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Major medical advances in antibiotics for infectious diseases have dramatically

improved the quality of life and greatly increased life expectancy. Nevertheless,

the widespread and inappropriate exploitation of antibacterial agents has

resulted in the emergence of multi-drug-resistant bacteria (MDR).

Consequently, the study of new drugs for the treatment of diseases

associated with multi-drug-resistant bacteria and the development of new

treatments are urgently needed. Inspiringly, due to the advantages of a wide

antimicrobial spectrum, fast sterilization, low resistance, and little damage to

host tissues and normal flora, antibacterial photodynamic therapy (APDT),

which is based on the interaction between light and a nontoxic

photosensitizer (PS) concentrated at the lesion site to generate reactive

oxygen species (ROS), has become one of the most promising antibacterial

strategies. Recently, a burgeoning APDT based on a variety of upconversion

nanoparticles (UCNPs) such as PS and near-infrared (NIR) light has been fully

integrated in antibacterial applications and achieved excellent performances.

Meanwhile, conjugated nanoparticles have been frequently reported in UCNP

design, including surface-modified PS conjugates, antibiotic-PS conjugates,

and dual or multiple antibacterial modal PS conjugates. This article provides an

overview of the state-of-the-art design and bactericidal effects of UCNPs and

their based APDTs. The first part discusses the design and mechanisms for

UCNPs currently implemented in biomedicine. The second part focuses on the

applications and antimicrobial effects of diverse APDT based on UCNPs in

antibacterial-related infectious diseases.
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1 Introduction

At the beginning of the 20th century, infectious diseases

caused by pathogenic bacteria were among the leading causes of

death and presented growing challenges to health security and

human progress (Cohen, 2000; Nii-Trebi, 2017). The emergence

of antimicrobial agent was primarily responsible for the

improvement in cure rate and decreases in mortality for

infection diseases (Huh and Kwon, 2011). However, with the

increasing abuse of antibiotics in treatment and more and more

infections caused by multi-drug-resistant bacteria (MDR),

resistance to antibiotics has reached a rather tedious situation

(Metlay et al., 2006; Martinez and Silley, 2010; Fair and Tor,

2014). Even now, first-line antibiotics currently used are

invalidated in clinical therapy (Blair et al., 2015). Therefore,

discovering new drugs or inventing an efficient and nontoxic

bactericidal treatment has been constantly attempted to match

up to the pathogenic bacteria’s speediness and frequency

variation.

Unprecedented superiority of nanomaterials and novel

mechanisms of action have been introduced to establish a

potent platform that is capable of eliminating pathogenic

bacteria efficiently without the risk of drug resistance (Cieplik

et al., 2018a; Zhang et al., 2018). Antibacterial photodynamic

therapy (APDT), a promising alternative approach, has been

believed to meet the pressing need. Light with an appropriate

wavelength and a biosafety photosensitizer (PS) with a matching

absorption spectrum make up the APDT (Karner et al., 2020).

After the activation, usually by ultraviolet (UV) or visible range

emission light, the excited PS could undergo a chemical reaction

with oxygen that generates reactive oxygen species (ROS),

including singlet oxygen (1O2) and a hydroxyl radical around

rapidly (Karimi et al., 2017; Xu et al., 2017). The above oxidative

burst could kill bacteria selectively and efficiently (Cieplik et al.,

2015; Cieplik et al., 2018b). This therapy method has been

investigated in abundant in vitro and in vivo studies and often

reached an inactivation ratio of more than 5 log10 of CFU

(colony forming units) (Boyce and Pittet, 2002). In particular,

a lot of evidence suggests that APDT has emerged as an effective

modality for MDR infections such as S. aureus, A. baumannii,

Klebsiella pneumoniae, E. coli, and so on (Zhang et al., 2018; Jia

et al., 2019; Li et al., 2020a; Tosato et al., 2020). However, the

limited penetration depth in biological tissues ranged from

60 µm to several millimeters of UV or visible light and the

toxicity of UV in particular weakened APDT therapeutic

efficacy for deep-tissue infection to a great degree (Sharma

et al., 2011; Hou et al., 2016; Liang et al., 2016).

Judging from the limitations highlighted above, among

multiple nanomaterials, upconversion nanoparticles (UCNPs)

that are usually doped with lanthanide rare earth elements have

attracted wide attention in biomedical diagnosis and treatment

(Idris et al., 2015a). The core principle of UCNPs is based on the

anti-Stokes shift luminescence mechanism, which could covert

near-infrared (NIR) light into UV or visible light in keeping with

the activation wavelength of existing PS. Compared with UV and

visible emission light, NIR light, whose wavelengths range from

650 to 1,350 nm, has better penetration depth in the soft tissue

(Weissleder, 2001). Along with the superb penetration depth of

NIR excitation, UCNPs have represented an enormous

preponderance of PS loading nanoplatforms in NIR-triggered

APDT to overcome the drawbacks mentioned above. As a result,

traditional and clinically effective PS could continue to be used

for deep-tissue therapy. Moreover, UCNPs have high chemical

stability and could be easily functionalized by linking specific

peptides, antibiotics, small-molecule drugs, or metallic elements

to extend biological applications with high sensitivity and

selectivity (Rao et al., 2017). Conjugates are a commonly used

method for improving nanomaterial performance in antitumor

ability, biosafety, drug delivery, and other properties in

biomedical applications (Tan and He, 2021; Wang et al.,

2021). Conjugated UCNPs with polymeric composite,

antibiotics, silica coating, PS, and other functionalized

nanoparticles were also constructed to increase antibacterial

activity or achieve multiple strategy sterilization.

Clearly, in the future, for the UCNPs designed for

antibacterial or antitumor application, conjugation strategy

will be continually used to gain more effective function or

synergistic effect. In recent years, plenty of significant reviews

on UCNPs and their based APDT treatment have been

announced, mainly focusing on the catalysis, luminous

performance, bioimaging applications (e.g., MRI, X-ray CT

imaging, photoacoustic (PA) imaging, NIR thermal imaging,

and upconversion luminescence imaging), and tumor

treatment (e.g., chemotherapy and radiotherapy) (Cheng et al.,

2013; Wang et al., 2013; Kim et al., 2017; Wang et al., 2017; Duan

et al., 2018; Dong et al., 2019). Nevertheless, the systematic

antibacterial and anti-infection effects of UCNPs and its based

APDT treatment with different material designs were rarely

reviewed. Therefore, this review began with a brief overview

of the current state of antibacterial and anti-infective therapy,

followed by a preliminary outline of the antibacterial mechanism

of UCNPs and the APDT treatment based on it. In addition, this

article presented a comprehensive overview of novel

achievements in nanomaterial compositions and the

antibacterial applications of their based APDT against

infectious diseases. We hope that this article will provide

guidance for developing a new anti-infection strategy in the

future.

2 Information sources and search
strategy

The search was conducted through the PubMed, Web of

Science, and Google Scholar databases using standardized

methodological filters up to September 2015 across all

Frontiers in Chemistry frontiersin.org02

Lv et al. 10.3389/fchem.2022.996264

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.996264


databases with no time restrictions. Only English version articles

were selected. Search strategies were mainly constructed based on

these keywords: “upconversion”, “photodynamic therapy”, and

“antibacterial” as follows: (“upconversion” OR “upconversion

nanoparticles”) AND (“photodynamic therapy”) AND

(“antibacterial” OR “bacteria” OR “infection”). In addition, the

retrieved papers were manually selected to find relevant articles.

3 Antibacterial mechanism of
antibacterial photodynamic therapy

A typical APDT process is made up of three inseparable

parts: PS (light-absorbing molecule), a light source with a specific

spectrum, and dissolved oxygen in cells (Hu et al., 2018). After

administration of PS and external light irradiation, PS-absorbed

photons then translate from the ground state to a temporary

singlet state. After that, via “intersystem crossing” or spin–flip of

the HOMO electron singlet state, PS could produce relatively

steady triplet state species, which could generate a large amount

of ROS in a short time (Hamblin, 2018). ROS could cause

bacteria to be damaged in a variety of ways and then control

infection (Vaishampayan and Grohmann, 2021). Benefiting from

its unique antibacterial mechanism, APDT does not lead to drug

resistance in bacteria, which gives it a huge advantage over

conventional antibacterial drugs (Bekmukhametova et al., 2020).

