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Abstract: Bacterial biofilm infections pose a serious threat to human health due to their persistence, recurrence,
and high resistance. Traditional treatments primarily rely on surgical debridement and antibiotics, but these ap-
proaches have limitations such as invasiveness, significant side effects, and increased resistance. Photodynamic
antimicrobial chemotherapy (PACT) has gained attention for its low resistance, non-invasiveness, and mini-
mal side effects. However, PACT treatment also faces challenges, including inflammation induction, recurrent
infections, and limited efficacy in deep-seated infections. To address these issues, PACT-based combination
therapies have emerged, enhancing anti-biofilm efficacy, expanding therapeutic applications, and reducing the
risks of resistance and infection recurrence, demonstrating great potential in microbial diagnosis and treatment.
This review systematically summarizes the latest advancements in PACT -based combination strategies with an-
tibiotics, gas therapy, photothermal therapy, sonodynamic therapy, and quorum sensing inhibitors. Further-
more, it explores the synergistic mechanisms, biofilm model construction.
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Figure 1

(a) Schematic diagram of the photodynamic antibacterial treatment mechanism under light conditions; (b)

Classification of PACT synergistic therapies
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Figure 2

activities of CA/PS1 complex

PO R 2% Wu S5 NI JF & T —Fh e R 2 — A& i
B RE R EBH B T/ 7 TBTCP-PEG7, 16 HR &4
T, % PSEWS A 8 A K MRSA. TBTCP-PEGT7 4r
S PDT AALE i T WA 7y R G0 ARS8 N, A
FIE TRk Wl 0 B I A5 5 A% 3k, DA 400 o
SV A A 1Y) P A A ORTAE B B A R RE S T
E AR S B A OGS IR I 3R 5k 1 5 e e D A i
FET-(ICD) , #ESr S fEic A2 , DI Bl 1k P e

I Ak, Wu S NS TOCET R 25 0 09 kL AE
HOH TR b 2 T T R ) 22 B U B VR T R W
il D AN T 245 1k o B0 A% G2 BH B B 2 e AR Y
B MR AR & G B2 W AE B 2% s b Il DR R
3, T A PS H A i 4 S IR 2 PR R (G |
2 PG TR (G — ) R I I8 200 iR 3 5 1k 65 6 R
SRR ) FH W A A X 2 B 1 R B R R K
P'S 3 i 2 Bl A 4 7 I TR A T A B Ty e Ak TR A
S SoF I R UC L A 5 60 min B9 AR v DR G
I FE 00 A 0 K R £ 0 Al 0 R 4 o PSS A UL IfL i
TS 0TI T B 1 40 TR 45 A PR RE | G2l A 0 XU I K
Az, I 8 53 I R 53 B R T A T T TR 24 4 SR AN K
REE 2 L AE BRSO W TE B R 2 PS 5 R
PR s 25 G v ne , NMUA SR S A B EN B S
A= ) T 1R & N 22 245 A0 HEAH 3G 1 2 Fh 3] (4 I 25

(a) Schematic illustration of the facilitated generation of O, through electron transfer strategy; (b) Bactericidal
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recurrent biofilms!
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Figure 4

[27],

(a) 3D image and scanning electron microscopy schematic of HA-Ce6-MNZ structure and its biofilm-clearing

effect on S. aureus'”’’; (b) Schematic of the effect of methylene blue-mediated photodynamic therapy in combination with

[28],

ciprofloxacin on S. aureus biofilm'*’; (¢) Schematic of the synergistic effect of ICG-mediated PACT and antibiotics in

clearing MRSA biofilm'*’
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Figure 5 Schematic of the preparation of lip@PFH @O, and hypoxia fluorescence probe staining of Pseudomonas
[27]

aeruginosa biofilm under different treatments

Data were expressed as mean + SD and the statistical significance isdetermined using one-way ANOVA analysis. *P<C0.05,

#xP<0.01.
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(a) Schematic of the preparation of Ce6-CaP/PDA-GSNO and its live/dead staining of MRSA""; (b) Chemical

structure of RBNO and its scanning electron microscopy schematic of biofilm clearance of Pseudomonas aeruginosa™”
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antimicrobial and anti-inflammatory effects'*'; (b) Mechanism of Cys-triggered H,S release from TPP-CN and its

antimicrobial and anti-inflammatory effects'*’

Results are expressed as mean = SD (n=3), oneaway Aiova win a posthoc Bonferroni's test, £P<<0. 05, #£P<C0. 01, ###P<
0. 001 versus the control group; ***P<<0. 001 and ****P<20. 000 1 versus the TPP-CN/CP5 group.

FHBIL I 1 AN T R, AN [) 240 77 Jak G A 78 X A 25 K Mk BV BRAE YRR . (B Tz B = A m
A A 96 97 50 o oA WA e A SE AR AR TR A R A BIOR 34 5], R ASGE 5 PTT xE L
1 AT 9 2 6 FORG VR B B W B — 2D e SERVE AN, R B, PACT FOGTEFI ROS ) %
) BHE 5 BEAR TR I RN PR . 5 R

4 AU PACTI & PACT o PTT I . 0L 5 i B T 3047 10 B
YA YT (photothermal therapy ,PTT) M PACT AP P2 . Wang VAR T RO B
—FE R — PR AR BORE 7 vk o IR 3 7 i 19 CueSy NPsC(E 100 . FEIT LM T, CueSe
(PTATEANEBOG IR BT # Ol g ﬂ‘“jér*ﬂﬁ'é,@ NPs [/ B E R PTA FIPS, AT it 01 5, 1 5L 9%
11D - W Q= D Dtk i T (T o= 11 NS o W FEAE R ROS, R 58 A B3 3 %6 5 AR & 2l 4%



