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ABSTRACT: Development of rapid colorimetric methods based on novel optical- jons
active metal nanomaterials has provided methods for the detection of ions, < %"%
biomarkers, cancers, etc. Fluorescent metal nanoclusters (FMNCs) have gained a i % ; o,
lot of attention due to their unique physical, chemical, and optical properties & ™ N T C Y

iy e : - : S L@p " O ; 3 .
providing numerous applications from rapid and sensitive detection to cellular R (000 o
imaging. However, because of very small color changes, their colorimetric \%{A\\\ S w % 4
applications for developing rapid tests based on the naked eye or simple UV—vis e ’ , s
absorption spectrophotometry are still limited. FMNCs with peroxidase-like @ . W
activity have significant potential in a wide variety of applications, especially for & ) — @ IR < - -
point-of-care diagnostics. In this review, the effect of using various capping agents % Loee” AERBERR s L g
and metals for the preparation of nanoclusters in their colorimetric sensing & N § %/:: adl
properties is explored, and the synthesis and detection mechanisms and the recent i /—?‘; 5 - )
advances in their application for ultrasensitive chemical and biological analysis o%: ;({: . ’%},/A 0
regarding human health are highlighted. Finally, the challenges that remain as well % o, A :, p ®
as the future perspectives are briefly discussed. Overcoming these limitations will "'*&W‘:“’% & LR
allow us to expand the nanocluster’s application for colorimetric diagnostic S
purposes in medical practice.
1. INTRODUCTION well as future perspectives, are briefly discussed. Hopefully,

these results can be used to design nanomaterials with the
desired functionalities. Additionally, they can be used in
various applications to advance their development. To the best

1.1. Colorimetric Assays. The development of rapid
colorimetric methods is progressing fast, and its importance is
deeply sensed, especially in the COVID-epidemic period.

Colorimetric assays are easy-to-use, real-time, and affordable of our knowledge, there is no review regarding colorimetric
methods that can easily identify target molecules by observing assays for human health based on fluorescent metal nano-
color changes. Colorimetric indicators include nanoscale clusters.

metallic particles, dye molecules, and transducers with 1.2. Fluorescent Metal Nanoclusters. Noble metal
selectively interacting capability in the presence of analytes fluorescent nanoclusters, which generally consist of a few to
which can lead to a color change.'™ The detection technique several hundred metal atoms and have diameters between
was used to assess the absorbance of colored compounds at a metal atoms and nanoparticles, are quickly expanding due to
particular wavelength and visually confirms the existence of their unique physical and chemical properties.'" The diameters
analytes.” A variety of nanoplatforms are also being used for of clusters are usually less than 2 nm, which is comparable with
sensing applications, including carbon dots (CDs),” quantum the electron Fermi wavelengths of metals. The noble metal
dots (QDs),’ gold nanoparticles (AuNPs),” silver nano- nanoclusters exhibit quantum confinement effects together
particles (AgNPs),® etc. With a sensitivity below the safe with molecule-like properties (e.g., strong photoluminescence

limit concentrations and a regulated error range, it shows
considerable promise for semiquantitative and even qualitative
analysis.” Due to the production of new forms of nanomateri-
als, the discovery of metal nanoclusters has enhanced research -
possibilities and gained a lot of attention.'’ Rec_e“'ed: September 9, 2023
This review highlights the synthesis mechanism of Revised:  November 27, 2023
fluorescent metal nanoclusters (FMNCs) and its substantial Acce_pted’ December 14, 2023
progress for colorimetric assays. Selected critical applications, Published: January 10, 2024
including biological and chemical detection, are also discussed
and summarized in Table 1. Finally, the current challenges, as

and the lack of a surface plasmon absorption band in
comparison to larger metal nanoparticles) because their
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Table 1. Summary of Fluorescent Metal Nanoclusters Used in Designing Various Colorimetric Sensors Recently

Analyte

Glucose

H,0,

DA

Pb2+

Hg2+

Cys

TBHQ
DNP

S. aureus
E. coli

S

ltyphimurium
Fel*
Cr6+
ClI~
Br~
-

Nitrite
Sulfide

HQ
ALP
GSH

GSSG

GR
Doxycycline
TCs

MA

Bilirubin
p-nitrophenol
Xanthine

PPi

Nanocluster

LNT-PtNCs
Keratin-AuNC-Cu*
GOx&AuNCs@ZIF-8
GSH-AuNCs@MCA
GMP-Au/PtNCs

Yeast extract-PtNCs
c-myc TBA-Cu/AgNCs
c-myc TBA-Cu/AgNCs
GSH-AuNCs
MSA-CuNCs
GLP-Ptg,yNCs
BGP-PtNCs
BSA-AgNCs
CS-Au/PtNCs
GSH-AuNCs
MT-CuNCs
MT-CuNCs

DNA-Ag/PtNCs
PAA-AgNCs

4-chlorothiophenol -CuNCs

PRT-AuNCs
His-AuNCs
GSH-Ag/CuNCs

BSA-AuNCs
BSA-AuNCs
GSH-AgNCs
GSH-Au/PtNCs
BSA-AuNCs
L-Histidine-AA-CuNCs
DNA-Au/PtNCs

