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Template Synthesis of Metal Nanoclusters and Application in Food

ZHANG Shuai, WANG Fumin, WANG Yan, LIU Xiaofei, XIN Jiaying"

(College of Food Engineering, Harbin University of Commerce, Harbin 150028, China)

Abstract: Metal Nanoclusters (MNCs) have shown great potential applications in the field of food safety due to their
unique physical and chemical properties. Through the template synthesis method, the specific size, shape and dispersion of
MNCs can be regulated, thereby improving their functional characteristics. Based on the recent studies on MNCs, the
mechanism of template-assisted synthesis of MNCs and their applications in the detection of food contaminants, food
packaging materials, antimicrobial agents and food additives are reviewed. It provides a scientific basis for template
synthesis of MNCs, and to provide insights and directions for MNCs in food safety monitoring.
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Fig.1 Gradation of materials from microscopic to macroscopic

scales
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Fig.2 Schematic illustration of the "bottom-up" and "top-down"
synthetic routes of MNCs!'"”!
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Fig.4 General schemes for protein synthesis and stabilization
of fluorescent metal nanoclusters®
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Table 1 Examples of detection of some metal nanoclusters in

food contaminants.

155 MNCs HirEsisgY 2530k
BSOS CuNCs A AR ERTA [65]
AuNCs PR # 5B [66]
AgNCs WA FEA [67]
AgNCs G v O A R [68]
EEEET AuNCs Pb* [69]
AuNCs JIIRERTH [70]
AuNCs Co*" [71]
CuNCs Fe’* [72]
AuNCs Ag' [73]
CuNCs Hg* [74]
KRG PiE#E AuNCs-MnO,  EJLHIRRERZEA A [75]
AuNCs AL Z [76]
AuNCs 2-ME4-GR A LR [77]
AgNCs +HH(0TC) [78]
AgNCs kR ER [79]
CuNCs AR [80]
CdA(ID-Nd(IIHNCs ~ A4FEMRIEZHTAE % [81]
PEI-OVA-AuNCs PUIR [82]
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(BSA) E3i ) AuNCs, ‘& HA R AL 6 LR
AR, R rE . R AR R S IR
TIEXTHE W (TBHQ) o 7341, WANFRES & —Fh iy
FOTCHLED B JE 57, Chen 4502 158 T M bR 2,
7 U AR5 BRI AR AN K555 (hPET-A gNCs ) &6l 7 it g £k
PTG T . R B s Inge] AR, 48 4ok
P EAT BRI RN T1, S B ids sl v s R AU
I BRI T — R i T, B R SEBR R
[[p=:a8

£ JE K A SR AR b B N T RS A AE
— BB ANAS Y L 4B AR A R e A )
L, AR HAE SRy — P BUASI B AR 3R A s 71, et
—2E SN A R P T A ST AR S a5, RSB Sy
I EZ 0
4 RE

&R AR A5 AR AR A A EAT SR IS A
FUN AT R . B AR A B, T LA HoA R
R LB G TR AN K IR, A R A ot
AL T AT REME; &R AR AL, Yk T4
A5k i S R B R I, BT R AR L AR R R
. R AR MERE A LA T 255 AR & BT AR
X7 B EL AT PR, A SRS IR AR ) A5 i 4l K AT
52, T A Tl Y RS oR s 48 9K A e i 40 al A
HA ) RN AT S, 7T T A R | G st
Sl N S T e sl G 18 R R L B N il d e S
A3 R 4 S A AR TR ST A & B B, T EEE— 411
T FTAA PR e A 1k

4 Jm AR A AR A I LA T A e R, (H
IR —LePRER, IR AIEAR & AT AT SR T 2t
S 28 Iy = Rt S TE o NI RN 21N e va [0 T
s XA W] 4 B K B A RE, andi | 4R . 42 4F,
T LG o H ARy 2 T M P 3 FH AR & 1 SR 5 4
K P ) 3R T 25 A AN 2 A% T BE S B30 B R H AN
FETEFN RS, F5 ZLfH X S Pk ks X F Il db 4
JE A AR, AN 22 R 0 S TR AR I FR, k=4
RO A T 2% 4 B AN K A 2 N A R S
BHARTER e vk | Raseth . A aliAs | R WA
RV 3Z BE A5