170 MR ARER

2025 4F 6 H

R1 PACT BAE AT ki th £ 4 BEd) R R K nk
Table 1 Different strategies for biofilm removal by PACT combined with gas therapy
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Figure 11 Chemical structures of some Quorum-sensing inhibitors which could be potentially used against bacterial infections

(a) Furanone derivatives ™ ; (b) Quinolines derivatives'”'; (¢c—d) Glyoxamide derivatives ™ ; (e) Therin'*; (f) berberine

Sun S5 A T T A0 B AL ER 1Y QST Bt
AZRMPACT, &itith —FhRISTAEYE RS . 5
ZRGIEE 48 h, 4 1R A Wy B A T i k32 204 4 .
XPFE MY, Z RS S QST i ALyT 4 AH I,
YRR 48% 3 5 PACT AU L8 ad 40% .
ARV B 2 B 2 I PACT 1 4 HORCR:
FEAL PSS 8 h ik B e, Z 5 5% BB A W I I 4f &
#, 8hZJa QS Ak b Iy iR IF Ih & ¥ AE H .
X2 B — DGR W] T PR R A B L AE X B R AL
il B WF 5 vh & B, QSTREAIR 1 AF W) I8 i) it 7K e filf
NPs B @& AP 8 T PACT R E ., 523
&1, Dahshan %™ A Ay 4 4 £ 50 T 19 QST 5B R
Fi k.45 4 Therin 38 28 5% Wi A= 49 B 1% 245 44 o8 B vk, 2
HP. aeruginosa"EYREXT PACT 697 B P PEFEAL,
i PS A &5 b2 35 I 1 bR AE P S G TR RIAE A -

Hu 2% QSI/NBEFH (berberine, BBR) T A K
R I P 9 3 M2LE 98 Cspirulina, SPY Y 4 8 Y 2E 0%
PEIK B BBR@SP B . 7EHOE S T, BBR@SP

[67]

HE I BE 0% A B i BBR, 1l i T N T &
K, 3R G0 20 T SR X i R AN R, TR SP YR
SR R OTT 7 A VA M A AR R R A A
il FBE IR T AR B . (A A B A JE , BBRHSP+
Laser 4 ) ROS BH 3R & F SP+Laser 4, #f 58 A
SUHEN AT BE 2 T BBR B A A s v, T L
fE O B ROS By PR A= i . X H QSIS PACT
(B IR AL ] B2 4 T 55 — Fh AT B, (B 75 TR AR 9842 4
HWET1. 5340, PS AR B HLAT I ] B A N 1) V%
J1e WuZE""IF kT — RO HAG RER T KL
(3T 21 4 PS, I FH A 5 21 2 43 B 0F 95 e e v AL 1l
J&i , &8 ACR-DMP H il i 5 1 5 £ 8 ol b5 26 (1 Y
SRR L B 11 2 5 055 VRT4R R 2 338 AF DG 1 [
T, QS FI TCS EW L i #1225 4k
HE S BEAR T MRSA (9 300 M AN 25 v o 84 m
& PDT 1 QSTEL A B T M AR 24 4 Fn 90 61 25 4
B k. %F QS RGEM LM, PACT B4 QSIs
(1 5 22 W] R A 44T s 9



Ak A2

A A 6B Tk P 1) SRS R DU A B A )RR e v B BT 5 173

7T RS RES

PACT PR ARt 25 P AE A2 A FUIE 35 & E
SER B WG DT, I TE DT B T 2B W JRE 40 45k
JEBLIN B R 1. A LR T 5T PACT By ¥ [H)
TRYT SRS, LABE SR BT A0 P AR W B R RO R N
Pl o IR B — TR 7 A B |, O R ALK 40 R T 245 1 AR
AW R R R AE S W12 W R T S R AT T
VAR S o F— 20 Ak BRI A Y v e el 5 . —
JPEA R (DPACT BRSP4 RIAGYT :PACT 4k
9 ROS 38 32 458 7 200 it B5% R e AL 24 0 &0 HE 5 1) 336
WA B A 280 5 1 AN T, i v R T a2 P A
B0 B AR R BURE L (2) PACT Bk A SR YT 2
PACT Bt & SARYT L BRI I 17 ROS A ALt 47 51 i
{3 B R, A B PACT 3R 8 i SR B 3t 4% 2 40
B TE S|SB T AR 43 (R R o 33 26 RN X A ) R 11
eSS PR . (DHOPACT 55607 sk U ) - 6 U7 ik
3T 2T TR HLAG 5 i 28 B 0, 2% T PACT
JEUR ZF I ], H 3 i U WA A — R bR
AT ORI IR B RO R DA SR K A 9 g
R (DOPACT BEA 5 8 SR Y7 A Sk m 1
PSs B B HE (5 PACT B4 QSIs: s /b it 25 1
FEA R RE RN AE IR T R . BRI Z 4,
PACT i 1] 5 64407 2 A BEL I ™ | 4 328 o
FN BB R R H A BT B R A L AL
ES7/) SR Y AR