The pathways of ROS generation could be divided into two

types (Figure 1A). Type Ⅰ showed that the excited PS could

interact with the cellular membrane directly and then lead to

electron or hydrogen shifting between PS and substrate, which

could release hydroxyl radicals (·OH), superoxide anion (O2
−),

and hydrogen peroxide (H2O2). Type Ⅱ demonstrated that the

energy from irradiation could be transferred from molecular

oxygen to highly oxidative properties. According to past research,

Type II in the formation of hydroxide was extremely crucial to

the therapeutic effect of APDT. Interestingly, Type Ⅰ usually
prevails in the dominant position in low-oxygen environments,

and both pathways could occur simultaneously (Kwiatkowski

et al., 2018). ROS can harm bacteria in a variety of ways

(Figure 1B), including DNA destruction, lipid peroxidation,

FIGURE 1
(A) Illustration of the photochemical mechanisms of PDT types I and II. 1PS, PS in a first excited state; 3PS, triplet-state PS;·OH, hydroxyl radical;
O2−, superoxide anion; and H2O2, hydrogen peroxide. PS reaches the 1PS by absorbing energy, and a part of 1PS is converted to 3PS by intersystem
crossing, and the other part is converted back to the ground state by internal conversion. Triplet PS produces ROS in two ways: Type Ⅰ electron
transfer; Type II energy transfer. After that, 3PS goes back to the ground state (PS) through phosphorescence (Ghorbani et al., 2018). (B)
Illustration of the three ROS antimicrobial mechanisms: Membrane disruption; DNA damage; and damage to intracellular components (Knoblauch
and Geddes, 2020).
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enzymatic system inhibition, and protein denaturation. ROS

could not only induce the destruction of normal functions of

DNA inmicrobial cells, but also result in the peroxidation of lipid

in the cell membrane and the disruption of the normal function

of the lipid layer. The abovementioned changes could block the

working of membrane-located receptors and proteins that lead to

cell perforation, losing cytosolic contents, and a decrease in

enzyme activity (Memar et al., 2019). However, there are still

some limitations in APDT, such as the limited tissue penetration

and underlying risk of cytotoxicity due to the common use of UV

or visible light as an exciting light (Ovais et al., 2020).

This section may be divided by subheadings. It should

provide a concise and precise description of the experimental

results, their interpretation, and the experimental conclusions

that can be drawn.

4 Upconversion luminescence
mechanisms

Recently, UCNPs have drawn extensive attention because of

their higher stability, ideal signal-to-noise ratio, and ability to be

easily activated by low-energy photons (Sun et al., 2019). For

instance, the role of UCNPS in improving photoelectric

conversion efficiency has received widespread attention in the

area of solar cells (Guo et al., 2021). UCNPs are distinct optical

nanomaterials and the most representative is lanthanide-doped

UCNPs, which exhibit favorable photo-bleaching resistance,

deep-tissue penetration performance, and minimal photo-

damage (Liang et al., 2020b). The structure of UCNP

comprises an inorganic photostable host matrix, a sensitizer,

and an activator (Figure 2A). The activated ions provide

luminescent centers, the sensitized ions absorb NIR light, and

thematrix provides a crystalline host lattice structure. UCNPs are

usually prepared from rare earth fluorides doped with transition

metal (3, 4, 5 days), lanthanide (4f), or actinide (5f) ions.

Trivalent lanthanide ions are the most ideal doping materials

at present (Yao et al., 2020). Not all UCNPs are suitable for the

applications in APDT. Many factors, such as production cost,

material biotoxicity, UCL efficiency, and so on, should be

considered in a variety of UCNPs. UCNP emission

wavelength can be modulated precisely by choosing the type

of lanthanide dopants in a UCNP in the right way (Zhang and

Zhang, 2021). Therefore, by adjusting the type of doping

material, UCL could emit ultraviolet and visible light that

excites the traditional APDT system. NaYF4 is considered one

FIGURE 2
(A) (a) The basic composition of UCNPs: matrix material, activated ions, and sensitized ion; (b) schematic illustration of the mechanism of
organic dye-sensitized UCNPs (Liang et al., 2020a). (B) Excited-state absorption (ESA), energy transfer upconversion (ETU), cooperative sensitization
upconversion (CSU), cross relaxation (CR), and photon avalanche (PA). The red, violet, and green lines, respectively, represent photon excitation,
energy transfer, and emission processes (Chen et al., 2014).
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of the most effective matrix materials in biological implications

due to its advantages of high chemical stability and low photon

energy. Yb3+ or Nd3+ is the most commonly used sensitizer ions,

has larger absorption cross-sections, and can completely transfer

the absorbed energy to adjacent excited ions in the crystal lattice.

The most common activating ions is the lanthanide ion Yb3+.

Activated ions are essential to the entire UC emission process.

The activator is responsible for emitting visible light and UV light

from NIR light absorbed by sensitized ion conversion, making

Er3+ or Tm3+ the best candidates because of their long-lived

intermediate energy states and because it is convenient to move

them from the excitation of their intermediate state to the higher

state (Yan et al., 2017).

There are five types of upconversion luminescence (UCL)

mechanisms (Figure 2B) of upconversion nanoparticles: 1)

excited-state absorption (ESA), 2) energy looping/photon

avalanche (PA), 3) energy transfer upconversion (ETU), 4)

cooperative sensitization (CS), and 5) energy migration

upconversion (EMU). Notably, PA is rarely found in

lanthanide materials (Lin et al., 2021).

ESA is the continuous absorption of one or more photons

from the ground state to the intermediate excited state, thus

obtaining UC emission (Zhou et al., 2015). ETU is similar to

ESA and could play a key role in upconversion luminescence

due to its high UCL efficiency (Mahata et al., 2017). The

sensitizer ion (ion 1) with a larger absorption cross could

reach the excited level state by absorbing a pumping photon.

Then, energy could be later transferred to the neighboring

activator ion (ion 2) in the ground state or intermediate state.

The upconversion emission is then released once the excited

activator returns to the lower energy or ground state. The ETU

generally requires that the sensitizer and activator ions be at

an appropriate distance to realize efficient non-radiative

energy transfer (Li et al., 2020b).

EMU and CS require multiple centers in the sensitization or

luminescence process, which involve cooperative effects. In the

case of cooperative sensitization, two excited ions (ions 1 and 2)

absorb one photon to generate their excited levels and then

together, transfer the energy to another ion (ion 3) to upgrade its

excited-state level. In the case of cooperative luminescence, two

excited interacting ions (ions 1 and 2) could absorb one photon

and cooperate in producing the emission (Li et al., 2020c;

Kandoth et al., 2021; Li et al., 2021).

The transition of UV or visible light from long wavelength

excitation radiation is a unilinear anti-Stokes luminescence

process. UCNPs absorb two or more low-energy photons and

then emit higher energy light, which is different from the

common Stokes luminescence type. By virtue of the long-lived

and real ladder-like intermediate levels of rare-Earth ions,

UCNPs could effectively convert NIR light into a higher

energy emission photon, thus NIR to UV and visible light,

which enables PS to be excited by deep-tissue bioimaging light

(Sivasubramanian et al., 2019). Hence, using UCNPs combined

with NIR, the undesirable aspects of UV- and visible light-

activated material can be accordingly addressed. As an

example, Figure 3 illustrates the APDT mechanism of NaYF4:

Yb3+/Er3+@ZnO (Karami et al., 2021).

5 Upconversion nanoparticles in
antibacterial photodynamic therapy

This part mainly reviewed several different designs of UCNPs

in recent years for APDT. As mentioned before, to convert UV-

excited PS into NIR or visible light, UCNP conjugates are a

feasible measure. Furthermore, hydrophobic ligands on the

surface of UCNPs impede their dispersion in an aqueous

environment and in biological applications due to the

common fabrication routes (Idris et al., 2015b). Therein,

surface modification is common in UCNPs to improve the

hydrophilicity, biocompatibility, and PS-carrying capacity.