45 % 55 14

I, A SRR S S TR B R N A - 395 -

© The Author(s) 2024. This is an Open Access article
distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

S 3k
[1] JIN R C. Quantum sized, thiolate-protected gold nanoclusters
[J]. Nanoscale, 2010, 2(3): 343—-62.
[2] MEIL, TENG Z. ZHU G Z, et al. Silver nanocluster-embed-
ded zein films as antimicrobial coating materials for food packag-
ing[J]. ACS Applied MaterialsInterfaces, 2017, 9(40): 35297—
35304.
[3] CHENG H, CHEN L, JULIAN M D, et al. Recent advances in
the application of nanotechnology to create antioxidant active food
packaging materials[J]. Critical Reviews in Food Science and
Nutrition, 2022, 64(10): 11-16.
[4] MUJ, YANG J L, ZHANG D W, et al. Progress in prepara-
tion of metal nanoclusters and their application in detection of envi-
ronmental pollutants[J]. Chinese Journal of Analytical Chemistry,
2021,49(3):319-329.
[5] PAN Y, HAN Z, CHEN S H, et al. Metallic nanoclusters:
From synthetic challenges to applications of their unique properties
in food contamination detection[J]. Coordination Chemistry Re-
views, 2023, 478(1): 214964.
[6] SHANG L, DONG S J, ULRICH N G. Ultra-small fluorescent
metal nanoclusters: Synthesis and biological applications[J]. Nano
Today, 2011, 6(4): 401-418.
[7] B3%, B2, 5T K TR RER KR AN 3
BRI & A& [J]. 47404, 2022,50(2): 9. [JIAO T, WEN H X, LI
Z P. Selective detection of doxorubicin hydrochloride based on fluo-
rescence quenching of copper nanoclusters[J]. Chinese Journal of
Analytical Chemistry, 2022, 50(2): 9. ]
[8] WANG B Q, GUIR J, JIN H, et al. Red-emitting BSA-stabi-
lized copper nanoclusters acted as a sensitive probe for fluorescence
sensing and visual imaging detection of rutin[J]. Talanta, 2018, 178:
1006—1010.
[9] XIEJP,ZHENG Y G, YING J Y. Protein-directed synthesis
of highly fluorescent gold nanoclusters[J]. Journal of the American
Chemical Society, 2009, 131(3): 888—889.
[10] SLOCIK J M, WRIGHT D W. Biomimetic mineralization of
noble metal nanoclusters [J]. Biomacromolecules, 2003, 4(5): 1135—
1141.
[ 11] CATHCART N, MISTRY P, MAKRA C, et al. Chiral thiol-
stabilized silver nanoclusters with well-resolved optical transitions
synthesized by a facile etching procedure in aqueous solutions[J].
Langmuir: The ACS Journal of Surfaces and Colloids, 2009, 25(10):
5840-5846.
[12] IVANOVA N K, KARPUSHKIN E A, LOPATINA L I, et al.
DNA as a template for synthesis of fluorescent gold nanoclusters [J].
Mendeleev Communications, 2023, 33(3): 346—348.
[ 13] ESMA K, THALAPPIL P. New Routes for multicomponent
atomically precise metal nanoclusters[J]. ACS Omega, 2021, 6(1):
11-16.
[14] CUIM L, ZHAO Y, SONG Q J. Synthesis, optical proper-
ties and applications of ultra-small luminescent gold nanoclusters
[J]. Trends in Analytical Chemistry, 2014: 5773—5782.
[15] XIAOY, WU Z N, YAO QF, et al. Luminescent metal nan-
oclusters: Biosensing strategies and bioimaging applications[J].
Aggregate, 2021, 2(1): 114-132.

[16] BARBARA C, GASPAR M J M, SEQUEIRA P J F. Encap-
sulation of gold nanoclusters: stabilization and more [J]. Nanoscale,
2021, 13(41): 17199-17217.

[17] ZHENG G, PETTY T J, DICKSON M R. High quantum
yield blue emission from water-soluble Au8 nanodots[J]. Journal of
the American Chemical Society, 2003, 125(26): 7780—7781.

[ 18] HANF, LI J H, WANG W R, et al. Synthesis of silver nan-
oclusters by irradiation reduction and detection of Cr** ions[J]. RSC
Advances, 2022, 12(51): 33207-33214.