SN 18R G IT AE O AR ) BRI 5 T LA T
FEYE R IR R A0 kR R H R G S —
SE Bk

B— VEHPLHI B Z RARFGE . HET, P25
F W PACT BX A7 % 1T 76 40 B A5 4 I AH DG B e vp
RAE I FAE R ARG I iy B AR 437 LTS e = R
AFETT o Blan, HoS B ok Sy vl 38 o 10 il 68 481k 9 15
L (SOD) Al ik Ak &R CC AT 1 1 ok 38 58 %) 3
993 DRI 25 05 P R AEL G 6T B 280 A 0 B ) 355 B3 ML 1
REHH . HAM, HLS AT BB AR Jm #8551 &k 01, A
T 48 15 4 A7 S804 NS5 1 T I AR R X AT BB Y
i PACT Bk A HLS MR IT7 &R o B IR A D5
PACT B& 597 19 47 F A FBLE AN AUH B TR 4k
IRIT 558 R ] Ry H i R AL SR AR B 4R &

S TR AR W R RYAL HE T, Y T X T IR A
PACT it Az Uy B a2 Jit FH A 455 780 3547 Ay BHLAEL (4 B — £
A )RR B S B B g PR B AR A e 2 P A A R R
Rl M FL DA R 1 1Y) 5 S 22 B AR W A ) B (PMIBs) it

o PMBs H T {3 4= Wy 18] 69 FH AR 8 R BAT R
JEE A 5 A 0 S i ) A R T I T RE R e A
S IO I 18 58 A A B 2 R, iR T O R
FEAT G i PR B S A A Wy AR Y L A A Al
PACT R ERE Y7k PR IRACR o HeAh, BF5E
PMBs H i fol 2 9 A0 B A T B R 2 AL o D o
B0 MY RET 7 1 0 0T e B PO JE i

55 = TR PRIV J5 1T, PACT X4 B e I 3%
JR G HIRI T AFAE R PR o XS T 2 AL T I A 45 4= B 1
SRS, IF 5 8 W] AT 388 ae Jeg U B T A ] S
5 B I i K 45 7 1 52 B PSs M Jey AR B 4 By g
FICT L G A TS 4 B 2K 1 PSs T — KBk
Mo L Ah TR G AL B Bk A Bl B B R R T
PACT HA SR BT s ML, [ i O U ) 4 R 25 i
AE T A BR X LA RO T IR R e o DRI, Rk
kB #EAIAMETHAEA RIFANFTEIEMN
PACT i 5 W, LA 3R T AR 3R T2 S48 b ity 1z 7
T3 A R 2 B PSs AT T i B 1) P 2 LV A
0 L AR i 45 [ A R B, B O R SRR R i LR
JPRCR . RS A SR AT 42 = PSs B K 1 (H AT
A A R LAl o TR, AN [R] I PR X PSs 28 A
WS DL BRI ) B O PR A S A 7 R 4% 5 DN L O g
2 RIS, DU B ARG T 7 &L R PACT
(9 1l PR FT AT 1

SR 68l JI IR T 1 TR B 20 T A W R e 1
FE AT A AE T 22 PR A, (ELRE 2 X551 P BIL ) A R A R
R0 A W A T ) A A L T B PACT 3 Y
TP, 3ok S m) AT B A0 A B ke . RO DBl Jy K
EITIE B IR 2 H AR S B Ak A AR T
A () I e R 8 AP 200 R 2 4, DA TG 4 2l LA i JR
YA W BRI T A SE BRI H

S

[1] LIJ, MENG Z, ZHUANG Z, et al. Effective Therapy
of Drug-Resistant Bacterial Infection by Killing Plank-
tonic Bacteria and Destructing Biofilms with Cationic
Photosensitizer Based on Phosphindole Oxide [J]. Small,
2022, 18(17): 2200743.DO1:10.1002/sml1.202200743.

[2] KOO H, ALLAN R N, HOWLIN R P, et al. Target-
ing microbial biofilms: current and prospective therapeu-
tic strategies[J]. Nature Reviews Microbiology, 2017,
15(12): 740-755.DO1:10.1038/nrmicro.2017.99.

[3] SHARMA D, MISBA L, KHAN A U. Antibiotics
versus biofilm: an emerging battleground in microbial

communities [ J]. Antimicrobial Resistance & Infection



174

MHMERMBERER

2025 4F 6 H

[4]

[5]

[6]

[7]

[14]

Control, 2019, 8(1): 1-10.DO1:10.1186/s13756-019-
0533-3.
HU D, DENG Y, JIA F, et al. Surface Charge Switch-
able Supramolecular Nanocarriers for Nitric Oxide Syn-
ergistic Photodynamic Eradication of Biofilms[J]. ACS
Nano, 2020, 14(1): 347-359.DOI: 10.1021/acsnano.
9b05493.
RIBEIRO M, GOMES I B, SAAVEDRA M J, et al.
Photodynamic therapy and combinatory treatments for
the control of biofilm-associated infections [J]. Letters
in Applied Microbiology, 2022, 75(3): 548-564.DOLI:
10.1111/lam.13762.
SONGCA S P, ADJEI Y. Applications of Antimicro-
bial Photodynamic Therapy against Bacterial Biofilms[J].
International Journal of Molecular Sciences, 2022, 23(6) :
3209.DOI:10.3390/ijms23063209.
SIONOV R V, STEINBERG D. Targeting the Holy
Triangle of Quorum Sensing, Biofilm Formation, and
Antibiotic Resistance in Pathogenic Bacterial J]. Micro-
organisms, 2022, 10(6): 1239.DOI:10.3390/microor-
ganisms10061239.
ARDAL C, BALASEGARAM M, LAXMINARAYAN R,
et al. Antibiotic development-economic, regulatory and
societal challenges [J].
2020, 18(5): 267-274.DO1:10.1038/s41579-019-0293-3.
MARCHANT J. When antibiotics turn [J].
2018, 555(7697) : 431-433.DOI: 10.1038/d41586-018-
03267-5.
MA W, CHEN X, FU L, ez al. Ultra-efficient Anti-
bacterial System Based on Photodynamic Therapy and