There are five normal methods of surface modification: ligand

removal, ligand exchange, ligand attraction, ligand oxidation,

and surface silanization (Sedlmeier and Gorris, 2015). Among

the many methods, surface silica coating and polymeric coating

are the two most commonly used in APDT. These PS and

surface-modified UCNPs conjugates cannot only generate

non-ultraviolet excitation, but also have better

biocompatibility and hydrophilicity.

5.1 Surface silica coating

Silica (SiO2) is widely used in the surface modification of

UCNPs due to its great biocompatibility, optical transparency,

tunable pore size, and chemical stability. In addition, the silica

layer can carry other functional groups more easily, such

as −SH, −NH2, and −COOH (Li et al., 2022).

FIGURE 3
The dopant Yb3+ and Tm3+ ions convert 980 nm of NIR light
into UV light. The ZnO in the outer layer of the core-shell structure
absorbs UV light to produce ROS and achieve the antibacterial
effect (Karami et al., 2021).
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Tou et al. (2017) have synthesized a core–shell–shell

structure UCNPs by sequentially coating SiO2 and ZnO

nanoparticles on the surface of NaYF4: Yb
3+/Tm3+, enhancing

the water-solubility and structural uniformity of the nanoparticle

(UCNPs@ZnO). Under the 980-nm NIR condition, ZnO was the

PS to generate ROS. In the antibacterial experiments, the MIC

values of the UCNPs in E. coli, S. aureus, and C. albicans

experiments were far below the standard value.

Tan et al. (2018) designed similar double-layer core-shell

UCNPs, aiming to improve the visible light absorption of ZnO.

The co-doped material Zn1-xMnxO as the outer layer could

increase the efficiency of the photocatalytic activity of ZnO,

thereby improving the absorption capacity and exhibiting a

higher inhibitory effect on E. coli and S. aureus cells, which

has been proved by MIC experiments.

A core-shell UCNP coated with mesoporous silica has been

reported by Grüner and coworkers. They loaded silicon (IV)

2,9,16,23-tetra-tert-butyl-29H, 31H-phthalocyanine

dihydroxide (SiPc) onto the surface of a mesoporous silica

shell. E. coli was eradicated, and S. aureus was significantly

reduced, whereas under 978 nm irradiation, the inhibition

toward Gram-positive S. aureus was not apparent. It is

possible that the thickness of the mesoporous silica layer

and the peptidoglycan layer of Gram-positive bacteria

contribute to this phenomenon. Further studies should be

carried out on that mesoporous silica coating to enhance

ROS diffusion (Grüner et al., 2018). Zhang et al. developed

silane-coated UCNPs (NaYF4: Yb3+/Tm3+/Mn UCNPs).

Chlorine 6(Ce 6) was loaded onto the hydrophobic layer.

Mn doping could enhance red region emission and then

improve PDT efficiency. Several different concentrations of

Mn-doped UCNPs were established to identify the Mn-doping

enhancement to APDT. Three main periodontal pathogens

have been chosen (S. sanguinis, P. gingivalis, and F.

nucleatum). Live/dead stain images clearly illustrated that

with the increase of Mn doping, the antibacterial effect

becomes more effective. CFU experiments further confirmed

this enhancement, under 980 nm NIR irradiation, 10% Mn

doping groups and Mn free doping UCNPs (NaYF4@Ce6@

silane) showed similar inhibition (within 1 log). With the

increase of Mn doping, 30% Mn-doping groups showed

more than 2log CFU reduction which demonstrated good

sterilization activity. The inhibition of extracellular

polymeric substances (EPSs), which is extremely important

to pathogen resistance, has been considered. The EPS

reduction in several groups exhibits similar results.

Periodontitis is a serious oral disease. Meanwhile, the

complicated structure of the periodontal pocket and dental

plague perplex the APDT in periodontitis treatment. In this

work, molar tooth samples were used to culture pathogen

biofilm and simulate human oral conditions. However, there

is no in vivo experiment to further confirm the treatment effect

of periodontitis in animal models (Zhang et al., 2019).

5.2 Polymeric coating

Li et al. (2016) reported a PAA surface coated with UCNPs@

PFVCN and its inhibition to E. coli. PFVCN acted as a PS and

increased the FRET (fluorescence resonance energy transfer)

efficiency that may produce more ROS during laser treatment.

The CFU reduction showed that under 980 nm NIR laser

irradiation for 30 min, 90% of bacterial cells were killed.

Fluorescence imaging tests further confirmed the sterilization

activity.

Liu et al. first developed a NIR-triggered APDT for

extensively drug-resistant Acinetobacter baumannii (XDR-AB),

which is a vital bacterium for hospital infection. Free-ligand

LiYF4: Yb3+Er3+ UCNPs are coated with PVP (polyvinyl

pyrrolidone) to load RB (Rose Bengal) as the PS. In this

report, in vitro and in vivo antimicrobial experiments of

UCNPs-PVP-RB were organized to measure the APDT

efficiency for XDR-AB. The in vitro test indicated that upon

980 nm NIR 10 min, the 50 μg ml−1 UCNPs-PVP-RB induced a

4.72 log10 CFU reduction, which was almost equal to the effect of

extremely overdosed polymyxin B (4.90 log10). In the in vivo test,

the recovery time and the HE-stained tissue slices of the XDR-AB

infected wound on the mice’s back proved the excellent

antibacterial effect of these UCNPs. Furthermore, they

compared 980 and 550 nm light-triggered APDT in vitro on

5-mm thick pork tissue and showed that NIR light was superior

for treating deep-tissue infections (Liu et al., 2020a).

Titanium dioxide nanoparticles have good biocompatibility

and stability and could produce ROS under UV conditions. Qi

and coworkers designed β-NaYF4: Yb3+/Tm3+ UCNPs@TiO2

with the coating of PVP. With the 980-nm NIR light, the

viability of three main periodontal pathogens (e.g., S.

sanguinis, P. gingivalis, and F. nucleatum) has been greatly

reduced compared with the commercial APDT drug (Qi et al.,

2019).

5.3 Antibiotics or antibacterial materials
assembled upconversion nanoparticles in
antibacterial photodynamic therapy

Although drug resistance and side effects limit the use of

antibiotics in current anti-infection treatments, antibiotics are

still one of the most effective drugs for treating bacterial

infections. Some inorganic materials such as Ag+ and Cu2+

have excellent antibacterial activity, and they have also been

maturely used in infection treatment. Some attempts to combine

antibiotics or other antibacterial drugs with PS that developed

UCNPs-PS-drug conjugates have achieved good results (Hou

et al., 2020). After 10 min of NIR light irradiation, 8.33 ×

106 ml−1UCNPs@SiO2(MB)@AgNCs had a 100% bacteria

killing rate for both E. coli and S. aureus. In dark conditions,

this nanomaterial also exhibited an antibacterial effect to some
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extent, which means these silver-coated UCNPs have a dual-

mode synergistic sterilization effect. The toxicity of heavy metal

ions cannot be ignored. In this article, the biodiversity analysis

was lacking. Thus, the ideal concentration of UCNPs@SiO2(MB)

@AgNCs in vitro experiments could be limited due to the toxicity

of silver ions or MB (Liu et al., 2020b). Considering the potential

risk of noble ions, assembling a low-toxicity antibacterial

composite seems to be an ideal choice. For instance, surface

coating with high-biosecurity antibacterial material, such as

chitosan, was also used to enhance the antibacterial efficiency

of APDT and reduce its toxicity. Liu et al. created curcumin-

assembled UCNPs that have a nearly 100% MRSA elimination

ratio in vitro. Furthermore, a post-surgery MRSA infection

model with SD rats has been established. In an in vivo test,

80% of MRSA cells have been eradicated in rats’ deep joint

infection areas, which demonstrates high antibacterial activity in

deep-tissue infection as shown in Figure 4 (Liu et al., 2018).

Li et al. (2017) reported an APDT system based on cationic

N-octyl chitosan (OC)-coated UCNP loaded with the

photosensitizer zinc phthalocyanine (OC-UCNP-ZnPc).