[19] SHIY E,LUO S ], JT X J, et al. Synthesis of ultra-stable cop-
per nanoclusters and their potential application as a reversible ther-
mometer[J]. Dalton Transactions, 2017, 46(41): 14251—14255.
[20] GES,HAN Y M, SUN M L, et al. Functionalization of poly-
mer-wrapped silver nanoclusters and potential applications as an-
timicrobial mask materials[J]. ACS Omega, 2023, 8(45): 42678—
42688.

[21] LOURDU P X, KAMALESH C, ANANYA B, et al. Protein-
protected luminescent noble metal quantum clusters: An emerging
trend in atomic cluster nanoscience[J]. Nano Reviews, 2012, 3(1):
14767-14767.

[ 22 ] DICKERSON B M, SANDHAGE H K, NAIK R R. Protein-
and peptide-directed syntheses of inorganic materials[J]. Chemical
Reviews, 2008, 108(11): 4935—78.

[23 ] CHEVRIER M D, CHATT A, ZHANG P. Properties and ap-
plications of protein-stabilized fluorescent gold nanoclusters: Short
review [J]. Journal of Nanophotonics, 2012, 6(1): 064504.

[24 ] GOSWAMI N, SAHA R, PAL K S. Protein-assisted synthe-
sis route of metal nanoparticles: Exploration of key chemistry of the
biomolecule[J]. Journal of Nanoparticle Research, 2011, 13(10):
5485—5495.

[25] LIM Z, Z HANG Y D, MA J L, et al. Albumin-based
nanoparticle for dual-modality imaging of the lymphatic system[J].
RSC Advances, 2023, 13(4): 2248-2255.

[26 ] KAWASAKI H, YOSHIMURA K, HAMAGUCHI K, et al.
Trypsin-stabilized fluorescent gold nanocluster for sensitive and se-
lective Hg** detection[J]. Analytical Sciences: The International
Journal of the Japan Society for Analytical Chemistry, 2011, 27(6):
591.

[27 ] WENF, DONG Y H, FENG L, et al. Horseradish peroxidase
functionalized fluorescent gold nanoclusters for hydrogen peroxide
sensing[J]. Analytical Chemistry, 2011, 83(4): 1193-1196.

[ 28 ] JOSEPH D, GECKELER. K E. Synthesis of highly fluores-
cent gold nanoclusters using egg white proteins[J]. Colloids and
Surfaces B: Biointerfaces, 2014, 115; 46—50.

[29 ] TIANJH, YAN L, SANG A, et al. Microwave-Assisted syn-
thesis of red-light emitting Au nanoclusters with the use of egg
white[J]. Journal of Chemical Education, 2014, 91(10): 1715—-1719.
[30] WEI H, WANG Z D, YANG L M, et al. Lysozyme-stabi-
lized gold fluorescent cluster: synthesis and application as Hg** sen-
sor[J]. The Analyst, 2010, 135(6): 1406-1410.

[31 ] KAWASAKI H, HAMAGUCHI K, OSAKA 1, et al. pH -
dependent synthesis of pepsin-mediated gold nanoclusters with blue
green and red fluorescent emission[J]. Advanced Functional Materi-
als, 2011, 21(18): 3508-3515.

[32] CHENY F, QIAO J, LIU QR, et al. Fluorescence turn-on as-
say for detection of serum D-penicillamine based on papain
@AuUNCs-Cu*" complex[J]. Analytica Chimica Acta, 2018, 1026:
133-139.