Nature Reviews Microbiology,

Nature,

CO Gas Therapy for Synergistic Antibacterial and Ab-
lation Biofilms [J]. ACS Applied Materials & Inter-
Jaces, 2020, 12(20) : 22479-22491.DOI:10.1021/ac-
sami.0c01967.

GNANASEKAR S, KASI G, HE X, ez al. Recent
advances in engineered polymeric materials for efficient
photodynamic inactivation of bacterial pathogens [J].
Bioactive Materials, 2023, 21(3): 157-174.DOI: 10.
1016/j.bioactmat.2022.08.011.

L1J, ZHUANG Z, ZHAO Z, et al. Type I AIE pho-
tosensitizers: Mechanism and application [J].
2022, 3(2): 20200121.DOI:10.1002/VIW.20200121.
NASKAR A, KIM K S. Friends against the Foe:
Synergistic Photothermal and Photodynamic Therapy

View,

against Bacterial Infections[J]. Pharmaceutics, 2023,
15(4): 1116.DOI1:10.3390/pharmaceutics15041116.
FAN B, PENG W, ZHANG Y, et al. ROS conver-

sion promotes the bactericidal efficiency of Eosin Y

[15]

[16]

[17]

[18]

[23]

based photodynamic therapy [J]. Biomaterials Science,
2023, 11(14): 4930-4937.DO1:10.1039/d3bm00804e.
VINAGREIRO C S, ZANGIROLAMI A, SCHA-
BERLE F A, et al. Antibacterial Photodynamic Inacti-
vation of Antibiotic-Resistant Bacteria and Biofilms with
Nanomolar Photosensitizer Concentrations [J]. ACS
Infectious Diseases, 2020, 6(6): 1517-1526.DOI: 10.
1021/acsinfecdis.9b00379.

ZHUANG J, QI G, FENG Y, et a/. Thymoquinone
as an electron transfer mediator to convert Type II pho-
tosensitizers to Type [ photosensitizers [J]. Nature
Communications, 2024, 15(1): 4943.DOI:10.1038/
s41467-024-49311-z.

XIAF W, GUO B W, ZHAO Y, et al. Type I Pho-
tosensitizer Targeting Glycans: Overcoming Biofilm
Resistance by Inhibiting the Two-Component System,
Quorum Sensing, and Multidrug Efflux[J]. Advanced
Materials, 2023, 35(52) : 2309797. DOI: 10.1002/
adma.202309797.

WANG J L, PAN X, LI X, ez al. Photoimmunologic
Therapy of Stubborn Biofilm via Inhibiting Bacteria
Revival and Preventing Reinfection[J]. Advanced Ma-
terials, 2025, 37(6) : 2411468.DOI: 10.1002/adma.
202411468.

WANG J L, XIA F W, WANG Y, et al. Molecular
Charge and Antibacterial Performance Relationships of
Aggregation-Induced Emission Photosensitizers [J].
ACS Applied Materials & Interfaces, 2023, 15(14) :
17433-17443.DO1:10.1021/acsami.2c18835.

WU M Y, WU ZJ, ZOU Q, et al. From plasma
membrane to mitochondria: Time-dependent photody-
namic antibacterial and anticancer therapy with a near-
infrared AIE-active photosensitizer [J]. Chemical En-
gineering Journal, 2023, 454(P2) : 140189.DOI: 10.
1016/j.cej.2022.140189.

WU M Y, CHEN L, CHEN Q, et a/. Engineered
Phage with Aggregation-Induced Emission Photosensi-
tizer in Cocktail Therapy against Sepsis[J]. Advanced
Materials, 2023, 35(6) : 2208578. DOI: 10.1002/
adma.202208578.

WANGIJL, CHENY, SONG J X, et al. Aggregation-
Induced Emission Photosensitizer-Armored Magnetic
Nanoparticles for Sepsis Treatment: Combating Multidrug-
Resistant Bacteria and Alleviating Inflammation [J].
2024, 34 (10) :
2312162.D0I:10.1002/adfm.202312162.

WU M Y, XU X, HU R, et a/l. A Membrane-

Advanced Functional Materials,

Targeted Photosensitizer Prevents Drug Resistance and



5% 2

A A 6B Tk P 1) SRS R DU A B A )RR e v B BT 5 175

[24]

[25]

[29]

[30]

[31]

Induces Immune Response in Treating Candidiasis[J].
Advanced Science, 2023, 10(35): 2207736.DOI: 10.
1002/advs.202207736.

PEREZ-LAGUNA V, GARCIA-LUQUE I, BALL-
ESTA S, et al. Photodynamic Therapy Combined with
Antibiotics or Antifungals against Microorganisms That
Cause Skin and Soft Tissue Infections: A Planktonic
and Biofilm Approach to Overcome Resistances [J].
Pharmaceuticals, 2021, 14(7) : 603.DOI: 10.3390/
ph14070603.

