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Figure 1 (Color online) Schematic diagram of photothermal antibacterial process
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Figure 2 TEM images of various Au nanostructures. (a) Au nanoparticles[zz]. Copyright © 2017, American Chemical Society. (b) Au nanostars

[13]

Copyright © 2020, the Royal Society of Chemistry. (c) Au nanoflowers'"”. Copyright © 2020, Elsevier. (d) Au nanorods'™. Copyright © 2021, Elsevier.
(e) Au nanocages[24]. Copyright © 2019, American Chemical Society. (f) Au nanoshells™. Copyright © 2015, American Chemical Society
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Figure 3 (Color online) Schematic diagram of modification. (a) Schematic diagram of specific antibody modification™. Copyright © 2018, Wiley.
(b) Vancomycin modification™. Copyright © 2019, American Chemical Society. (c¢) Polypeptide modification of gold nanostructures'*’. Copyright ©

2021, Elsevier

67



MG 8 2025818 675 %1

A RIS T XA B S [ B SO R b RE
212 FHEEFEBAG

—SBRIF Y # A ER T R R AR 45 A B 0
A LS8 F 40 e 0 R L AR e AR BAEF, SEBL4:
SEY LR BRI PR R RO, WangE N &
T R R A A 9K B A RO 1 IR B
R BH P BT PR SRS (113 (b)), TR LA IRES T, 2RI N
TEYT TR B 7 T SR A A R A A S A
FE T, WangZe N\ SIS T —FhdE 40 15 S 09 40
KRFTURL R AE T LAY R, L GNPsiliad 7 &R
PR el S P A 1) R A 30 T S8 A I s i A7 R S A 4 v 2 T
THEELE, GNPsIJEA R AE Bon R T 21 /Ml
ORI S eI, TS 5 T OEIROR BRPERE, MI7ERA
TR EARAY IS OL T, GNPsRAMHAY), FEBHAHEAY
SERRE, A RCHIE D T % R e 2 4L B .
2,13 Lk

Z BR8] T3 o T BRI 7 g il AR
YIkRL. HRTVFZ 0588 R 2 I 6 2 98Kk 254, 6
% EA R M SRR )
0, MuZe AN gl K ORY 670 48 T2 0 11 3R T
e b, JFR T HA R IERE ) R R A B AR 4,
FHTFIELAMNES T KIEAE. tah, WE3C)ix,
GuiZs A\ F /N 4 K BB (ca. 4.0 nm) R T
—FlHT B T B AE A N TE R R KA B 5 s K B A 4K
(AuU@AB NCs). HTFE&9KkPRABRTEZMIEH,
Au@AB NCsA] LIRS R B0 R, I e #
FEAKAY A B A e RptE RAEE—iE, A FARE )=
HOCHA Fl.
2,14 HfbhkHEBiE

I TR 7R T 0 A e 22 e PR 3R DR R R .
T TR A 20 B A A SRR AL, TR T
W5 SRR g A, R R LA I 0 e
PEREO, B Ak Es 4 rR 74N R L, FEL 26
RS, SAekasFg A R m i, R Rk
PERE ] TR E N 0. ot PengZ5 N4 T
— PRI PR R - R R A IR, RENEIE A IRAL N,
Fr SRR IR0 HARANE. [EAE B, e
A R EE, nTAe Lo b R SE H AR B, Xt
Ak HARA B AAE D A B R 31, seob, AU R A
MZER 5 F BOR A Wk B R A s 5 | ke TR Z
S GaoZs N\ PO I 4-5 HIE IR AR o 4 i3I,
P T — PRI FE . AR B OCR KR 5.

68

2.2 ZHPRHEe . TddEsRbURATERE
221 HAEBH#

T N X 22 T 24 RGP B B B 57
PERUAR SR, 18 V)T I R RSO PT R R AR . T
TH O LR T MR Rk X P an pd sk gy, fiun
& B HERERYCRERL. AR E RIS
LRE B NERBMEAKRE K, DI 9 ka5
FRFEROR, ASCHERR . SR b tEae.
Kl4(a)fiR, Hude AP T —Fh e tAZ -7 -7 (4 -
BRI R A L, SN 52 T A0t
TS T IRALIE S BN 2 8, PR = 1
BRI, SEBLT A AN ) B OR B R B 7
KRB 2 BmPUREECE. Hu A& 7 — R
=& ESCHIKREER, TESYIKE FAMEA KRG
YRS NTEIERNPTE R, ZAKREEH T2 5
PN (7 R B PRI TS . A, BT LAh
FEIGIX LSPR AT, A EEF HEXI A & M T4 4
s, DGR AR B R, Wuds AP T R
SiO, L7 1 & WA FENENPLEE A RE, BT EHAER:
PERVER B 11 R B e 20 M5 S IR A i ak
YRIT, I HAEG TR KRB A g R AL S el
FFEPURITA TR
222 BEAEa#

TESCIPURA O, PEBE T Hom KT /M ek
WePERE, WA —F TS BT LD AN G RIS E ), I
LA e 2D 2 R 1 SRR K RS 25 A i
S5 HAB2DYKARIANE, SE8E T LIVE N 48 B AR iR
4B SR AA 5B SRl s R I UL A B
TREZFPIE R, A A VRGBT R A
B TART5. I, SEEfhRRr B B R
A=W I 2 0 FH (L HE YEIRGT ) ) BRAB 90 KA B i e+
toh. AksoyZE AR 2 TR PE R B B Ak a0 5
B W B EA KR IIURE, R L2 2 T ) 5 ) B
KR s B gk & SR RN IR 4(b)), s
X 4 B A= PR A R A A E .