Aptamer@papain@AuNCs

Aptamers@BSA-AuNCs

PMAA-AgNCs
PEI-AgNCs
PEI-AgNCs
PEI-AgNCs
PEI-AgNCs
His-AuNCs
His@AuNCs/RGO
TA-CuNCs/Cu**

GSH-CuNCs
3DGF-PtNCs
BSA-AuNCs
GSH-AuNCs

Cys-CuNCs
Cytidine-AuNCs
Cytidine-AuNCs
Cytidine-AuNCs
p-His-AuNCs
Aptamer-AuNCs
GSH-AuNCs
BSA-CuNCs
PEI-AgNCs
BSA-CuNCs

Keratin-AuNCs-Cu?*

Linear Range
5—1000 uM
1.6—800 uM
1.0-25.0 uM
100—500 M
0.05—-0.4 mM
0—200 uM
0.1-0.7 mM
0.1-1 mM
1-10 uM
1 uM—-1 M
1-100 uM
1-10 uM
2.0-50.0 uM
25 nM—1 mM
2-250 uM
707 nM—96 uM

97 nM—2.325 uM and
3.10 uM—15.59 uM

10—-200 nM
0-2 uM

1-500 nM

4.0 nM—1.0 uM
0.05-0.8 uM
0.1-700 nM

0.2—60 uM
0.2—60 uM
0.5-30 uM
0.01-0.15 mM
108—102 CFU/mL
102—106 cfu mL™"

101-106 cfu mL™!

5—100 uM
5—100 uM
50—400 uM
10-300 uM
10—200 uM
0.02—1 uM
10—500 M
6.0-130.0 uM

0-50 uM
0.05—50 uM
1.0—6.0 mU mL™!
2-25 uM

1-150 uM
0—-0.4 mM
0—-2.5 mM
0—0.2 U/mL
5.0-12.5 uM
1-16 uM
0.115-2.3 nM
0-300 pM
5—140 uM

50 %X 107-1.0 x 107*
mol L™

0.51-30,000 nM

LOD

179 uM
0.26 uM
0.8 uM
86.9 uM
11 uM
0.28 uM
9.38 uM
7.42 uM
32 x 1078 uM
0.5 uM
0.66 uM
0.191 uM
0.16 uM
16 nM

2 uM
142 nM
43.8 nM

5.0 nM
S nM
0.3 nM
1.16 nM
8 nM
0.0S nM

30 nM
80 nM

0.154 uM
3.96 uM
80 CFU/mL

5.6 X 10% 5 x 10% and
4.9 % 10% cfu mL™!

1 cfu mL™!

76 nM
1.1 uM
20 uM
S uM
S uM
3.3 nM
2 uM
2.0 uM

0.5 uM

10 nM

0.26 mU mL™!
420 nM

0.89 uM
0.01 mM
0.03 mM
0.003 U/mL
1.0 uyM

46 nM

1 pM

1.28 uM
3.8 X 1077 mol L7!

0.49 nM

3144

Real Sample

Human urine
Human serum
Human serum
Human serum
Human serum
Human serum
Human serum
Human serum
Tap water
Human serum
Milk
Medicines
Milk

Lake water
Tap water, pond water, and river water

Tap water, pond water, and river water

Tap water

Tap water and mineral water

Tap water, lake water, and wastewater
Pond water, river water, and tap water
Human serum

Human serum, human urine, seawater, and
mineral water

River water

Human serum and urine

Edible and coconut oil samples

Tap water and river water

Human serum, milk, and orange juice

UHT-sterilized milk, pasteurized milk, and raw
milk

Eggshell and egg white

Ferrous sulfate in deionized water
Tap water and lake water

Tap water and mineral water

Human serum

Sausage

Rainwater, tap water, wastewater, and Koohrang
spring

Tap water and lake water

Human serum

Human cell lines (THP-1 and HBE) and cancer
cell lines (MCE-7 and MDA-MB-231)

GSH tablets in water

Rat serum

Milk

Human blood

Human urine

Tap water, river water, and soils

Human serum

Human urine

EVE

Ref

SS
68
116
117
119
120
73
73
64
104
56
57
107
59
65
95
9S

74
87
92
91
70
94

90
90
139
140
67
69
72
76

77

97
96
86
86
86
70
98
99

100
108
130
143

144
145
145
145
146
147
148
102
103
10S

106
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Table 1. continued

Analyte Nanocluster Linear Range
Heparinase BSA-AuNCs 0.1-3 pg-mL™"
Thrombin DNA-Ag/PtNCs 1 nM—50 nM
a-amylase Starch-Cu/AuNCs 0.1-10 U/mL
Trypsin BSA-AuNCs 0.9 pg/mL—1.0 mg/mL
ss-DNA Au/PtNCs 50 pM—100 nM
miRNA-21 DNA-Ag/PtNCs 1.0—-700pM

DNA-CuNCs 1.0 pM—10.0 nM
SKBR3 cells AuNC-loaded liposomes 5—1000 cells

MSN-AuNCs 10—1000 cells
MCE-7 cells GO-AuNCs 5—1000 cells
Citrate Cys-AuNCs 0.5—1000 M