NIEVES I, HALLY C, VIAPPIANI C, e al. A
porphycene-gentamicin conjugate for enhanced photo-
dynamic inactivation of bacteria[ J]. Bioorganic Chem-
istry, 2020, 97: 103661.DOI:10.1016/j.bioorg.2020.
103661.

HU D, ZOU L, YU W, ez al. Relief of Biofilm Hy-
poxia Using an Oxygen Nanocarrier: A New Paradigm
for Enhanced Antibiotic Therapy [J]. Advanced Science,
2020, 7(12): 2000398.DOI:10.1002/advs.202000398.

XIU W, WAN L, YANG K, ez al. Potentiating hy-
poxic microenvironment for antibiotic activation by
photodynamic therapy to combat bacterial biofilm infec-
tions[ J]. Nature Communications, 2022, 13(1): 1-13.
DOI:10.1038/s41467-022-31479-x.

RONQUIM R, FOGACA DE AGUIAR COLETTI
TMS, DE FREITAS L M, ez al. Synergistic antimi-
crobial effect of photodynamic therapy and ciprofloxa-
cinp[J]. Jowrnal of Photochemistry and Photobiology
B-Biology, 2016, 158: 122-129.DOI:10.1016/}.jpho-
tobiol.2016.02.036.

LI X, HUANG W, ZHENG X, ez a/. Synergistic in
vitro effects of indocyanine green and ethylenediamine
tetraacetate-mediated antimicrobial photodynamic therapy
combined with antibiotics for resistant bacterial bio-
films in diabetic foot infection[J]. Photodiagnosis and
Photodynamic Therapy, 2019, 25: 300-308.DOI: 10.
1016/j.pdpdt.2019.01.010.

WILLISJ A, CHEBURKANOV V, CHEN S, ez al.
Breaking down antibiotic resistance in methicillin-
resistant Staphylococcus aureus: Combining antimicro-
bial photodynamic and antibiotic treatments [J]. Pro-
ceedings of the National Academy of Sciences, 2022,
119(36) : €2208378119.DO1:10.1073/pnas.2208378119.
DENG Q, SUN P, ZHANG L, et al. Porphyrin
MOF Dots-Based, Function -Adaptive Nanoplatform
for Enhanced Penetration and Photodynamic Eradica-
tion of Bacterial Biofilms[J]. Advanced Functional Ma-
terials, 2019, 29(30) : 1903018.DOI: 10.1002/adfm.

[32]

[33]

[36]

[38]

[39]

[40]

[41]

201903018.
GONG C, GUAN W, LIU X, e/ a/. Biomimetic
Bacteriophage-Like Particles Formed from Probiotic
Extracts and NO Donors for Eradicating Multidrug-
Resistant Staphylococcus aureus[J]. Advanced Mate-
rials, 2022, 34 (45) : 2206134.DOI: 10.1002/adma.
202206134.

HU X, ZHANG H, WANG Y, et al. Synergistic anti-
bacterial strategy based on photodynamic therapy:
Progress and perspectives [J]. Chemical Engineering
Journal, 2022, 450: 138129.DOI:10.1016/j.cej.2022.
138129.

YAN 7, LIU Z, ZHANG H, et al. Current trends in
gas-synergized phototherapy for improved antitumor
theranostics[J]. Acta Biomaterialia, 2024, 174 1-25.
DOI:10.1016/j.actbio.2023.12.012.

LIU P, WANG Y, LIU Y, et al. S-nitrosothiols
loaded mini-sized Au@silica nanorod elicits collagen
depletion and mitochondrial damage in solid tumor
treatment| J |. Theranostics, 2020, 10(15): 6774-6789.
DOI:10.7150/thno.42661.

CHEN X, FAN Q, LI K, er a/. Amphiphilic Janus
nanoparticles for nitric oxide synergistic photodynamic
eradication of MRSA biofilms [J]. Biomaterials Sci-
ence, 2024, 12(4): 964-977.DOI: 10.1039/d3bm01510f.
ZHAO Z, L1 H, TAO X, et al. Light-Triggered Ni-
tric Oxide Release by a Photosensitizer to Combat Bac-
terial Biofilm Infections [J]. Chemistry-A European
Jowrnal, 2021, 27 (17) : 5453-5460. DOI: 10.1002/
chem.202004698.

ZHENG J, WANG W, GAO X, et al. Cascade Cata-
lytically Released Nitric Oxide-Driven Nanomotor
with Enhanced Penetration for Antibiofilm [J]. Small,
2022, 18(52): 2205252.DOT:10.1002/smll.202205252.
YAN H, DU J, ZHU S, ez al. Emerging Delivery
Strategies of Carbon Monoxide for Therapeutic Appli-
cations: from CO Gas to CO Releasing Nanomaterials [ J ].
Small, 2019, 15(49) : €1904382.DOT;10.1002/smll.
201904382.
CHENG J, GAN G, ZHENG S,

heterogeneity-adaptive photoredox catalysis enables red

et al. Biofilm

light-triggered nitric oxide release for combating drug-
resistant infections [ J]. Nature Communications, 2023,
14(1): 7510.DOI1:10.1038/s41467-023-43415-8.

ZHU J, TIAN J, YANG C, et al. 1.-Arg-Rich Am-
phiphilic Dendritic Peptide as a Versatile NO Donor
for NO/Photodynamic Synergistic Treatment of Bacte-

rial Infections and Promoting Wound Healing [J].