Cationic compounds could interact with the bacteria’s

negatively charged cell membrane and increase cell

permeability or prevent necessary nutrient exchange in

bacterial cell membranes. Furthermore, cationic compounds

have high specificity for both Gram-negative and Gram-

positive bacteria, which can increase the specificity of UCNPs

to bacteria. In vitro and in vivo tests demonstrated powerful

antibacterial properties against methicillin-sensitive S. aerues

(MSSA), methicillin-sensitive Staphycoccus epidermidis

(MSSE), E. coli, P. aeruginosa, and four drug-resistant strains

of these bacteria at the same concentration (125 μg ml−1) and

980 nm laser irradiation for 10 min. The power density of the

980 nm laser is 0.4 W cm−2. The viability of MSSA was

completely inhibited at 250 μg ml−1. Due to the difference in

storm structure between Gram-positive bacteria and Gram-

negative bacteria, Gram-positive bacteria were more sensitive

to APDT. The MTT assay was used to determine the cytotoxicity

of normal human liver cells L02 and normal breast cells HCL-

100. The results indicated that even at 800 μg ml−1, cell activity is

still more than 80%.

Multiple mode-based synergistic antibacterials were also

reported, which combined the APDT mode with

photothermal therapy (PTT) or sonodynamic therapy (SDT).

These conjugates were loaded with PS and related functional

particles. Synergistic therapy strategies have also been applied in

antitumor field. Xu and coworkers developed a biodegradable

copper/manganese silicate nanosphere (CMSN)-coated UCNP

conjugate system for CDT (chemodynamic therapy)/PDT

synergistic antitumor therapy with NIR light (Xu et al., 2020).

To achieve single-wavelength light-triggered PDT-PTT, Zhou

et al. built poly (selenoviologen) (PSeV)-assembled UCNPs

(NaYF4: Yb
3+/Tm3+@NaYF4). Under 980 nm NIR irradiation

for 4 min, 2.5 × 10−6 M UCNPs/PSeV eradicated 98.3% of

MRSA cells, whereas the individual bacterial killing ratio of

FIGURE 4
The PAA surface-modified UCNPs were assembled with PSeV to formulate a PTT and PDT synergistic conjugates. Photothermal and
photodynamic effects combined to kill MRSA in deep tissue with NIR light (Zhou et al., 2020).
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UCNPs and PSeV was far below that of the synergistic effect

(Zhou et al., 2020). Yin et al. (2014) designed (UCNPs/MB/CuS)

combined PDT with PTT to obtain a high therapeutic effect via

synergistic effects. Zhao et al. (2020) designed UCNPs@mSiO2

(RB)-AgNPs through PDT, SDT, and nano silver ions, three

mechanisms to kill methicillin-resistant Staphylococcus aureus.

Under 980 nm irradiation and supersonic for 10 min, in vitro

tests suggested that the killing efficiency of 45 μg ml−1 UCNPs@

mSiO2 (RB)-AgNPs has reached 100%. Both the PDT and SDT

experiments showed that the two have synergistic effects. The

released silver ions not only enhanced the instant antibacterial

effect under PDT and SDT treatment but also showed long-term

bacterial inhibition without PDT or SDT treatment. The material

also showed strong antibacterial activity in extended incubation

experiments, both in dark conditions and PDT + SDT

treatments, which showed brilliant long-term antibacterial

stability.

6 Limitations for upconversion
nanoparticle-based antibacterial
photodynamic therapy

Although UCNPs have been applied in many fields and

shown huge potential, there are still many limitations that

need to be improved and discussed in future research. The

crystal structure, dopant ions, and surface functionalization of

UCNPs with different capping agents strongly influence the UCL

process for their practical use. In addition, nanoparticle size also

has a great effect on the material. Smaller UCNPs have higher

endocytosis efficiency but also possibly reduce UCL efficiency

(Borse et al., 2022). Ultrasmall-sized (such as < 5 nm) UCNPs

have poor UCL efficiency. However, large UCNPs cannot be

eliminated by the kidney, and the elimination is mainly through

the biliary tract, but this route needs more time and has a

potential risk of hepatotoxicity (Chen et al., 2020).

Another noteworthy phenomenon is the overheating of

biological tissues. Well-designed UCNP-based PTT systems

could be used in the antitumor or antibacterial area. However,

overheating due to the absorption of 980 nm NIR light by water

may cause damage to normal soft tissues (I et al., 2020). 808 nm

NIR light-triggered PDT systems have been reported to

overcome this problem (Lee et al., 2020). But shorter

excitation wavelengths mean less soft-tissue penetration (Chan

et al., 2022). It has been reported that biological-window II

(1,000–1700 nm) has a good application prospect in high-

resolution imaging of deep tissue (Xiang et al., 2021).

Furthermore, despite many reports of cytotoxicity of UCNPs

within days, in vitro tests have shown promising results.

Considering the complexity of many UCNP systems, the long-

term stability and biosafety of these nanoparticles need to be

seriously investigated. More research is also needed into the

effects of UCNPs on the nervous and immune systems in humans

(Jethva et al., 2022).

Species of bacteria also influence APDT efficiency. The

special cell wall structure of Gram-negative bacteria makes it

more difficult to be killed by ROS than Gram-positive bacteria.

The membrane’s external face contains all the LPS, whereas the

internal face contains most of the phospholipids. In contrast,

Gram-positive bacteria have a cell wall that consists of a

cytoplasmic membrane surrounded by a layer of relatively

porous peptidoglycan and lipoteichoic acid that facilitates

penetration of the photosensitizers into the inner membrane

(de Siqueira et al., 2022). As mentioned before, especially in the

single-mode APDT system, the elimination effect of UCNPs

against Gram-negative bacteria such as E. coli was generally

significantly lower than that against Gram-positive bacteria such

as S. aureus. Thus, in the treatment of deep Gram-positive

bacterial infections, the efficiency of APDT may be reduced.

Besides, in addition to in vitro experiments, more attention

should be paid to animal experiments, especially in deep-

tissue infection models. Improving UCNP doping, light

sources, and using multimodal synergistic antimicrobial

strategy will be the main research directions in the future

(Song et al., 2021).

7 Conclusion

UCNPs have attracted great attention in recent years

because of their UCL properties. A number of previous

studies have reported its antitumor, microbiological, and

bioimaging properties. In this article, APDT on the basis of

UCNPs has been briefly reviewed by the components,

mechanisms, utilization, and current situation. It appears

that antibacterial photodynamic therapy will be more

closely integrated with other antimicrobial therapies in the

future to achieve higher bactericidal efficiency and lower

damage to the human body. NIR light-triggered APDT

damage to normal tissue is negligible, and its deep

penetration guarantees a stronger therapeutic effect than

ultraviolet light. Certainly, toxicity to the mammalian

nervous system and other tissues should be further studied,

and light conversion efficiency and tissue penetration depth

should also be further improved. To date, UCNPs have a

promising future in antibacterial treatment, and it may be the

first option for antibacterial therapy in clinical practice.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material; further

inquiries can be directed to the corresponding author.

Frontiers in Chemistry frontiersin.org08

Lv et al. 10.3389/fchem.2022.996264

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.996264


Author contributions

Literature review and manuscript drafting: HL and JL;

manuscript revision: XL; literature collection WH, YL, and FL;

verification of manuscript: XX, LG, and YW. All authors read and

approved the submitted manuscript.