LOD Real Sample Ref
0.06 pg-mL™" Fetal bovine serum 121
2.6 nM Human serum 123
0.04 U/mL Human serum 124
0.6 g/mL Human urine 10
4.1 pM Milk samples 158
0.6 pM Human blood plasma 156
0.6 pM Human blood plasma 157
S cells Human serum 164
10 cells - 165
S cells - 12
0.1 uM Human urine 169

Scheme 1. Schematic Illustration of Different Colorimetric Detection Mechanisms Based on Fluorescent Metal Nanoclusters

Enhanced peroxidase-like activity + TMB/H,0,

- Aggregation

- Aggregation

S

+ Aggregation

+ Aggregation

Recovered peroxidase-like activity + TMB/H,0,

&

Q2 &
Vi

l
get 2

- Aggregation

- Aggregation

Color change - TMB/H,0,

3
3

V

+ Aggregation

+ Aggregation & Disaggregation

continuous band structure is broken up into discrete energy
levels.” Moreover, they generally have a ligand shell and a
metal core (ie, Au, Ag, Pt, Cu)."” Numerous investigations
have demonstrated that the fluorescence of metal NCs is
sensitive to changes in the microenvironment caused by

changes in the electron-transferring mechanism between the
metal core and the protected ligand."> Several nanoplatforms
based on fluorescence metal nanoclusters (FMNCs) have been
developed for colorimetric assays because of their high water
solubility, good biocompatibility, and rich surface chemistry for

3145
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Figure 1. (A) Illustration of FMNC formation by top-down and bottom-up approaches;'® adapted with permission from ref 16. Copyright 2019
Royal Society of Chemistry. (B) The multistage synthesis of AgNCs using dihydrolipoic acid as a capping agent (Ag,o(DHLA),,NCs) based on the
combination of the bottom-up and top-down synthesis methods;'” adapted with permission from ref 17. Copyright 2020 American Chemical
Society. (C) AgNCs formation by direct laser writing (DLW);*’ adapted with permission from ref 29. Copyright 2020 American Chemical Society.
(D) The synthesis of ALO;NP@AuNCs by a top-down approach;19 adapted with permission from ref 19. Copyright 2019 Royal Society of

Chemistry.

conjugation.'* Due to beneficial characterization, further
development of FMNC-based colorimetric assay strategies
has gained sufficient popularity and is strongly encouraged. To
overcome the limitations of solution-based FMINC biosensors,
several nanomaterials, including carbon nanotubes, silica, etc.,
have been applied as a template for holding FMNCs."”

2. DETECTION MECHANISM

The mechanism of most studied NC-based platforms in
colorimetric assays is based on the peroxidase-like activity of
NCs. In this regard, it can be referred to common reagents,
including methylene blue (MB), 3,3',5,5'-tetramethylbenzidine
(TMB), o-phenylenediamine (OPD), and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), which could be
catalyzed by NCs. The generated colorimetric signals could be
followed and detected by a UV—vis spectrophotometer or via
the naked eye. Most of these nanoclusters catalyze the
decomposition of H,O, into eOH radicals, resulting in the
oxidation of TMB (oxTMB) and thus indicating their
peroxidase-like properties. The catalytic reaction on the
substrate TMB followed the Michaelis—Menten equation.
Moreover, the aggregation or disaggregation of metal nano-
clusters in the absence or the presence of TMB/H,0, upon
the addition of a target can affect its peroxidase-like activity
and so trigger color changes. Also, sometimes a color change
happens as a result of a new complex formation or only an
electrostatic interaction between the target and FMNCs
without any NC aggregation or disaggregation. All of the
different proposed detection mechanisms based on FMNCs
have been shown in Scheme 1.

3146

3. SYNTHESIS MECHANISM

Fluorescent metal nanoclusters are usually synthesized using
top-down and bottom-up methods (Figure 1A, B).'>"” In the
top-down approach, at first metal nanoparticles are formed,
and then they are etched by high temperature or by chemical
techniques such as direct core reduction and/or the interface
etching of large AuNPs by excess thiol ligands in an alkaline
solution. 11-Mercaptoundecanoic acid (11-MUA) has been
known as an etching agent to stabilize AuNCs by THPC as a
reducing and capping agent via a high pH (>12.0)." In other
work, the efficacy of AuNC synthesis was improved by
applying: (i) AL,O;NPs modified by penicillamine (PA) in the
presence of THPC to further reduce Au** ions to Au* ions for
small AuNP formation and (ii) after further etching as-formed
AuNPs by 6-mercaptohexanol under blue LED irradiation
(Figure 1D)."” The highly red emissive AuNCs have also been
obtained by etching didodecyldimethylammonium bromide-
stabilized AuNPs with dihydrolipoic acid®’ as well as by
etching GSH-capped Au,;SG3 with octanethiol.”! Ligand-
induced etching is another process to prepare polymer-capped
NCs. In this case, it can be referred to as replacing the capping
agent dodecylamine with polyethylenimine resulting in AuNP
etching and thus Au8NC formation with a QY of 10—20%.>
In another interesting way, the nonfluorescent AuNCs can be
converted to highly fluorescent AuNCs (QY ~ 5.4%) by using
the etching agent GSH.”