176

MHMERMBERER

2025 4F 6 H

[42]

[43]

[44]

[45]

[50]

Small, 2021, 17(32) : 2101495.DOI: 10.1002/smll.
202101495.

LIU W, SUN Y, ZHOU B, et al. Near-infrared light
triggered upconversion nanocomposites with multifunc-
tion of enhanced antimicrobial photodynamic therapy
and gas therapy for inflammation regulation[J]. Journal
of Colloid and Interface Science, 2024, 663: 834-846.
DOI:10.1016/j.jcis.2024.02.179.

ZHOU B, SUN X, DONG B, e al. Antibacterial
PDT nanoplatform capable of releasing therapeutic gas
for synergistic and enhanced treatment against deep in-
fections[ J]. Theranostics, 2022, 12: 2580-2597.DO1:
10.7150/thno.70277.

ZHANG Y, YUE T, GU W, et al. pH-responsive hi-
erarchical H,S-releasing nano-disinfectant with deep-
penetrating and anti-inflammatory properties for syner-
gistically enhanced eradication of bacterial biofilms and
wound infection [J]. Jowrnal of Nanobiotechnology,
2022,20(1):55.D01:10.1186/s12951-022-01262-7.
TIAN J, HUANG B, XIA L, et al. A H,S-Generated
Supramolecular Photosensitizer for Enhanced Photody-
namic Antibacterial Infection and Relieving Inflamma-
tion[J]. Advanced Science, 2024, 11(9) . 2305183.
DOI:10.1002/advs.202305183.

WANG T Y, ZHU X Y, WU F G. Antibacterial gas
therapy: strategies, advances, and prospects[J]. Bio-
active Materials, 2023,23(5):129-155.DOI:10.1016/
j.bioactmat.2022.10.008.

QI M, REN X, LI W, ez al. NIR responsive nitric 0x-
ide nanogenerator for enhanced biofilm eradication and
inflammation immunotherapy against periodontal dis-
eases [J]. Nano Today, 2022, 43: 101447.DOI: 10.
1016/j.nantod.2022.101447.

CAI X, TIAN J, ZHU 1J, et al. Photodynamic and
photothermal co-driven CO-enhanced multi-mode syn-
ergistic antibacterial nanoplatform to effectively fight
against biofilm infections [J].
Journal, 2021, 426: 131919.DOI1:10.1016/j.cej.2021.
131919.

ZHANG A, WU H, CHEN X, er a/. Targeting and

Chemical Engineering

arginine-driven synergizing photodynamic therapy with
nutritional immunotherapy nanosystems for combating
MRSA biofilms[J]. Science Advances, 2023, 9(28) .
eadg9116.DOI:10.1126/sciadv.adg9116.

ZHANG X, ZHANG G, CHAI M, et al. Synergistic
antibacterial activity of physical-chemical multi-mechanism
by TiO, nanorod arrays for safe biofilm eradication on

implant[J]. Bioactive materials, 2021, 6(1): 12-25.

[51]

[52]

[53]

[58]

[59]

DOI:10.1016/j.bioactmat.2020.07.017.

WANG W, CHENG X, LIAO J, et al. Synergistic
photothermal and photodynamic therapy for effective
implant-related bacterial infection elimination and bio-
film disruption using Cu,S, nanoparticles[J]. ACS Bio-
materials Science & Engineering, 2019,5(11) : 6243-
6253.DOT:10.1021/acsbiomaterials.9b01280.

WANG H, GONG S, LIX, e al. SDS coated Fe;0,@
MoS, with NIR-enhanced photothermal-photodynamic
therapy and antibiotic resistance gene dissemination in-
hibition functions[J]. Colloids and Surfaces B: Bioin-
terfaces, 2022, 214: 112457.DO1:10.1016/j.colsurfb.
2022.112457.

ALVES F, GOMES GUIMARAES G, Mayumi Inada
N, et al. Strategies to Improve the Antimicrobial Effi-
cacy of Photodynamic, Sonodynamic, and Sonophoto-
dynamic Therapies[J]. Lasers in Surgery and Medicine,
2021,53(8):1113-1121.DOI1:10.1002/1sm.23383.
HU H, ZHAO J, MA K, et al. Sonodynamic therapy
combined with phototherapy: Novel synergistic strat-
egy with superior efficacy for antitumor and antiinfec-
tion therapy[J]. Journal of Controlled Release, 2023,
359(1):188-205.D0O1:10.1016/j.jconrel.2023.05.041.
WANG X, ZHONG X, GONG F, ez al. Newly devel-
oped strategies for improving sonodynamic therapy[J].
Materials Horizons, 2020,7(8) :2028-2046.DOI: 10.
1039/d0mh00613k.

GOBBO DE MELO P B, BESEGATO J F, ABREU
BERNARDI A C, et al. Can sono-photodynamic
therapy enhance the antibacterial effect of curcumin
against Streptococcus mutans biofilm?[J]. Laser Physics
Letters, 2021, 18 (10) : 105601.DOI: 10.1088/1612-
202X /acl742.

SONGCA S P, ADIUJET Y. Applications of Antimicrobial
Photodynamic Therapy against Bacterial Biofilms [J].
International Journal of Molecular Sciences, 2022, 23(6) :
3209.DOI:10.3390/ijms23063209.

