90

GQD-Ag NPs PDT
and PTT

450 nm Ag+ E. coli, S. aureus 91

ZIF-8-ICG PTT 808 nm Zn2+ MRSA 95

PANI PTT 808 nm GCS E. coli, S. aureus,
MRSA

97

Cu-doped MoS2 PDT
and PTT

660 nm Cu2+ S. aureus 103

GNRs PTT 808 nm Zn2+ E. coli, S. aureus 105

(Continued on next page)
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Table 1. Continued

Photoresponsive
Components

PDT or
PTT

Light
Source

Biocides Microorganism Ref.

MoS2 PTT 808 nm Gent and CS E. coli, S. aureus 107

Au nanostars PTT 808 nm Van E. coli, MRSA 108

RP PTT 808 nm Gent MRSA 109

GO-NH2 PTT solar light E. coli 115

GNRs PTT 808 nm DAP and
GCS

MRSA 116

ZnO@G PTT 808 nm Zn2+ E. coli, S. aureus 120

Fe3O4@PDA PTT 808 nm NO E. coli, S. aureus 124

Cu-doped PCN 224 PDT
and PTT

660 nm Cu2+ E. coli, S. aureus 126

RP-IR 780-PDA PDT
and PTT

808 nm – E. coli, S. aureus 128

PB@UIO-66-TCPP PDT
and PTT

808 and
660 nm

– E. coli, S. aureus 129

ll
OPEN ACCESS Review
Even though these achievements, as reviewed above, are impressive, it should be

emphasized that some challenges remain. Although various bacteria platforms

have been reported, most of them are proofs of concepts, and some models could

only be fabricated under laboratory conditions due to the sophisticated prepara-

tion processes and complex usage procedures. Therefore, simple, economical,

practical, convenient, and reproducible materials and therapies should be given

more attention in future studies.131 Despite solving the problem of drug resis-

tance, the required dosage of photoresponsive materials is much higher than

that of antibiotics, and most current photoresponsive materials are nondegrad-

able, so cytotoxicity must be emphasized. In addition, the phototoxicity of light

sources, which may damage normal tissues, has not yet received enough attention.

In future research, optimizing materials’ photoresponsive abilities to reduce the

required intensity of the excitation source will be the most effective solution.

Finally, the present authors hope that this review will inspire more researchers to

follow this path of study and develop promising photoresponsive materials for

antibacterial applications.
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