The bottom-up approach induces atom-by-atom construc-
tion resulting in ultrasmall NPs with homogeneous chemical
compositions and fewer defects (Figure 1A)."° In this
approach, metal ions are reduced to zerovalent metal atoms
using various reduction methods such as microwave reduc-
tion,”* photoreduction,25 chemical reduction,”® sonochemical
reduction,”” and electrochemical reduction.”® There are two

https://doi.org/10.1021/acsomega.3c06884
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e Oligonucleotide Oligonucleotide Sequence (5’ 3) *o/dem RE/GE T/C TA/CG LR LOD
(nm) @M)  (@M)
421-AgNCs CCTCCTTCCTCCCCAATGTGATCTTTTGGTGT 480/565 1.42 3.0 1.5  0-1013  6.25
560/640
443-AgNCs CCTCCTTCCTCCATTGTTAGCAGGATTGCGGG 460/540 0.19 3.0 1.0 0272 0.30
530/624
836-AgNCs CCTCCTTCCTCCATTTCCTTGGGTTTGTTCTG 440/575 0.43 3.7 1.5 0-915 7.68
530/615
886-AgNCs CCTCCTTCCTCCGGCCAATGTTTGTAATCAGT 440/535 0.98 23 1.7 0-339 10.1
530/620
RdRp-AgNCs CCTCCTTCCTCCCAAATGTTAAAAACACTATTAG 440/525 0.51 1.7 33 0-225 1.93
CATA 530/612
DNA-12nt-RED-160 CCTCCTTCCTCCTGGCATACAGGGAGCCAGGCA 560/620 Only red 0.4 0.6 0-1500 _
emitter
ATP1-AgNCs CCTCCTTCCTCCACCTGGGGGAGTATTGCGGAG 550/605 Only red 1.6 0.7 _ _
GAAGGT emitter
Cytl-AgNCs CCTCCTTCCTCCCCGTGTCTGGGGCCGACCGG  470/525 1.16 1.0 0.5  0-1000 15
CGCATTGGGTACGTTGTT 560/640
Cyt2-AgNCs CCTCCTTCCTCCAGTGTGAAATATCTAAACTAAA 470/530  Only 3.6 1.7 _ _
TGTGGAGGGTGGGACGGGAAGAAGTTTATTTTT green
CACACT emitter
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Figure 2. (A) Different designs of peptide sequences as capping/reducing agents for the synthesis of bi/multifunctional FMNCs. (a) Designed
peptide consists of directing, linker, and functional sequence parts that are used for the synthesis of FMNCs, the connection between directing and
functional parts, and targeting function, respectively. (b) Designed peptide without the linker part. (c) Incorporation of directing sequences
between the functional sequences. (d) Construction of multifunctional FMNCs by simultaneously applying more than one fictional part. (e)
Synthesis of multifunctional FMNCs by using two designed peptides, simultaneously. (f) Preparation of multifunctional FMNC probes via mixing
the designed peptide-stabilized NCs, each of which is separately synthesized. (g) Development of an all-in-one theranostic FMNC probe by the
covalent attachment between a photothermal conversion agent and the designed targeting peptide using the EDC/NHS linker and also the NIR-
light-assisted method;"" reprinted from ref 41. Copyright 2022 with permission from Elsevier. (B) Different DNA-AgNCs consist of targeting
sequences for the N (421-, 443-, 836-, 886-AgNCs) and RdRp genes of SARS-CoV-2, miRNA, ATP, and cytochrome c targets with the same
cytosine-rich sequences. The predicted structures of designed AgNC probes are also shown in the figure below. Four colors have been used to show
different parts of probe sequences: cytosine-rich with red sequences used as a cluster-stabilizing template, cytosine (C) and guanine (G) with blue
sequences as the initial residues of the targeting part attached to the cytosine-rich sequence, the loop structure with purple sequences containing
pink cytosine, and complementary sequences to the target with black sequences. The targeting sequences are underlined;*> adapted with
permission from ref 42. Copyright 2022 American Chemical Society.
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accepted states in the chemical reduction process to form
FMNCs: in one a capping agent can act as both a stabilizing
and a reducing agent, while in the other, chemical reducing
agents such as tetrakis(hydroxymethyl) phosphonium chloride
(THPC), sodium borohydride (NaBH,), or sodium hypo-
phosphite (NaPO,H,-H,0) are used in the presence of the
capping agent. Sonochemical reduction is a useful method to
produce NCs under ultrasonic irradiation, while in the
photoreduction approach, UV and visible lights result in a
controlled reduction without any impurity induction and/or
using hazardous substances (e.g., NaBH,). For example, blue-
emitting AuNCs could be synthesized by tridentate thioether-
terminated polymers, i.e., poly(methyl methacrylate), poly(tert-
butyl methacrylate), and poly(n-butyl methacrylate), through
photoreduction with QYs of 20.1%, 14.3%, and 3.8%,
respectively. Moreover, microwave-assisted reduction is a
simple, fast method with high reproducibility, and the
electrochemical reduction method produces NCs with well-
defined sizes as well. Recently, direct laser writing (DLW) has
been developed as a bottom-up approach for synthesizing and
patterning NCs in which photostable and high-quantum-yield
FMNC:s could be formed with precise spatial control leading to
the advantage of the creation of easy-to-use solid-state devices
for a broad range of applications (Figure 1C).”’