NIAVARZI S, POURHAJIBAGHER M, KHEDMAT
S, et al. Effect of ultrasonic activation on the efficacy
of antimicrobial photodynamic therapy: Evaluation of
penetration depth of photosensitizer and elimination of
Enterococcus faecalis biofilms[J]. Photodiagnosis and
Photodynamic Therapy, 2019, 27: 362-366.DOI: 10.
1016/5.pdpdt.2019.06.001.

ALVES F, PRATAVIEIRA S, INADA N M, et al.
Effects on Colonization Factors and Mechanisms In-
volved in Antimicrobial Sonophotodynamic Inactiva-

tion Mediated by Curcumin[J]. Pharmaceutics, 2023,



5% 2

A A 6B Tk P 1) SRS R DU A B A )RR e v B BT 5 177

[60]

[61]

[66]

[67]

[68]

[69]

15C10): 2407.10.3390/pharmaceutics15102407.
WYSOCKI M, CZARCZYNSKA-GOSLINSKA B,
ZIENTAL D, et al. Excited State and Reactive Oxy-
gen Species against Cancer and Pathogens: A Review
on Sonodynamic and Sono-Photodynamic Therapy [J].
ChemMedChem, 2022,17(13): €202200185.DOTI: 10.
1002/cmdc.202200185.

POURHAJIBAGHER M, BAHADOR A. Attenua-
tion of Aggregatibacter actinomycetemcomitans viru-
lence using curcumin-decorated nanophytosomes-mediated
photo-sonoantimicrobial chemotherapy [J]. Scientific
Reports, 2021, 11 (1) : 1-14. DOI: 10.1038/s41598-
021-85437-6.

SILVA E CARVALHO I, PRATAVIEIRA S, BA-
GNATO V S, et al. Sonophotodynamic inactivation
of Pseudomonas aeruginosa biofilm mediated by cur-
cumin [J]. Biofouling, 2023, 39 (6) : 606-616.DOI:
10.1080/08927014.2023.2241385.

ATMACA G Y, KARANLIK C C, ERDOGMUS A.
Measurement of improved singlet oxygen generations
of indium chloride phthalocyanines by comparatively
sono-photochemical and photochemical studies[J]. Dyes
and Pigments, 2021, 194: 109630. DOI: 10.1016/j.
dyepig.2021.109630.

PANG X, LI D, ZHU J, ez al. Beyond Antibiotics:
Photo/Sonodynamic Approaches for Bacterial Ther-
anostics [ J]. Nano-micro Letters, 2020, 12(1) : 144.
DOI:10.1007/s40820-020-00485-3.

YEHUDA A, MALACH E, OOFRIS V, et al. The
quorum-sensing peptidic inhibitor rescues host immune
system eradication: A novel infectivity mechanism[J].
Proceedings of the National Academy of Sciences, 2023,
120(35) : €2301045120.DOI: 10.1073/pnas.2301045120.
TANSYY, LIUY, CHUA S L, et al. Compara-
tive systems biology analysis to study the mode of ac-
tion of the isothiocyanate compound iberin on Pseudo-
monas aeruginosalJ]. Antimicrobial Agents and Che-
motherapy, 2014, 58(11) : 6648-6659.DOI: 10.1128/
AAC.02620-13.

VASHISTHA A, SHARMA N, NANAJL'Y, et al.
Quorum sensing inhibitors as Therapeutics: Bacterial bio-
film inhibition[ J . Bioorganic Chemistry, 2023, 136(1) :
106551.DO1:10.1016/j.bioorg.2023.106551.

LU L, LI M, YI G, et al. Screening strategies for
quorum sensing inhibitors in combating bacterial infec-
tions [J]. Journal of Pharmaceutical Analysis , 2022,
12(1):1-14.DOI:10.1016/j.jpha.2021.03.009.
PRATEEKSHA P, SHARMA V, NAGPOORE N,

[70]

[71]

(73]

[74]

[76]

[77]

et al. Bacteria-Responsive Multidrug Delivery Nano-
system for Combating Long-Term Biofilm-Associated
Infections[J]. Advanced Functional Materials, 2023,
33(28): 2214852.D0O1:10.1002/adfm.202214852.
SUN Y, QIN H, YAN Z, et al. Combating Biofilm
Associated Infection In Vivo: Integration of Quorum
Sensing Inhibition and Photodynamic Treatment based on
Multidrug Delivered Hollow Carbon Nitride Sphere [ J].
2019, 29 (14) :
1808222.DO1:10.1002/adfm.201808222.

DAHSHAN N A, ABU-DAHAB R, KHALIL E A,

et al. Bactericidal effect of Iberin combined with photo-

Advanced Functional Materials,

dynamic antimicrobial chemotherapy against Pseudo-
monas aeruginosa biofilm cultured on ex vivo wound
model [ J]. Photodiagnosis and Photodynamic Therapy,
2023, 44: 103841.DOI1:10.1016/;.pdpdt.2023.103841.

BROWN J L, TOWNSEND E, SHORT R D, et al.
Assessing the inflammatory response to in vitro polymi-
crobial wound biofilms in a skin epidermis model [J].
NPJ Biofilms and Microbiomes, 2022, 8(1): 19.DOI:
10.1038/s41522-022-00286-7.

CHEN S H, ZHANG Z S, WEI L, ez al. Photo-
catalytic Staphylococcus aureus inactivation and biofilm de-
struction with novel bis-tridentate iridium C [[[ ) photo-
catalyst [ J]. Chinese Chemical Letters, 2023, 34 (11) :
191-194.DOI1:10.1016/j.cclet.2023.108412.