223 HHMIHEAMRE A

R T N HAE ZR ) RS T S A
ik 2P () 8, AR5 0K 4 oK 4540 5 A BT A A R R
B, SRR LSRRI RIBTEAE A, LLtbxd
PiZ E M2 5. Bermudez-JiménezZ5 N\ M 4 4 kit
ATERBKEERE Y, V5 APTT IRy il 18t m e ity — b
FEDEA]. ChenZe \PIF BRI, WK 22014
YRR & T —FRr 2 MR 25 Wik R4 (18 4(c)), H



P A

(+)
(@) Seed growth AgNO, HAuCI,
o fmt o et )
AgNO, AA, OH- AA
Au seeds Au NRs Au-Ag NRs Au-Ag-Au NRs
(b) ‘
% ,1"", Au nanoparticles
LIPS LWARAE
i, o il S Badoatad
=
SRR AP
BP/Au
BP crystals BP nanosheets nanocomposites

B 4 (MBI SNKRERHERER. () 5548152445, Copyright © 2015, Elsevier. (b) BB 71 2. Copyright © 2020, American

Chemical Society. (c) B4 HBHL LY. Copyright © 2020, the Royal Society of Chemistry
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photothermal bacterial lysis
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Pathogenic microorganisms can lead to serious infection. The increased multi-drug-resistant bacteria poses a great threat to
the survival of humans and animals due to gene mutations and various mechanisms of drug resistance, which attracts
people’s attention to alternative solutions against bacteria. Developing new antibacterial nanomaterials is an effective way
to solve this problem. Due to the excellent biocompatibility, photothermal stability, photothermal conversion efficiency,
and easy modification of gold nanostructures, the research has focused on the design of gold nanostructures with activated
antibacterial properties induced by light irradiation for use against drug-resistant bacteria. At present, a variety of gold
nanostructures were used for photothermal bacterial lysis, and their antibacterial properties can be enhanced by adding
components for specific targeting or modulating the structure and size for enhanced efficiency of photothermal conversion.
The photoactive gold based nanostructure displayed the great advantages of killing pathogenic bacteria especially for the
drug-resistance bacteria, due to the physical damage to the bacteria from the gold based nanostructure, which is totally
different from the mechanism of disinfection of traditional antibiotics. They have a great and wide application for solving
the problem faced now.

In this review, we introduced the photoactive gold nanostructures used to fight for pathogen diseases, especially for drug-
resistant bacteria infection. The basic principles, important developments, promising applications and limitations of the
current technology are revealed. Initially, the diversity of gold nanostructures was introduced (gold nanoparticles, gold
nanostars, gold nanorods, gold nanocages, gold nanoshells, etc.), due to their amazing local surface plasmon resonance
(LSPR) and oxidation resistance, which can present one advantage of antimicrobial activity by the hyperthermia to lysis the
bacteria in a short time. Near-infrared irradiation (NIR) was widely used in these photoactive gold nanomaterials, with the
ability to penetrate the skin tissue from 5 to 10 mm and low damage to tissue. It is another advantage compared to other
antimicrobial materials. Subsequently, the surface modification of gold nanostructure was addressed in this review due to
the significance of modulating the property of gold nanostructure to enhance the antimicrobial activity and the specificity to
pathogens, as well as lowering the side effect of damaging the normal cell. For instance, one strategy is proposed to modify
the antibody or specific peptide against bacteria on the surface of gold nanostructure to regulate both the LSPR of gold
nanostructure and specificity of bacteria. Another one is the combination strategy which includes the doping of Ag and Pt
on the surface of the gold nanostructure, 2D nanomaterial (graphene oxide nanosheet or black phosphorus nanosheet)/gold
nanostructure, and gold nanostructure with antibiotics or antimicrobial peptides, etc. All the approaches summarized in this
review could facilitate enhancing the efficiency of killing bacteria by the photoactive gold based nanostructures. Finally,
the challenges and perspectives in this area were proposed. For instance, the construction of smart material based on gold
nanostructure was emergent in further exploration, according to the microenvironment of infection sites. The biosafety of
photoactive gold based nanomaterial is still the big issue in the next step, which is the key factor for further clinical
application. In general, the gold based nanomaterial with a variety of nanostructures displays the designable structure in a
controlled manner, the excellent photoactive properties, and amazing hyperthermia feature, which sheds light on further
clinical applications, such as biosensor and biomedicine.

gold nanostructure, photothermal antibacterial, modification, functionalization
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