Key parameters to control the structure, oxidation state, size,
and surface properties that affect the optical properties of
FMNCs include the species of metal ions and capping agents/
templates, the concentration of reducing agents, the mole ratio
of metal ions to templates as well as the molar ratio of two
metals in bimetallic NCs (Ag'/Au"), the reaction time,
temperature, and pH of the solution. For example, red-emitting
Ag,sNCs at pH 12 and blue-emitting Ags_,NCs were prepared
using the same peptide at pH 9. Also, the orange-emitting
AuNCs, comprising AuygSG,7, AuzSGag, AuseSGsy, AuzgSGas,
and Au,;SGy;, were achieved with a Au/peptide mole ratio of
~2/3 at 70 °C for 24 h. Moreover, both Ag;NCs and Ag,\NCs
were synthesized on cytosine-rich ATP1 oligonucleotide at
room temperature.”’ Blue-emitting Pt;NCs and red-emitting
Pt;(NCs were simultaneously synthesized by human Hb
protein at 37 °C and pH 12 with a [Pt]/[Hb] ratio of
1.13.>" Aug, Auys, and Au,g with blue, green, and red colors
could also be synthesized by pepsin at pH values of 9.0, 10.0,
and 12.0, respectively.’> The reaction temperature controls the
protein conformation and reaction rate and thus the size of
FMNCs. For example, the preparation time of Hb-AgNCs was
shortened from 21 days to 10 days and for BSA-AuNCs from
12 h to 20 min when the reactions were conducted at ~70 °C
instead of 37 °C.>’ Different chain lengths of alkanethiols as
etching ligands also cause different emission wavelengths from
501 to 613 nm.>**

Except for the above-mentioned factors, in the case of
proteins, another important parameter is the flexibility of
protein structure so that sometimes the redistribution of metal
ions between protein molecules changes the conformation/
structure (e.g,, a—p transition in Hb@AuNCs), leading to the
effective formation of NCs which can be confirmed by the UV
spectra and circular dichroism (CD).>*** In this regard, the
biological activity of some proteins such as HRP-AuNCs,”
Hb-AuNCs,” and insulin-AuNCs* is maintained even after
NC formation. Moreover, the amino acid composition and
especially the number ratios of amine/thiol and tyrosine/
tryptophan are important in the synthesis conditions of stable
luminescent NCs. Notably, Tyr residues with pK, of ~10 in
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proteins and peptides play an important role at basic pH. For
example, the phenolic groups of Tyr residues in BSA can
reduce Au'* ions into AuNCs after the coordination of Au®*
ions with the histidine and cysteine residues and conversion to
Au'*. This process can happen in many other proteins such as
transferrin family proteins, lysozymes, DNase I, horseradish
peroxidase (HRP), hemoglobin (Hb), and ribonuclease A
(RNase A), by which AuNCs with 20—25 Au atoms per
protein template are usually stabilized.**

Regarding peptide ligands as capping agents, the length and
amino acid composition are important parameters to tailor the
size, lifetime, quantum yield, and thus the emission color of
NCs (Figure 2A). The Cys-Cys-Tyr (CCY) fragment is
commonly used as both a reducing and stabilizing template for
peptide-protected NC formation (Figure 2A). In brief, at first
the interaction between metal ions (e.g, Ag, Au, Cu) and
thiols of CC results in —SR—[M—SR—]2 intermediates. After
that, the negative phenolic group of Y reduces the metal ions to
atoms by adjusting pH > 10 with NaOH. Finally, the produced
metal atoms aggregate and convert to the metal NCs capped
by the thiol groups of peptides. In the absence of Tyr, a strong
reducing agent (e.g, NaBH,) is needed for metal ion
reduction. To synthesize more stable NCs with enhanced
quantum yield, an auxiliary ligand (e.g, mercaptopropionic
acid (MPA)) is usually added to the peptide reaction solution.
Moreover, to construct bi-/multifunctional peptide-protected
NCs for both targeting and sensing, especially in cancer
theragnostics, the combination of different functional frag-
ments is proposed (Figure 2A). In this way, the developed
peptide usually consists of three parts: directing sequence for
NC formation, linker sequence for connecting the directing
sequence to recognition parts, and functional or recognition
sequence for targeting. The presence of the linker sequence is
not essential for designing peptides (Figure 2A).*'

For DNA ligands, the cytosine presence together with base
composition and length of the DNA strand are effective factors
in NC formation (Figure 2B). Moreover, regarding two NC
species formation by a single DNA strand, key points could be
also considered, including cytosine located at the 3’ ends of the
NC-stabilizing sequence, the use of a thymine-rich targeting
template, the creation of distance between stem-loop structure,
and the cluster-stabilizing sequence, with regard to the stem
len)g‘i}; as well as cytosine number in the loop structure (Figure
2B).