[33] LINGSJ,LIANG HY, LI Z, et al. Soy protein-directed one-


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1039/B9NR00160C
https://doi.org/10.1021/acsami.7b08152
https://doi.org/10.1016/S1872-2040(21)60082-8
https://doi.org/10.1016/j.nantod.2011.06.004
https://doi.org/10.1016/j.nantod.2011.06.004
https://doi.org/10.1016/j.talanta.2017.08.102
https://doi.org/10.1021/ja806804u
https://doi.org/10.1021/ja806804u
https://doi.org/10.1021/bm034003q
https://doi.org/10.1021/la9005967
https://doi.org/10.1021/la9005967
https://doi.org/10.1021/la9005967
https://doi.org/10.1016/j.mencom.2023.04.016
https://doi.org/10.1002/agt2.11
https://doi.org/10.1039/D1NR04939A
https://doi.org/10.1021/ja035473v
https://doi.org/10.1021/ja035473v
https://doi.org/10.1039/D2RA06536C
https://doi.org/10.1039/D2RA06536C
https://doi.org/10.1039/C7DT02193C
https://doi.org/10.1021/acsomega.3c05454
https://doi.org/10.3402/nano.v3i0.14767
https://doi.org/10.1021/cr8002328
https://doi.org/10.1021/cr8002328
https://doi.org/10.1117/1.JNP.6.064504
https://doi.org/10.1007/s11051-011-0536-3
https://doi.org/10.1039/D2RA07414A
https://doi.org/10.2116/analsci.27.591
https://doi.org/10.2116/analsci.27.591
https://doi.org/10.2116/analsci.27.591
https://doi.org/10.2116/analsci.27.591
https://doi.org/10.1021/ac1031447
https://doi.org/10.1016/j.colsurfb.2013.11.017
https://doi.org/10.1016/j.colsurfb.2013.11.017
https://doi.org/10.1016/j.colsurfb.2013.11.017
https://doi.org/10.1016/j.colsurfb.2013.11.017
https://doi.org/10.1021/ed400605y
https://doi.org/10.1039/c0an00046a
https://doi.org/10.1002/adfm.201100886
https://doi.org/10.1002/adfm.201100886
https://doi.org/10.1002/adfm.201100886
https://doi.org/10.1016/j.aca.2018.04.014

- 396 - £ Tl B4

20244 7 A

pot synthesis of gold nanomaterials and their functional conductive
devices[J]. Journal of Materials Chemistry B, 2016, 4(21): 3643~
3650.

[34] AIRES A, LLARENA I, MOLLER M, et al. A simple ap-
proach to design proteins for the sustainable synthesis of metal nan-
oclusters[J]. Angewandte Chemie, 2019, 58(19): 6214-6219.

[35] HAK S, KWARK G, J UN, K W, et al. Ordered mesoporous
carbon nanochannel reactors for high-performance Fischer-Tropsch
synthesis[J]. Chemical Communications, 2013, 49(45): 5141-3.
[36] SOPTEI B, NAGY N L, BARANYAI P, et al. On the selec-
tion and design of proteins and peptide derivatives for the produc-
tion of photoluminescent, red-emitting gold quantum clusters[J].
Gold Bulletin, 2013, 46(3): 195-203.

[37] YUAN M, LIAN J Q, HAN X N, et al. Real-time fluores-
cence dynamics in one-step synthesis of gold nanoclusters coupling
with peptide motifs[J]. Colloids and Surfaces B: Biointerfaces,
2022,219: 112820.

[38] WANG Y L, CUIY Y, ZHAO Y L, et al. Bifunctional pep-
tides that precisely biomineralize Au clusters and specifically stain
cell nuclei[J]. Chemical Communications, 2012, 48(6): 871—873.
[39] DUP, ZHANG J, M A ] Y, et al. Synthesis of copper nan-
oclusters and their application for environmental pollutant probes: A
review [J]. Critical Reviews in Analytical Chemistry, 2022: 11-14.
[40] WANG E D, XU W W, ZHU B, et al. Understanding the
chemical insights of staple motifs of thiolate-protected gold nan-
oclusters[J]. Small, 2020, 17(27): 2001836.

[41] WANG Z G, CHEN B K, ROGACH L A. Synthesis, optical
properties and applications of light-emitting copper nanoclusters[J].
Nanoscale Horizons, 2017, 2(3): 135—146.

[42] ZHANG HD, TAO B B, WU N N, et al. Inter filter effect be-
tween fluorescent copper nanoclusters and Cr (VI) and its applica-
tion for probing the activity of alkaline phosphatase [J]. Microchem-
ical Journal, 2023: 193.

[43] YAO QF, CHEN T K, YUAN X, et al. Toward total synthe-
sis of thiolate-protected metal nanoclusters[J]. Accounts of Chemi-
cal Research, 2018, 51(6): 1338—1348.

[44] AIJ, GUO W W, LI B L, et al. DNA G-quadruplex-templat-
ed formation of the fluorescent silver nanocluster and its application
to bioimaging[J]. Talanta, 2012: 88450-88455.