Funding

The work was supported by the Shandong Provincial Natural

Science Foundation Youth Project (ZR2021QH251) and the

Clinical Medicine + X Research Project of Affiliated Hospital

of Qingdao University (QDFY + X2021055).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors, and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

References

Bekmukhametova, A., Ruprai, H., Hook, J. M., Mawad, D., Houang, J., and Lauto,
A. (2020). Photodynamic therapy with nanoparticles to combat microbial infection
and resistance. Nanoscale 12 (41), 21034–21059. doi:10.1039/d0nr04540c

Blair, J. M., Webber, M. A., Baylay, A. J., Ogbolu, D. O., and Piddock, L. J. (2015).
Molecular mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 13 (1), 42–51.
doi:10.1038/nrmicro3380

Borse, S., Rafique, R., Murthy, Z., Park, T. -J., and Kailasa, S. K. (2022).
Applications of upconversion nanoparticles in analytical and biomedical
sciences: A review. Analyst 147 (14), 3155–3179. doi:10.1039/d1an02170b

Boyce, J. M., and Pittet, D. (2002). Healthcare infection control practices advisory
committee; HICPAC/SHEA/APIC/IDSA hand hygiene task force: Guideline for
hand hygiene in health-care settings. Recommendations of the healthcare infection
cotrol practices advisory committee and the HICPAC/SHEA/APIC/IDSA hand
hygiene task force. Am J infect control, 30(8), S1-S46. Am. J. Infect. Control 30 (8),
S1–S46. doi:10.1067/mic.2002.130391

Chan, M. H., Huang, W. T., Chen, K. C., Su, T. Y., Chan, Y. C., Hsiao, M., et al.
(2022). The optical research progress of nanophosphors composed of transition
elements in the fourth period of near-infrared windows I and II for deep-tissue
theranostics research progress of nanophosphors composed of transition elements
in the fourth period of near-infrared windows I and II for deep-tissue theranostics.
Nanoscale 14 (19), 7123–7136. doi:10.1039/d2nr00343k

Chen, G., Qiu, H., Prasad, P. N., and Chen, X. (2014). Upconversion
nanoparticles: Design, nanochemistry, and applications in theranostics. Chem.
Rev. 114 (10), 5161–5214. doi:10.1021/cr400425h

Chen, W., Xie, Y., Wang, M., and Li, C. (2020). Recent advances on rare earth
upconversion nanomaterials for combined tumor near-infrared
photoimmunotherapy. For combined tumor near-infrared
photoimmunotherapy. Front. Chem. 8, 596658. doi:10.3389/fchem.2020.596658

Cheng, L., Wang, C., and Liu, Z. (2013). Upconversion nanoparticles and their
composite nanostructures for biomedical imaging and cancer therapy. Nanoscale 5
(1), 23–37. doi:10.1039/c2nr32311g

Cieplik, F., Deng, D., Crielaard, W., Buchalla, W., Hellwig, E., Al-Ahmad, A., et al.
(2018). Antimicrobial photodynamic therapy–what we know and what we don’t.
Crit. Rev. Microbiol. 44 (5), 571–589. doi:10.1080/1040841X.2018.1467876

Cieplik, F., Pummer, A., Regensburger, J., Hiller, K. A., Späth, A., Tabenski, L.,
et al. (2015). The impact of absorbed photons on antimicrobial photodynamic
efficacy. Front. Microbiol. 6, 706. doi:10.3389/fmicb.2015.00706

Cieplik, F., Steinwachs, V. S., Muehler, D., Hiller, K. A., Thurnheer, T.,
Belibasakis, G. N., et al. (2018). Phenalen-1-one-Mediated antimicrobial
photodynamic therapy: Antimicrobial efficacy in a periodontal biofilm model
and flow cytometric evaluation of cytoplasmic membrane damage. Front.
Microbiol. 9, 688. doi:10.3389/fmicb.2018.00688

Cohen, M. L. (2000). Changing patterns of infectious disease. Nature 406 (6797),
762–767. doi:10.1038/35021206

de Siqueira, L., Dos Santos Matos, A. P., da Silva, M., Pinto, S. R., Santos-Oliveira,
R., and Ricci-Júnior, E. (2022). Pharmaceutical nanotechnology applied to
phthalocyanines for the promotion of antimicrobial photodynamic therapy: A

literature review photodynamic therapy. Photodiagnosis Photodyn. Ther. 39.
102896. doi:10.1016/j.pdpdt.2022.102896

Dong, J., Gao, W., Han, Q., Wang, Y., Qi, J., Yan, X., et al. (2019). Plasmon-
enhanced upconversion photoluminescence: Mechanism and application. Rev.
Phys. 4, 100026. doi:10.1016/j.revip.2018.100026

Duan, C., Liang, L., Li, L., Zhang, R., and Xu, Z. P. (2018). Recent progress in
upconversion luminescence nanomaterials for biomedical applications. J. Mat.
Chem. B 6 (2), 192–209. doi:10.1039/c7tb02527k

Fair, R. J., and Tor, Y. (2014). Antibiotics and bacterial resistance in the 21st
century. Perspect. Med. Chem. 6, PMC.S14459–64. doi:10.4137/PMC.S14459

Ghorbani, J., Rahban, D., Aghamiri, S., Teymouri, A., and Bahador, A. (2018).
Photosensitizers in antibacterial photodynamic therapy: An overview. Laser Ther.
27 (4), 293–302. doi:10.5978/islsm.27_18-RA-01

Grüner, M. C., Arai, M. S., Carreira, M., Inada, N., and de Camargo, A. (2018).
Functionalizing the mesoporous silica shell of upconversion nanoparticles to
enhance bacterial targeting and killing via photosensitizer-induced antimicrobial
photodynamic therapy. ACS Appl. Bio Mat. 1 (4), 1028–1036. doi:10.1021/acsabm.
8b00224

Guo, X., Wu, W., Li, Y., Zhang, J., Wang, L., and Ågren, H. (2021). Recent
research progress for upconversion assisted dye-sensitized solar cells. Chin. Chem.
Lett. 32 (6), 1834–1846. doi:10.1016/j.cclet.2020.11.057

Hamblin, M. R. (2018). Upconversion in photodynamic therapy: Plumbing the
depths. Dalton Trans. 47 (26), 8571–8580. doi:10.1039/c8dt00087e

Hou, X., Yang, L., Liu, J., Zhang, Y., Chu, L., Ren, C., et al. (2020). Silver-
decorated, light-activatable polymeric antimicrobials for combined chemo-
photodynamic therapy of drug-resistant bacterial infection. Biomater. Sci. 8
(22), 6350–6361. doi:10.1039/d0bm01084g

Hou, Z., Deng, K., Li, C., Deng, X., Lian, H., Cheng, Z., et al. (2016). 808 nm
Light-triggered and hyaluronic acid-targeted dual-photosensitizers
nanoplatform by fully utilizing Nd3+-sensitized upconversion emission
with enhanced anti-tumor efficacy. Biomaterials 101, 32–46. doi:10.1016/j.
biomaterials.2016.05.024

Hu, X., Huang, Y. Y., Wang, Y., Wang, X., and Hamblin, M. R. (2018).
Antimicrobial photodynamic therapy to control clinically relevant biofilm
infections. Front. Microbiol. 9, 1299. doi:10.3389/fmicb.2018.01299

Huh, A. J., and Kwon, Y. J. (2011). Nanoantibiotics”: A new paradigm for treating
infectious diseases using nanomaterials in the antibiotics resistant era. J. Control.
release 156 (2), 128–145. doi:10.1016/j.jconrel.2011.07.002

I, Y. L., Jiang, M., Xue, Z., and Zeng, S. (2020). 808 nm light triggered
lanthanide nanoprobes with enhanced down-shifting emission beyond
1500 nm for imaging-guided resection surgery of tumor and vascular
visualization. down-shifting emission beyond 1500 nm for imaging-guided
resection surgery of tumor and vascular visualization. Theranostics 10 (15),
6875–6885. doi:10.7150/thno.41967

Idris, N. M., Jayakumar, M. K., Bansal, A., and Zhang, Y. (2015). Upconversion
nanoparticles as versatile light nanotransducers for photoactivation applications.
Chem. Soc. Rev. 44 (6), 1449–1478. doi:10.1039/c4cs00158c