The important functional groups in capping agents/ligands
for the effective coordination with metal ions to form NCs are
hydroxyl, amine, and thiol which may allow the creation of the
M(0)NCs@M(1/1I)-ligand core—shell structure (Figure
3A,B). The core—shell structure has been successfully
demonstrated for proteins (e.g, BSA-AuNCs, Hb-AgNCs,
and Hb-PtNCs),*"** peptides (e.g, GSH-AuNCs and GSH-
AgNCs), and DNA (e.g, ATP1-AgNCs, Cytl-AgNCs, and
Ngene-AgNCs)."** This has a pivotal role in inducing
interesting synthesis mechanisms/approaches, aggregation-
induced emission (AIE), and oxidation phenomena (Figure
3A). In the oxidation process, an oxygen etching effect and/or
NC core oxidation occurs using O, as an oxidant which can
promote the charge transfer from the electron-donating surface
functional groups present at the ligand layer to the metal core
(LMCT/LMMCT) via nitrogen, oxygen, and sulfur atoms. In
the AIE mechanism, the NC aggregation happens which is
controlled by the intra- and intercomplex metallophilic M(L/
1I)--M(I/10) interactions (M: Au, Pt, Ag, Cu), resulting in a
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Figure 3. (A) Illustration of AgNC formation using human
hemoglobin (Hb) as a stabilizing/reducing agent based on the
combination of the NC core oxidation and aggregation-induced
emission (AIE) approaches;>® adapted with permission from ref 33.
Copyright 2018 American Chemical Society. (B) The synthesis of
various porous hollow fluorescent Hb-templated Pt nanostructures
through a combination of AIE, oriented attachment (OA), and
Ostwald ripening (OR) mechanisms;*’ adapted with permission from
ref 31. Copyright 2018 Springer Nature.

restriction of intramolecular motions of the M(I/II)—ligand
complexes linked to the core, blocking nonradiative relaxation
of excited states and thus activation of radiative pathways. At
first, the M(I/II) precursor was converted into oligomeric
M(I/I1)—X complexes (X: carboxyl, thiol, chloride, hydroxyl,
and amine groups), and then most of them reduced to M(0)
nuclei by the reductive residues, i.e., tyrosine, tryptophan, and
phenylalanine, in protein/peptide or bases, i.e, cytosine, in
DNA. After that M(0) cores were sequestered by the M(1/
II)—X complex shell due to a strong binding between M(0)
and M(I/II), resulting in M(0)-on-M(I/II)—X intermediates.
This is followed by slow aggregation into a M(0)NCs@M(1/
II)L complex core—shell nanostructure by collision and fusion
of M(0) atoms into an M(0) core and M(I/II)—X complex
shell nanostructure (Figure 3A,B). For example, the AIE
approach allows an intense orange-emissive biocompatible
GSH-AuNC with large Stokes shift (>200 nm) and high QY
(~15%) in a simple one-pot synthesis at pH ~ 7.** In the case
of dual emissive Hb-AgNCs with large Stokes shift (>400 nm),
both NC core oxidation and AIE mechanisms have contributed
to the synthesis mechanism (pH ~ 12) (Figure 2A).*
Moreover, the oriented attachment (OA) and Ostwald
ripening (OR) phenomena together with the AIE mechanism
can cause the growth of PtNCs and thus the formation of
porous hollow luminescent nanotetrahedrons (Figure 3B).
Notably, the AIE process can be accelerated with an increase in
temperature (~60—70 °C), allowing a rather broad size
distribution of PtNCs and even the self-aggregation and
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crystallization of nanotetrahedrons into porous and poly-
crystalline luminescent Pt microspheres (Figure 3B).”' In
another example, the AIE approach was achieved by changing
pH (3.0 to 6.1) and subsequently by S h boiling, leading to
highly fluorescent GSH-AgNCs with a core—shell Ag(0)@
Ag(I)—thiolate nanostructure and three species, Ag;oSGy,
Ag,SGs, and Ag“SGI45 In this study, GSH-AgNCs were
obtained with different sizes, while well-defined size GSH-
AuNCs with high purity (Au;5(SG),3) could be achieved in a
controlled kinetic reduction reaction at pH ~ 2 together with
the addition of borane tert-butylamine (TBAB) as a relatively
weak reducing agent.46 Moreover, the pH-controlled CO
reduction approach causes GSH-AuNCs with well-defined
sizes so that four discrete sizes of Au,y_;,, Au;s, Aug, and Au,g
were obtained by adjusting the pH to 7.0, 9.0, 10.0, and 11.0,
respectively, at a mole ratio of 2GSH/1HAuCl, at room
temperature.”” AIE can also be produced by controllable
aggregation of the nonluminescent active metal complexes, e.g.,
Cu'SR! (R' = C,,H ), with inert metal Au’ atoms, allowing
the formation of Au,Cug nanoclusters with a high quantum
yield of 11.7%.** The cleancap-regulated AIE is another
strategy that has been confirmed for p-mercaptophenylboronic
acid (MBA)-CuNCs. In this work CuNCs conjugate with
glucose to connect with each other by the formation of the
boronate esters between a pair of cis-diols on glucose and
boronic acids of CuNCs. The hydrophobicity has been
recently introduced as an effective parameter to induce the
AIE nanoswitch for GSH-CuNCs by a trace amount of water
in organic N,N'-dicyclohexylcarbodiimide (DCC) solvent*’
and for penicillamine-CuNCs by the removal of hydrophobic
p-nitrophenol from the NC surface through a-cyclodextrin as a
result of host—guest interaction.”® The AIE strategy regulated
by host—guest recognition has also been demonstrated for
interaction between SH-f-cyclodextrin-CuNCs and hydro-
phobic di(adamantan-1-yl)phosphine as a connector.”’ Using a
hydrophobic protecting ligand such as 4-methylthiophenol is
another route to promote the AIE effect via hydrophobic
interaction.”” Altogether, we believe that these processes are
dependent on the capping agent and metal species and
synthesis conditions.