[45] MA K, SHAO Y, CUI Q H, et al. Base-stacking-determined
fluorescence emission of DNA abasic site-templated silver nanoclus-
ters[J]. Langmuir: The ACS Journal of Surfaces and Colloids, 2012,
28(43):15313-22.

[46 ] FENG LG, HUANG Z Z, REN J S, et al. Toward site-specif-
ic, homogeneous and highly stable fluorescent silver nanoclusters
fabrication on triplex DNA scaffolds[J]. Nucleic Acids Research,
2012, 40(16): e122.

[47 ] PARK J, SONG J, PARK J, et al. Branched DNA-based syn-
thesis of fluorescent silver nanocluster[J]. Bulletin of the Korean
Chemical Society, 2014, 35(4): 1105-1109.

[48] XUF Z, QING T P, QING Z H. DNA-coded metal nano-flu-
orophores: preparation, properties and applications in biosensing and
bioimaging[J]. Nano Today, 2021, 36: 101021.

[49] WANG Z G, LIU Q, LI N, et al. DNA-based nano-template
directed in situ synthesis of silver nanoclusters with specific fluores-
cent emission: Surface-guided chemical reactions[J]. Chemistry of
Materials, 2016, 28: 8834—8841.

[50] PANDYA A, LAD N A, SINGH P S, et al. DNA assembled
metal nanoclusters: Synthesis to novel applications[J]. RSC Ad-

vances, 2016, 114(6): 113095—113114.

[51] FAHMY M H, ELDIN S E R, SEREA A S E, et al. Ad-
vances in nanotechnology and antibacterial properties of biodegrad-
able food packaging materials[J]. RSC Advances, 2020, 10(35):
20467-20484.

[52] CHEN L, CHENG Z H, LUO M, et al. Fluorescent noble
metal nanoclusters for contaminants analysis in food matrix[J]. Crit-
ical Reviews in Food Science and Nutrition, 2021, 63(19): 11-19.

[ 53] JEYAKUMAR J M J, ZHANG M Q, THIRUVENGADAM
M. Determination of mycotoxins by HPLC, LC-ESI-MS/MS, and
MALDI-TOF MS in fusarium species-infected sugarcane [J]. Micro-
bial Pathogenesis, 2018, 123: 98—110.

[ 54] NARENDERAN S T, MEYYANATHAN S N, BABU B.
Review of pesticide residue analysis in fruits and vegetables. Pre-
treatment, extraction, and detection techniques[J]. Food Research
International, 2020, 133: 109141.

[55] WEIJ C, HU J, CAO J L, et al. Sensitive detection of
organophosphorus pesticides in medicinal plants using ultrasound-
assisted dispersive liquid-liquid microextraction combined with
sweeping micellar electrokinetic chromatography[J]. Journal of
Agricultural and Food Chemistry, 2016, 64(4): 932-940.

[56] KANG X, ZHU M Z. Tailoring the photoluminescence of
atomically precise nanoclusters[J]. Chemical Society Reviews,
2019, 48(8): 2422-2457.

[57] LI C G, CHEN H, CHEN B, et al. Highly fluorescent gold
nanoclusters stabilized by food proteins: from preparation to applica-
tion in detection of food contaminants and bioactive nutrients[J].
Critical Reviews in Food Science and Nutrition, 2018, 58(5):
689-699.

[ 58 ] ZHANG L B, WANG E K. Metal nanoclusters: New fluores-
cent probes for sensors and bioimaging[J]. Nano Today, 2014, 9(1):
132-157.

[59 ] BIANR X, WU X T, CHAIF, et al. Facile preparation of flu-
orescent Au nanoclusters-based test papers for recyclable detection
of Hg*" and Pb**[J]. Sensors and Actuators B: Chemical, 2017, 241:
592-600.

[60] CHEN S, KUANG Y F, ZHANG P P, et al. A dual-function-
al spectroscopic probe for simultaneous monitoring Cu** and Hg*
ions by two different sensing nature based on novel fluorescent gold
nanoclusters[J]. Sensors and Actuators B: Chemical, 2017, 253:
283-291.

[61] GAO P, WU S, CHANG X, et al. Aprotinin encapsulated
gold nanoclusters: a fluorescent bioprobe with dynamic nuclear tar-
geting and selective detection of trypsin and heavy metal [J]. Bio-
conjugate Chemistry, 2018, 29(12): 4140—-4148.