XIE T, QL' Y, LI Y, et al. Ultrasmall Ga-ICG
nanoparticles based gallium ion/photodynamic syner-
gistic therapy to eradicate biofilms and against drug-
resistant bacterial liver abscess[J]. Bioactive Materials,
2021, 6(11) : 3812-3823.DOI: 10.1016/]. bioactmat.
2021.03.032.

WANG C, LIN Y, HUANG J, et al. Pseudomonas
aeruginosa targeting cascade photodynamic nanoassem-
blies for efficient antibacterial and anti-inflammatory
therapy[J]. Nano Today, 2023,51(1): 101892.DOI:
10.1016/j.nantod.2023.101892.

LEIX L, CHENG K, L1Y, et al. The eradication of
biofilm for therapy of bacterial infected chronic wound
based on pH-responsive micelle of antimicrobial peptide
derived biodegradable microneedle patch[J]. Chemical
Engineering Journal, 2023, 462(1): 142222.DOT: 10.
1016/j.cej.2023.142222.

YANG Z R, XIONG J, WEIL S, et al. Metalloprotein-
inspired supramolecular photodynamic nanodrugs by
multicomponent coordination for deep penetration and
enhanced biofilm eradication[J]. Nano Research, 2023,

16(5): 7312-7322.DO1:10.1007/s12274-023-5392-9.



178

MHMERMBERER

2025 4F 6 A

[78]

[79]

[80]

SHIH Y H, YU C C, CHANG K C, et al. Synergis-
tic Effect of Combination of a Temoporfin-Based Pho-
todynamic Therapy with Potassium lodide or Antibac-
terial Agents on Oral Disease Pathogens In Vitro[J].
Pharmaceuticals, 2022, 15(4) . 488.DOI: 10.3390/
ph15040488.

WANG J, GENG T, WANG Y, et al. Efficacy of an-
tibacterial agents combined with erbium laser and pho-
todynamic therapy in reducing titanium biofilm vitality :
an in vitro study[J]. BMC Oral Health, 2023, 23(1):
32.D0I:10.1186/s12903-023-02730-8.

SUN P, YE L, TAN X, et al. Silver Nanoparticle-
Assisted Photodynamic Therapy for Biofilm Eradica-
tion[J]. ACS Applied Nano Materials, 2022, 5(6) :
8251-8259.DOI1:10.1021/acsanm.2¢01327.

LIU X, REN Y, FAN D, et a/. Shining Light on
Multidrug-Resistant Bacterial Infections: Rational De-
sign of Multifunctional Organosilver-Based AIEgen
Probes as Light-Activated Theranostics for Combating
Biofilms and Liver Abscesses [J]. Advanced Func-
tional Materials, 2023, 33 (45) . 2304974.DOI: 10.

[82]

[83]

[84]

1002/adfm.202304974.

LIH, GONG M, XIAO J, et al. Photothermally acti-
vated multifunctional MoS2 bactericidal nanoplatform
for combined chemo/photothermal/photodynamic triple-
mode therapy of bacterial and biofilm infections [J].
Chemical Engineering Journal, 2022, 429: 132600.
DOI:10.1016/j.cej.2021.132600.

QI F, WANG Z, YANG L, et al. A collaborative
CeOy@metal-organic framework nanosystem to endow
scaffolds with photodynamic antibacterial effect [J].
Materials Today Chemistry, 2023, 27: 101336.DOI:
10.1016/j.mtchem.2022.101336.

TABASSUM N, KHAN F, KANG M G, et al. Inhi-
bition of polymicrobial biofilms of Candida albicans-
Staphylococcus aureus/Streptococcus mutans by fucoidan-
gold nanoparticles [J]. Marine Drugs, 2023, 21(2) :
123.D0OI1:10.3390/md21020123.

DAI T, HUANG Y Y, HAMBLIN M R. Photody-
namic therapy for localized infections-State of the art[J].
Photodiagnosis and Photodynamic Therapy, 2009, 6
(3-4): 170-188.DOI1:10.1016/}.pdpdt.2009.10.008.

XM, HIRFEEFH ., WA RFFRITXNFFHBEALT, AT
AMEFRAELG T ERGHL, EEFABRMEL/F — 4 F E PNAS, Adv.
Mater.(4 %) ,Angew. Chem.,Adv. Funct. Mater.,Adv. Sci. % #F) X % % 3| BF %6 L
0K, RAZARAMFRAeG L FFHAFELFAD T, KRAIATLA S
A TR, 2B R A XA E B A Chin. Chem. Lett. 4% 2= %= Biomater. Transl. &

F %% . Email: wumy@scu.edu.cn

R, #AR LA FIF, TR G @A RN A F o T A A IR R 6
B #MHAARLEEAG P ER ., AF—/BRAEH EJ Am. Chem.
Soc., Anal. Chem., Adv. Funct. Mater., ACS Appl. Mater. Interfaces, Adv. Matter. %
WA F) K R R ST 100 4 F , %31 R 33 000 4k, 5 R &4k 3] 1 300 K
K200 FEFERERRAYMBARFRAAL, BRAAFHSHCER 14,
IFFLALEERARMAFEALAB TR BRAAAFZEALEXRNA 1A . FEH
FREXDNEFNAARD LR EFA3IA., S 5HTEB0T REARELR, KA
FRB R 3, Email: fengshun@swjtu.edu.cn

(REHE:TF =)