Frontiers in Chemistry frontiersin.org09

Lv et al. 10.3389/fchem.2022.996264

https://doi.org/10.1039/d0nr04540c
https://doi.org/10.1038/nrmicro3380
https://doi.org/10.1039/d1an02170b
https://doi.org/10.1067/mic.2002.130391
https://doi.org/10.1039/d2nr00343k
https://doi.org/10.1021/cr400425h
https://doi.org/10.3389/fchem.2020.596658
https://doi.org/10.1039/c2nr32311g
https://doi.org/10.1080/1040841X.2018.1467876
https://doi.org/10.3389/fmicb.2015.00706
https://doi.org/10.3389/fmicb.2018.00688
https://doi.org/10.1038/35021206
https://doi.org/10.1016/j.pdpdt.2022.102896
https://doi.org/10.1016/j.revip.2018.100026
https://doi.org/10.1039/c7tb02527k
https://doi.org/10.4137/PMC.S14459
https://doi.org/10.5978/islsm.27_18-RA-01
https://doi.org/10.1021/acsabm.8b00224
https://doi.org/10.1021/acsabm.8b00224
https://doi.org/10.1016/j.cclet.2020.11.057
https://doi.org/10.1039/c8dt00087e
https://doi.org/10.1039/d0bm01084g
https://doi.org/10.1016/j.biomaterials.2016.05.024
https://doi.org/10.1016/j.biomaterials.2016.05.024
https://doi.org/10.3389/fmicb.2018.01299
https://doi.org/10.1016/j.jconrel.2011.07.002
https://doi.org/10.7150/thno.41967
https://doi.org/10.1039/c4cs00158c
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.996264


Idris, N. M., Jayakumar, M. K., Bansal, A., and Zhang, Y. (2015). Upconversion
nanoparticles as versatile light nanotransducers for photoactivation applications.
Chem. Soc. Rev. 44 (6), 1449–1478. doi:10.1039/c4cs00158c

Jethva, P., Momin, M., Khan, T., and Omri, A. (2022). Lanthanide-doped
upconversion luminescent nanoparticles—evolving role in bioimaging,
biosensing, and drug delivery nanoparticles-evolving role in bioimaging,
biosensing, and drug delivery. Materials 15 (7), 2374. doi:10.3390/ma15072374

Jia, M., Mai, B., Liu, S., Li, Z., Liu, Q., and Wang, P. (2019). Antibacterial effect of
S-Porphin sodium photodynamic therapy on Staphylococcus aureus and multiple
drug resistance Staphylococcus aureus. Photodiagnosis Photodyn. Ther. 28, 80–87.
doi:10.1016/j.pdpdt.2019.08.031

Kandoth, N., Barman, S., Chatterjee, A., Sarkar, S., Dey, A. K., Pramanik, S. K.,
et al. (2021). Photoactive lanthanide-based upconverting nanoclusters for
antimicrobial applications. Adv. Funct. Mat. 31 (43), 2104480. doi:10.1002/adfm.
202104480

Karami, A., Farivar, F., de Prinse, T. J., Rabiee, H., Kidd, S., Sumby, C. J., et al.
(2021). Facile multistep synthesis of ZnO-coated β-NaYF4:Yb/Tm upconversion
nanoparticles as an antimicrobial photodynamic therapy for persistent
Staphylococcus aureus small colony variants. ACS Appl. Bio Mat. 4 (8),
6125–6136. doi:10.1021/acsabm.1c00473

Karimi, M., Sahandi Zangabad, P., Baghaee-Ravari, S., Ghazadeh, M., Mirshekari,
H., and Hamblin, M. R. (2017). Smart nanostructures for cargo delivery: Uncaging
and activating by light. J. Am. Chem. Soc. 139 (13), 4584–4610. doi:10.1021/jacs.
6b08313

Karner, L., Drechsler, S., Metzger, M., Hacobian, A., Schädl, B., Slezak, P., et al.
(2020). Antimicrobial photodynamic therapy fighting polymicrobial infections–a
journey from in vitro to in vivo. Photochem. Photobiol. Sci. 19 (10), 1332–1343.
doi:10.1039/d0pp00108b

Kim, J., Lee, N., and Hyeon, T. (2017). Recent development of nanoparticles for
molecular imaging. Phil. Trans. R. Soc. A 375 (2107), 20170022. doi:10.1098/rsta.
2017.0022

Knoblauch, R., and Geddes, C. D. (2020). Carbon nanodots in photodynamic
antimicrobial therapy: A review. Materials 13 (18), 4004. doi:10.3390/ma13184004

Kwiatkowski, S., Knap, B., Przystupski, D., Saczko, J., Kędzierska, E., Knap-Czop,
K., et al. (2018). Photodynamic therapy – mechanisms, photosensitizers and
combinations. Biomed. Pharmacother. 106, 1098–1107. doi:10.1016/j.biopha.
2018.07.049

Lee, S. Y., Lee, R., Kim, E., Lee, S., and Park, Y. I. (2020). Near-infrared light-
triggered photodynamic therapy and Apoptosis using upconversion nanoparticles
with dual photosensitizers. Therapy and Apoptosis using upconversion
nanoparticles with dua photosensitizers. Front. Bioeng. Biotechnol. Bioeng.
Biotechnol. 8, 275. doi:10.3389/fbioe.2020.00275

Li, H., Wang, X., Huang, D., and Chen, G. (2020). Recent advances of lanthanide-
doped upconversion nanoparticles for biological applications. Nanotechnology 31
(7), 072001. doi:10.1088/1361-6528/ab4f36

Li, J., Qin, M., Liu, C., Ma, W., Zeng, X., and Ji, Y. (2020). Antimicrobial
photodynamic therapy against multidrug-resistant Acinetobacter baumannii
clinical isolates mediated by aloe-emodin: An in vitro study. Photodiagnosis
Photodyn. Ther. 29, 101632. doi:10.1016/j.pdpdt.2019.101632

Li, J., Zhao, Q., Shi, F., Liu, C., and Tang, Y. (2016). NIR-mediated nanohybrids of
upconversion nanophosphors and fluorescent conjugated polymers for high-
efficiency antibacterial performance based on fluorescence resonance energy
transfer. Adv. Healthc. Mat. 5 (23), 2967–2971. doi:10.1002/adhm.201600868

Li, Q., Yuan, S., Liu, F., Zhu, X., and Liu, J. (2021). Lanthanide-doped
nanoparticles for near-infrared light activation of photopolymerization:
Fundamentals, optimization and applications. Chem. Rec. 21 (7), 1681–1696.
doi:10.1002/tcr.202100093

Li, S., Cui, S., Yin, D., Zhu, Q., Ma, Y., Qian, Z., et al. (2017). Dual antibacterial
activities of a chitosan-modified upconversion photodynamic therapy system
against drug-resistant bacteria in deep tissue. Nanoscale 9 (11), 3912–3924.
doi:10.1039/c6nr07188k

Li, S., Wei, X., Li, S., Zhu, C., and Wu, C. (2020). Up-conversion luminescent
nanoparticles for molecular imaging, cancer diagnosis and treatment. Int.
J. Nanomedicine 15, 9431–9445. doi:10.2147/IJN.S266006

Li, Y., Chen, C., Liu, F., and Liu, J. (2022). Engineered lanthanide-doped
upconversion nanoparticles for biosensing and bioimaging application.
Microchim. Acta 189 (3), 109. doi:10.1007/s00604-022-05180-1

Liang, G., Wang, H., Shi, H., Wang, H., Zhu, M., Jing, A., et al. (2020). Recent
progress in the development of upconversion nanomaterials in bioimaging and
disease treatment. J. Nanobiotechnology 18 (1), 154. doi:10.1186/s12951-020-
00713-3

Liang, L., Care, A., Zhang, R., Lu, Y., Packer, N. H., Sunna, A., et al. (2016). Facile
Assembly of Functional Upconversion Nanoparticles for targeted cancer imaging

and photodynamic therapy. ACS Appl. Mat. Interfaces 8 (19), 11945–11953. doi:10.
1021/acsami.6b00713

Lin, Y., Yao, Y., Zhang, W., Fang, Q., Zhang, L., Zhang, Y., et al. (2021).
Applications of upconversion nanoparticles in cellular optogenetics. Acta
Biomater. 135, 1–12. doi:10.1016/j.actbio.2021.08.035

Liu, J., Yu, M., Zeng, G., Cao, J., Wang, Y., Ding, T., et al. (2018). Dual
antibacterial behavior of a curcumin-upconversion photodynamic nanosystem
for efficient eradication of drug-resistant bacteria in a deep joint infection.
J. Mat. Chem. B 6 (47), 7854–7861. doi:10.1039/c8tb02493f