[62] LIU Y S, WANG J, SONG X L, et al. Colorimetric im-
munoassay for listeria monocytogenes by using core gold nanoparti-
cles, silver nanoclusters as oxidase mimetics, and aptamer-conjugat-
ed magnetic nanoparticles[J]. Microchimica Acta, 2018, 185(8):
1-7.

[63 ] CHEN X H, XU JM, ZHOU H M, et al. Tree-based machine
learning models assisted fluorescent sensor array for detection of
metal ions based on silver nanocluster probe[J]. Spectrochimica Ac-
ta Part A:Molecular and Biomolecular Spectroscopy, 2023, 297:
122738.

[ 64 ] SHEIKHOLESLAMIM N, HAMIDIPANAH Y, SALEHNIA
F, et al. Multiplex detection of antibiotic residues in milk: Applica-
tion of MCR-ALS on excitation-emission matrix fluorescence
(EEMF) data sets[J]. Analytical Chemistry, 2022, 94(16): 6206—


https://doi.org/10.1039/C6TB00616G
https://doi.org/10.1002/anie.201813576
https://doi.org/10.1039/c3cc00297g
https://doi.org/10.1007/s13404-013-0100-2
https://doi.org/10.1016/j.colsurfb.2022.112820
https://doi.org/10.1016/j.colsurfb.2022.112820
https://doi.org/10.1016/j.colsurfb.2022.112820
https://doi.org/10.1039/C1CC15926G
https://doi.org/10.1039/C7NH00013H
https://doi.org/10.1021/acs.accounts.8b00065
https://doi.org/10.1021/acs.accounts.8b00065
https://doi.org/10.1021/acs.accounts.8b00065
https://doi.org/10.1021/la301957m
https://doi.org/10.1021/la301957m
https://doi.org/10.1021/la301957m
https://doi.org/10.1093/nar/gks387
https://doi.org/10.5012/bkcs.2014.35.4.1105
https://doi.org/10.5012/bkcs.2014.35.4.1105
https://doi.org/10.1021/acs.chemmater.6b04150
https://doi.org/10.1021/acs.chemmater.6b04150
https://doi.org/10.1039/D0RA02922J
https://doi.org/10.1016/j.micpath.2018.06.045
https://doi.org/10.1016/j.micpath.2018.06.045
https://doi.org/10.1016/j.foodres.2020.109141
https://doi.org/10.1016/j.foodres.2020.109141
https://doi.org/10.1021/acs.jafc.5b05369
https://doi.org/10.1021/acs.jafc.5b05369
https://doi.org/10.1039/C8CS00800K
https://doi.org/10.1080/10408398.2016.1213698
https://doi.org/10.1016/j.nantod.2014.02.010
https://doi.org/10.1016/j.snb.2016.10.120
https://doi.org/10.1016/j.snb.2016.10.120
https://doi.org/10.1016/j.snb.2016.10.120
https://doi.org/10.1016/j.snb.2017.06.140
https://doi.org/10.1016/j.snb.2017.06.140
https://doi.org/10.1016/j.snb.2017.06.140
https://doi.org/10.1021/acs.bioconjchem.8b00773
https://doi.org/10.1021/acs.bioconjchem.8b00773
https://doi.org/10.1016/j.saa.2023.122738
https://doi.org/10.1016/j.saa.2023.122738
https://doi.org/10.1016/j.saa.2023.122738
https://doi.org/10.1016/j.saa.2023.122738
https://doi.org/10.1016/j.saa.2023.122738
https://doi.org/10.1021/acs.analchem.1c05592

45 % 55 14

I, A SRR S S TR B R N A - 397 -

6215.

[ 65] QING TP, LONG C C, WANG X, et al. Detection of micro-
coccal nuclease for identifying staphylococcus aureus based on
DNA templated fluorescent copper nanoclusters[J]. Mikrochimica
Acta, 2019, 186(4): 248.

[66] XIE X X, TAN F, XU A Q, et al. UV-induced peroxidase-
like activity of gold nanoclusters for differentiating pathogenic bac-
teria and detection of enterotoxin with colorimetric readout[J]. Sen-
sors & Actuators: B. Chemical, 2018, 279: 289-297.

[67] ZHANG X Y, KHAN I M, JI H, et al. A label-free fluores-
cent aptasensor for detection of staphylococcal enterotoxin a based
on aptamer-functionalized silver nanoclusters[J]. Polymers, 2020,
12(1): 152-152.