4. CAPPING AGENTS FOR COLORIMETRIC ASSAYS
BASED ON FLUORESCENT NANOCLUSTERS

Capping agents are crucial when metal nanoclusters are used in
colorimetry to detect specific analytes. The capping agent
chosen is usually determined by the technique of synthesis, the
nature of the nanoclusters, and the type of substances to be
studied. Polysaccharides, peptides, proteins, amino acids,
DNA, aptamers, polymers, small molecules, and dendrimers
have all been used effectively as capping agents for metal
nanoclusters used in colorimetric detection.”® The following is
a summary of the common capping agents that have been
utilized in the production of metal nanoclusters to investigate
potential new features and colorimetric assay uses.

4.1. Polysaccharides. Polysaccharides, as natural bio-
macromolecules, are gaining attraction in a variety of
applications. They are stable, nontoxic, biocompatible, and
biodegradable. They are easily available, cheap, and plentiful,
and their hydrophilic functionalities can be used to target
specific agents.”* As an example, lentinan (LNT) is a bioactive
polysaccharide with many hydroxyl groups which was used as a
stabilizing and reducing agent to increase the dispersion of
platinum nanoclusters (PtNCs). LNT-PtNCs provided many

https://doi.org/10.1021/acsomega.3c06884
ACS Omega 2024, 9, 3143-3163


https://pubs.acs.org/doi/10.1021/acsomega.3c06884?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06884?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06884?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06884?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

A

? Extract K.PtCl,

Pt-GLP NCs
Ganoderma lucidum
polysaccharide(GLP)
— L] _— —_—— _— —_— —_— _—— _—— _—— _— _— _— _— _— q _\ _— I _—— _— —_—— _— -
AgNO, Cu(NOy), CwAg
—_——
NaBH, NG

GOx

TMB H.0> H:0: - I
\ )é( >§< sz' \ >§<0 >§< / : ; >
/ \ / &0 \ I e ﬁ]

oxTMB H0 Gluconic acid Cu/Ag
NCs
Weak catalytic activity Strong catalytic activity I wo ¢ \ n,m?
—— _— _— L _— _—— L _— _— _— _— _— _— L L —_— L L} _— - — _— ~— _—— L

NaOH
+ j————3
Stir/6 h ,
BSA-AuNCs  TBHQ@BSA-AuNCs | %L“' 2
HAuCl, 0~ BSA () BSA@AuNCs TBHQ | C o " .

BSA-AuNCs  aptamer, aptamer; S. typhimurium IMB  oxTMB

Figure 4. Examples of different stabilizing templates for the synthesis of FMNCs. (A) Polysaccharide: the synthesis of GLP-PtNCs for dopamine
detection;® adapted with permission from ref 56. Copyright 2021 MDPI, under a CC BY 4.0 hcense (B) Peptide: the aggregated GSH-AuNCs as
a peroxidase-like mimic resulting in Pb*"-induced accelerating oxidation of TMB by using H,0,;** adapted with permission from ref 65. Copyright
2017 Royal Society of Chemistry.(C) Protein: the synthesis of BSA-AuNCs for fluorometric and colorimetric detection of TBHQ and a color
change solution as well as turn-off emission that happened as a result of a strong electrostatic interaction between TBHQ and NCs;*” adapted with
permission from ref 67. Copyright 2021 Royal Society of Chemistry. (D) Amino acid: (a) the synthesis of L-His-CuNCs and (b) DNP recognition
by the i 1nner filter effect (IFE) fluorescence mechanism (turn-off) and a new Meisenheimer complex formation allowing a color change to yellow
solution;* adapted with permission from ref 69. Copyright 2021 IOP Publishing Ltd. (E) Nucleic acid: (a) the synthesis of NCs by cytosine-rich
DNA in the presence of strong reducing agent (NaBH,) and (b) its application for detection of H,0, and glucose by peroxidase-like activity of
DNA-Cu/AgNCs;”* adapted with permission from ref 73. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (F) Aptamer:
detection of S. typhimurium using aptamer@BSA-AuNCs based on the peroxidase-like activity enhancement of modified dual thiolated aptamers by
bacteria in the presence of TMB and H,0,;”” reprinted from ref 77. Copyright 2021 with permission from Elsevier.