Liu, W., Zhang, Y., You, W., Su, J., Yu, S., Dai, T., et al. (2020). Near-infrared-
excited upconversion photodynamic therapy of extensively drug-resistant
Acinetobacter baumannii based on lanthanide nanoparticles. Nanoscale 12 (26),
13948–13957. doi:10.1039/d0nr01073a

Liu, X., Cheng, Z., Wen, H., Zhang, S., Chen, M., and Wang, J. (2020). Hybrids of
upconversion nanoparticles and silver nanoclusters ensure superior bactericidal
capability via combined sterilization. ACS Appl. Mat. Interfaces 12 (46),
51285–51292. doi:10.1021/acsami.0c15710

Mahata, M. K., Bae, H., and Lee, K. T. (2017). Upconversion luminescence
sensitized pH-nanoprobes. Molecules 22 (12), 2064. doi:10.3390/
molecules22122064

Martinez, M., and Silley, P. (2010). Antimicrobial drug resistance. Handb.
Exp. Pharmacol. 199, 227–264. doi:10.1007/978-3-642-10324-7_10

Memar, M. Y., Yekani, M., Alizadeh, N., and Baghi, H. B. (2019). Hyperbaric
oxygen therapy: Antimicrobial mechanisms and clinical application for infections.
Biomed. Pharmacother. 109, 440–447. doi:10.1016/j.biopha.2018.10.142

Metlay, J. P., Powers, J. H., Dudley, M. N., Christiansen, K., and Finch, R. G.,
(2006). Antimicrobial drug resistance, regulation, and Research. Emerg. Infect. Dis.
12 (2), 183–190. doi:10.3201/eid1202.050078

Nii-Trebi, N. I. (2017). Emerging and neglected infectious diseases: Insights,
advances, and challenges. BioMed Res. Int., 5245021. doi:10.1155/2017/5245021

Ovais, M., Mukherjee, S., Pramanik, A., Das, D., Mukherjee, A., Raza, A., et al.
(2020). Designing stimuli-responsive upconversion nanoparticles that exploit the
tumor microenvironment. Adv. Mat. 32 (22), e2000055. doi:10.1002/adma.
202000055

Qi, M., Li, X., Sun, X., Li, C., Tay, F. R., Weir, M. D., et al. (2019). Novel
nanotechnology and near-infrared photodynamic therapy to kill periodontitis-
related biofilm pathogensand protect the periodontium. Dent. Mater. 35 (11),
1665–1681. doi:10.1016/j.dental.2019.08.115

Rao, L., Meng, Q. F., Bu, L. L., Cai, B., Huang, Q., Sun, Z. J., et al. (2017).
Erythrocyte membrane-coated upconversion nanoparticles with minimal protein
adsorption for enhanced tumor imaging. ACS Appl. Mat. Interfaces 9 (3),
2159–2168. doi:10.1021/acsami.6b14450

Sedlmeier, A., and Gorris, H. H. (2015). Surface modification and
characterization of photon-upconverting nanoparticles for bioanalytical
applications. Chem. Soc. Rev. 44 (6), 1526–1560. doi:10.1039/c4cs00186a

Sharma, S. K., Dai, T., Kharkwal, G. B., Huang, Y. Y., Huang, L., De Arce, V.
J., et al. (2011). Drug discovery of antimicrobial photosensitizers using animal
models. Curr. Pharm. Des. 17 (13), 1303–1319. doi:10.2174/
138161211795703735

Sivasubramanian, M., Chuang, Y. C., and Lo, L. W. (2019). Evolution of
nanoparticle-mediated photodynamic therapy: From superficial to deep-seated
cancers. Molecules 24 (3), 520. doi:10.3390/molecules24030520

Song, Y., Wang, L., and Xie, Z. (2021). Metal–organic Frameworks for
photodynamic therapy: Emerging synergistic cancer TherapySynergistic cancer
therapy. Biotechnol. J. 16 (2), e1900382. doi:10.1002/biot.201900382

Sun, J., Zhang, P., Fan, Y., Zhao, J., Niu, S., Song, L., et al. (2019). Near-
infrared triggered antibacterial nanocomposite membrane containing
upconversion nanoparticles. Mater. Sci. Eng. C 103. 109797. doi:10.1016/j.
msec.2019.109797

Tan, L., and He, C. (2021). Advances in inorganic-based colloidal nanovehicles
functionalized for nitric oxide delivery. Colloids Surfaces B Biointerfaces 199,
111508. doi:10.1016/j.colsurfb.2020.111508

Tan, L., Ke, X., Song, X., Yin, Q., Qiao, R., Guo, K., et al. (2018). Double-layered
core–shell structure of NaYF4: Yb, Er@ SiO2@ Zn1− xMnxO for near-infrared-
triggered photodegradation and antibacterial application. J. industrial Eng. Chem.
60, 206–217. doi:10.1016/j.jiec.2017.11.008

Tosato, M. G., Schilardi, P., Lorenzo de Mele, M. F., Thomas, A. H., Lorente, C.,
and Miñán, A. (2020). Synergistic effect of carboxypterin and methylene blue
applied to antimicrobial photodynamic therapy against mature biofilm of Klebsiella
pneumoniae. Heliyon 6 (3), e03522. doi:10.1016/j.heliyon.2020.e03522

Tou, M., Luo, Z., Bai, S., Liu, F., Chai, Q., Li, S., et al. (2017). Sequential coating
upconversion NaYF4:Yb, Tm nanocrystals with SiO2 and ZnO layers for NIR-

Frontiers in Chemistry frontiersin.org10

Lv et al. 10.3389/fchem.2022.996264

https://doi.org/10.1039/c4cs00158c
https://doi.org/10.3390/ma15072374
https://doi.org/10.1016/j.pdpdt.2019.08.031
https://doi.org/10.1002/adfm.202104480
https://doi.org/10.1002/adfm.202104480
https://doi.org/10.1021/acsabm.1c00473
https://doi.org/10.1021/jacs.6b08313
https://doi.org/10.1021/jacs.6b08313
https://doi.org/10.1039/d0pp00108b
https://doi.org/10.1098/rsta.2017.0022
https://doi.org/10.1098/rsta.2017.0022
https://doi.org/10.3390/ma13184004
https://doi.org/10.1016/j.biopha.2018.07.049
https://doi.org/10.1016/j.biopha.2018.07.049
https://doi.org/10.3389/fbioe.2020.00275
https://doi.org/10.1088/1361-6528/ab4f36
https://doi.org/10.1016/j.pdpdt.2019.101632
https://doi.org/10.1002/adhm.201600868
https://doi.org/10.1002/tcr.202100093
https://doi.org/10.1039/c6nr07188k
https://doi.org/10.2147/IJN.S266006
https://doi.org/10.1007/s00604-022-05180-1
https://doi.org/10.1186/s12951-020-00713-3
https://doi.org/10.1186/s12951-020-00713-3
https://doi.org/10.1021/acsami.6b00713
https://doi.org/10.1021/acsami.6b00713
https://doi.org/10.1016/j.actbio.2021.08.035
https://doi.org/10.1039/c8tb02493f
https://doi.org/10.1039/d0nr01073a
https://doi.org/10.1021/acsami.0c15710
https://doi.org/10.3390/molecules22122064
https://doi.org/10.3390/molecules22122064
https://doi.org/10.1007/978-3-642-10324-7_10
https://doi.org/10.1016/j.biopha.2018.10.142
https://doi.org/10.3201/eid1202.050078
https://doi.org/10.1155/2017/5245021
https://doi.org/10.1002/adma.202000055
https://doi.org/10.1002/adma.202000055
https://doi.org/10.1016/j.dental.2019.08.115
https://doi.org/10.1021/acsami.6b14450
https://doi.org/10.1039/c4cs00186a
https://doi.org/10.2174/138161211795703735
https://doi.org/10.2174/138161211795703735
https://doi.org/10.3390/molecules24030520
https://doi.org/10.1002/biot.201900382
https://doi.org/10.1016/j.msec.2019.109797
https://doi.org/10.1016/j.msec.2019.109797
https://doi.org/10.1016/j.colsurfb.2020.111508
https://doi.org/10.1016/j.jiec.2017.11.008
https://doi.org/10.1016/j.heliyon.2020.e03522
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.996264


driven photocatalytic and antibacterial applications. Mater. Sci. Eng. C 70 (2),
1141–1148. doi:10.1016/j.msec.2016.03.038