[68] YAO S, ZHAO C, LIU Y S, et al. Colorimetric immunoas-
say for the detection of Staphylococcus aureus by using magnetic
carbon dots and sliver nanoclusters as o-phenylenediamine-oxidase
mimetics[J]. Food Analytical Methods, 2020, 13(4): 1-6.

[ 69 ] BHAMORE J R, GUL A R, CHAE W, et al. One-pot fabrica-
tion of amino acid and peptide stabilized gold nanoclusters for the
measurement of the lead in plasma samples using chemically modi-
fied cellulose paper[J]. Sensors and Actuators B: Chemical, 2020,
322:128603.

[70] CHEN Y F, QIAO J, LIU Q R, et al. Ovalbumin-stabilized
gold nanoclusters with ascorbic acid as reducing agent for detection
of serum copper[J]. Chinese Chemical Letters, 2018, 29(3): 366—
370.

[71] LAKKAKULA J R, DIVAKARAN D, THAKUR M, et al.
Cyclodextrin-stabilized gold nanoclusters for bioimaging and selec-
tive label-free intracellular sensing of Co*" ions[J]. Sensors and Ac-
tuators B: Chemical, 2018, 262;: 270—281.

[ 72 ] HUANG H, LI H, FENG ] J, et al. One-pot green synthesis of
highly fluorescent glutathione-stabilized copper nanoclusters for Fe**
sensing[J]. Sensors and Actuators B: Chemical, 2017, 241:292—
297.

[73] HUYL,LIUAY, WU B C, et al. Modulating fluorescence
emission of L-methionine-stabilized Au nanoclusters from green to
red and its application for visual detection of silver ion[J]. Micro-
chemical Journal, 2021, 166(1): 106198.

[74] ZHANG C, LIANG M N, SHAO C Y, et al. Visual detection
and sensing of mercury ions and glutathione using fluorescent cop-
per nanoclusters[J]. ACS Applied Bio Materials, 2023, 6(3): 1283—
1293.

[75] YAN X, KONG D S, JIN R, et al. Fluorometric and colori-
metric analysis of carbamate pesticide via enzyme-triggered decom-
position of gold nanoclusters-anchored MnO, nanocomposite[J].
Sensors and Actuators B: Chemical, 2019, 290: 640-647.

[76 ] WEIDL,LIM W, WANG Y, et al. Encapsulating gold nan-
oclusters into metal-organic frameworks to boost luminescence for
sensitive detection of copper ions and organophosphorus pesticides
[J]. Journal of Hazardous Materials, 2023, 441: 129890.

[ 77 ] NAZIR K, AHMED A, HUSSAIN S Z, et al. Development of
gold nanoclusters based direct fluorescence restoration approach for
sensitive and selective detection of pesticide[J]. Applied Nanosci-
ence, 2020, 10(9): 1-10.

[ 78 ] HOSSEINI M, MEHRABI F, GANJALI M R, et al. A fluo-

rescent aptasensor for sensitive analysis oxytetracycline based on sil-
ver nanoclusters[J]. Luminescence: The Journal of Biological and
Chemical Luminescence, 2016, 31(7): 1339—-1343.

[79] HUY,LIY P,LIAO Y W, et al. Poly (sodium-p-styrenesul-
fonate-enhanced fluorescent silver nanoclusters for the assay of two
food flavors and silicic acid[J]. Food Chemistry, 2020, 318: 126502.
[80] BAGHERIH, AFKHAMI A, KHOSHSAFAR H, et al. Pro-
tein capped Cu nanoclusters-SWCNT nanocomposite as a novel can-
didate of high performance platform for organophosphates enzyme-
less biosensor[J]. Biosensors and Bioelectronics, 2017, 89(Pt 2):
829-836.

[81] LIUY,ZHAOJN, YANG X P, et al. A heptanuclear Cd (1I)-
Nd (II1) nanocluster with NIR luminescence response to nitrofuran
antibiotics [J]. Polyhedron, 2023, 240: 116451.

[82] LIMT, ZHU N W, ZHU W, et al. Enhanced emission and
higher stability ovalbumin-stabilized gold nanoclusters (OVA-
AuNCs) modified by polyethyleneimine for the fluorescence detec-
tion of tetracyclines [J]. Microchemical Journal, 2021, 169: 106560.
[ 83] BONDARENKO O M, SIHTMAE M, KUZMICIOVA J, et
al. Plasma membrane is the target of rapid antibacterial action of sil-
ver nanoparticles in Escherichia coli and pseudomonas aeruginosa
[J]. International Journal of Nanomedicine, 2018, 13: 6779-6790.
[84] BISWAS M C, TIIMOB B J, ABDELA W, et al. Nano silica-
carbon-silver ternary hybrid induced antimicrobial composite films
for food packaging application[J]. Food Packaging and Shelf Life,
2019, 19: 104-113.

[ 85] HOSEINNEJAD M, JAFARI S M, KATOUZIAN I. Inorgan-
ic and metal nanoparticles and their antimicrobial activity in food
packaging applications[J]. Taylor & Francis, 2018, 44(2): 161-181.
[86] SIDDIQUI N, BHARDWAIJ A, HADA R, et al. Synthesis,
characterization and antimicrobial study of poly (methyl methacry-
late)/Ag nanocomposites [J]. Vacuum, 2018, 153: 6-11.

[87] SETYAWATIM I, YUAN X, XIE J P, et al. The influence of
lysosomal stability of silver nanomaterials on their toxicity to hu-
man cells[J]. Biomaterials, 2014, 35(25): 6707-6715.

[ 88 ] VERMA A, SINGH A, SHUKLA N, et al. Synthesis of high-
ly stable luminescent silver nanoclusters in metal-organic frame-
work for heightened antibacterial activity[J]. Applied Physics A,
2022, 128(4): 1-10.

[89] WANG S S, WANG Y Y, PENG Y, et al. Exploring the an-
tibacteria performance of multicolor Ag, Au, and Cu nanoclusters
[J]. ACS Applied Materials & Interfaces, 2019, 11(8): 8461—-8469.
[90] WANG D W, WANGZ Q, WANG X B, et al. Functional-
ized copper nanoclusters-based fluorescent probe with aggregation-
induced emission property for selective detection of sulfide ions in
food additives [J]. Journal of Agricultural and Food Chemistry, 2020,
68(40): 11301-11308.

[91] SHANKAR S, GOWTHAMAN N S K, ARUL P, et al. Ultra-
sensitive and selective determination of a phenolic food additive us-
ing protein capped gold nanoclusters: A dual in-line fluorometric
and colorimetric sensing probe[J]. New Journal of Chemistry, 2021,
45:1278-1285.

[92] CHEN C, YUAN Z Q, CHANG H, et al. Silver nanoclusters
as fluorescent nanosensors for selective and sensitive nitrite detec-
tion[J]. Analytical Methods, 2016, 8: 2628—2633.


https://doi.org/10.1007/s00604-019-3363-3
https://doi.org/10.1007/s00604-019-3363-3
https://doi.org/10.3390/polym12010152
https://doi.org/10.1016/j.cclet.2017.10.014
https://doi.org/10.1021/acsabm.3c00031
https://doi.org/10.1016/j.jhazmat.2022.129890
https://doi.org/10.1002/bio.3112
https://doi.org/10.1002/bio.3112
https://doi.org/10.1002/bio.3112
https://doi.org/10.1002/bio.3112
https://doi.org/10.1016/j.foodchem.2020.126502
https://doi.org/10.1016/j.poly.2023.116451
https://doi.org/10.1016/j.microc.2021.106560
https://doi.org/10.2147/IJN.S177163
https://doi.org/10.1016/j.fpsl.2018.12.003
https://doi.org/10.1016/j.vacuum.2018.03.036
https://doi.org/10.1016/j.biomaterials.2014.05.007
https://doi.org/10.1021/acs.jafc.0c04275
https://doi.org/10.1039/D0NJ04712K
https://doi.org/10.1039/C6AY00214E

	1 模板合成金属纳米团簇机制
	2 不同模板合成金属纳米团簇
	2.1 聚合物
	2.2 蛋白质和多肽
	2.3 硫醇
	2.4 DNA

	3 金属纳米团簇在食品中的应用
	3.1 食品中污染物的检测
	3.2 食品包装材料
	3.3 抗菌剂
	3.4 食品添加剂的检测

	4 展望
	参考文献