Vaishampayan, A., and Grohmann, E. (2021). Antimicrobials functioning
through ROS-mediated mechanisms: Current insights. Microorganisms 10 (1),
61. doi:10.3390/microorganisms10010061

Wang, C., Cheng, L., and Liu, Z. (2013). Upconversion nanoparticles for
photodynamic therapy and other cancer therapeutics. Theranostics 3 (5),
317–330. doi:10.7150/thno.5284

Wang, D., Liu, B., Quan, Z., Li, C., Hou, Z., Xing, B., et al. (2017). New advances
on the marrying of UCNPs and photothermal agents for imaging-guided diagnosis
and the therapy of tumors. J. Mat. Chem. B 5 (12), 2209–2230. doi:10.1039/
C6TB03117J

Wang, Z., Meng, F., and Zhong, Z. (2021). Emerging targeted drug delivery
strategies toward ovarian cancer. Adv. Drug Deliv. Rev. 178, 113969. doi:10.1016/j.
addr.2021.113969

Weissleder, R. (2001). A clearer vision for in vivo imaging.Nat. Biotechnol. 19 (4),
316–317. doi:10.1038/86684

Xiang, J., Zhou, S., Lin, J., Wen, J., Xie, Y., Yan, B., et al. (2021). Low-power near-
infrared-responsive upconversion Nanovectors power near-infrared-responsive
upconversion Nanovectors. ACS Appl. Mat. Interfaces 13 (6), 7094–7101. doi:10.
1021/acsami.0c21115

Xu, J., Shi, R., Chen, G., Dong, S., Yang, P., Zhang, Z., et al. (2020). All-in-One
theranostic nanomedicine with Ultrabright second near-infrared emission for
tumor-modulated bioimaging and chemodynamic/photodynamic therapy. ACS
Nano 14 (8), 9613–9625. doi:10.1021/acsnano.0c00082

Xu, J., Yang, P., Sun, M., Bi, H., Liu, B., Yang, D., et al. (2017). Highly emissive
dye-sensitized upconversion nanostructure for dual-photosensitizer photodynamic
therapy and bioimaging. ACS Nano 11 (4), 4133–4144. doi:10.1021/acsnano.
7b00944

Yan, H., Chen, X., Shi, J., Shi, Z., Sun, W., Lin, Q., et al. (2017). Fabrication and
evaluation of chitosan/NaYF4:Yb3+/Tm3+ upconversion nanoparticles composite

beads based on the gelling of Pickering emulsion droplets. Mater. Sci. Eng. C 71,
51–59. doi:10.1016/j.msec.2016.09.066

Yao, J., Huang, C., Liu, C., and Yang, M. (2020). Upconversion luminescence
nanomaterials: A versatile platform for imaging, sensing, and therapy. Talanta 208,
120157. doi:10.1016/j.talanta.2019.120157

Yin, M., Li, Z., Ju, E., Wang, Z., Dong, K., Ren, J., et al. (2014). Multifunctional
upconverting nanoparticles for near-infrared triggered and synergistic antibacterial
resistance therapy. Chem. Commun. 50 (72), 10488–10490. doi:10.1039/c4cc04584j

Zhang, T., Ying, D., Qi, M., Li, X., Fu, L., Sun, X., et al. (2019). Anti-Biofilm
Property of Bioactive Upconversion Nanocomposites Containing Chlorin
e6 against Periodontal Pathogens. Molecules 24 (15), 2692. doi:10.3390/
molecules24152692

Zhang, Y., Huang, P., Wang, D., Chen, J., Liu, W., Hu, P., et al. (2018). Near-
infrared-triggered antibacterial and antifungal photodynamic therapy based on
lanthanide-doped upconversion nanoparticles. Nanoscale 10 (33), 15485–15495.
doi:10.1039/c8nr01967c

Zhang, Z., and Zhang, Y. (2021). Orthogonal emissive upconversion
nanoparticles: Material design and applications. Small 17 (11), e2004552. doi:10.
1002/smll.202004552

Zhao, Y., Hu, M., Zhang, Y., Liu, J., Liu, C., Choi, S. K., et al. (2020).
Multifunctional therapeutic strategy of Ag-synergized dual-modality
upconversion nanoparticles to achieve the rapid and sustained cidality of
methicillin-resistant Staphylococcus aureus. Chem. Eng. J. 385, 123980. doi:10.
1016/j.cej.2019.123980

Zhou, J., Liu, Q., Feng, W., Sun, Y., and Li, F. (2015). Upconversion luminescent
materials: Advances and applications. Chem. Rev. 115 (1), 395–465. doi:10.1021/
cr400478f

Zhou, K., Qiu, X., Xu, L., Li, G., Rao, B., Guo, B., et al. (2020). Poly
(selenoviologen)-Assembled upconversion nanoparticles for low-power single-
NIR light-triggered synergistic photodynamic and photothermal antibacterial
therapy. ACS Appl. Mat. Interfaces 12 (23), 26432–26443. doi:10.1021/acsami.
0c04506

Frontiers in Chemistry frontiersin.org11

Lv et al. 10.3389/fchem.2022.996264

https://doi.org/10.1016/j.msec.2016.03.038
https://doi.org/10.3390/microorganisms10010061
https://doi.org/10.7150/thno.5284
https://doi.org/10.1039/C6TB03117J
https://doi.org/10.1039/C6TB03117J
https://doi.org/10.1016/j.addr.2021.113969
https://doi.org/10.1016/j.addr.2021.113969
https://doi.org/10.1038/86684
https://doi.org/10.1021/acsami.0c21115
https://doi.org/10.1021/acsami.0c21115
https://doi.org/10.1021/acsnano.0c00082
https://doi.org/10.1021/acsnano.7b00944
https://doi.org/10.1021/acsnano.7b00944
https://doi.org/10.1016/j.msec.2016.09.066
https://doi.org/10.1016/j.talanta.2019.120157
https://doi.org/10.1039/c4cc04584j
https://doi.org/10.3390/molecules24152692
https://doi.org/10.3390/molecules24152692
https://doi.org/10.1039/c8nr01967c
https://doi.org/10.1002/smll.202004552
https://doi.org/10.1002/smll.202004552
https://doi.org/10.1016/j.cej.2019.123980
https://doi.org/10.1016/j.cej.2019.123980
https://doi.org/10.1021/cr400478f
https://doi.org/10.1021/cr400478f
https://doi.org/10.1021/acsami.0c04506
https://doi.org/10.1021/acsami.0c04506
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.996264


Glossary

1PS PS in a first excited state
3PS Triplet-state PS

APDT Antibacterial photodynamic therapy

CDT Chemodynamic therapy

CR Cross relaxation

CS Cooperative sensitization

CSU Cooperative sensitization upconversion

E. coli Escherichia coli

EMU Energy migration upconversion

EPS Extracellular polymeric substance

ESA Excited-state absorption

ETU Energy-transfer upconversion

F. nucleatum Fusobacterium nucleatum

HOMO Highest occupied molecular orbital

LPS Lipopolysaccharides

MB Methylene blue

MDR Multi-drug-resistant bacteria

MIC Minimum inhibitory concentration

MSSA Methicillin-sensitive Staphylococcus aureus

MSSE Methicillin-sensitive Staphycoccus epidermidis

NIR Near-infrared

O2− Superoxide anion

OC N-octyl chitosan

−OH Hydroxyl radicals

P. gingivalis Porphyromonas gingivalis

PA Photoacoustic

PA Photon avalanche

PAA Polyacrylic acid

PPT Photothermal therapy

PS Photosensitizer

PSeV Poly(selenoviologen)

PVP Polyvinyl pyrrolidone

ROS Reactive oxygen species

S. aureus Staphylococcus aureus

SDT Sonodynamic therapy

UCL Upconversion luminescence

UCNPs Upconversion nanoparticles

UV Ultraviolet

XRD-AB Drug-resistant Acinetobacter baumannii
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