catalytic active sites to increase H,0, decomposition due to Additionally, it contains many active groups, including
their ultrasmall size and stability. Lentinan molecules form hydroxyl and carboxyl groups. Nanoparticles wrapped in
hydrogen bond interactions in an aqueous solution, resulting in GLP were more stable because they were protected from
a stable triple helix conformation and catalyzing the oxidation aggregation. In the presence of GLP-Ptg,NCs, TMB was
of substrate TMB in the presence of H,0, and providing a quickly catalyzed and oxidized to blue oxTMB due to the
sensitive detection platform for glucose content in the urine peroxidase-like activity of GLP-Ptg,NCs. Using this method,
samples of diabetic patients.” In another example, X. Lai et al. the LOD of dopamine (DA), an essential catecholamine
synthesized PtNCs using ganoderma lucidum polysaccharide neurotransmitter, was 0.66 M with a color shift to clear blue.
(GLP). A helical conformation of GLP is formed by the The method was also applied to detect DA in human serum
presence of D-glucopyranosyl residues in the structure. samples with a recovery range of 96.66%—98.80% (Figure
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4A).>° K. Liu et al. also developed bitter gourd polysaccharide
(BGP)-stabilized PtNCs with good cell biocompatibility and
an extremely low hemolysis rate in colorimetric detection of
ascorbic acid (AA). BGP’s high stability and water solubility
make it a suitable biological template for stabilizing metal
nanoparticles. By reducing groups of BGPs, such as aldehyde
groups, platinum jons can be reduced into Pt nanoparticles.
These nanoparticles can be stabilized when soluble BGP is
present. Within Pt-BGP NCs, PtNCs measure 0.83 + 0.22
nm.”” Chitosan (CS), another promising polysaccharide, has
been regarded as a suitable material due to its exceptional
properties such as biocompatibility, nontoxicity, biodegrad-
ability, and cost-effectiveness.”® In this regard, Z. Dehghani et
al. proposed a novel colorimetric sensor for tracing lead ions in
milk samples based on Au/PtNCs and employing chitosan as a
stabilizer. Based on the interaction of Pb** ions with chitosan
functional groups and Au/PtNCs, adding Pb*" causes chitosan-
Au/PtNCs to aggregate, which results in size changes and
decreases the enzymatic performance of Au/PtNCs. It was
found that the recovery percentage ranged between 102 and
106%.”

4.2. Low-Molecular-Weight Thiols. Thiol-containing
molecules of smaller size, including tiopronin, phenylethylth-
iolate, polyethylene glycol appended lipoic acid, and thiolate
cyclodextrin, prove ideal for crafting NCs since they act as both
reducing agents and capping ligands.éo_62 Recent studies
uncovered that CuNCs synthesized using these low-molecular-
weight thiols exhibit a unique property AIEE and amplify the
emission intensity of the CuNCs."” However, AuNCs prepared
with these thiols commonly exhibit lower QYs so that as the
ratio of thiol-to-Au ions increases these particles tend to reduce
in size, along with a decrease in their QY.** Glutathione
(GSH) with potential in enhancing the fluorescence of NCs by
managing their creation and stabilization is the most studied
low-molecular-weight thiol peptide for the creation of FMNCs
with excellent capability for colorimetric assay. GSH is a
natural biocompatible thiol with the sequence g-Glu-Gly-Cys
and good water solubility."* Under neutral conditions, GSH
acts as a mild reducing agent and a strong capping agent,
allowing partial reduction of Au ions to form AuNC cores,
which could be stabilized by a thiolate—Au" complex.
Employing a GSH-to-Au molar ratio (1.5:1) led to the
production of fluorescent Au@Au'-thiolate core—shell NCs
through the controlled thiolate—Au" aggregation on the in situ
formed Au cores, boasting a QY of around 15%.%° Moreover,
GSH-AuNCs have two free —=COOH groups, one free —NH,
group which is easily bonded with cations and the sulthydryl
functional group to ensure a firm bond with the precious metal
surface. The thiol group within cysteine is also the active site
within the GSH molecule, allowing it to interact with other
molecules through thiol—disulfide exchange reactions. Taken
together, among the above-mentioned thiol molecules, GSH-
AuNCs with inherent peroxidase-like activity can be used for
the ultrasensitive colorimetric detection. Q. Zhao et al. showed
that this sensing platform employs a signal change, comprising
a color change to dark green in an aqueous solution resulting
from the presence of GSH-AuNCs and oxidized TMB which
provides a visual colorimetric assay for H,O, and glucose
detection in serum samples.”* H. Liao et al, in the second
example, used a colorimetric approach for Pb** detection to
demonstrate the increased peroxidase-like activity of GSH-
AuNCs with Pb**-induced NC aggregation, resulting in an
increased TMB oxidation by H,0,. Really, through GSH-Pb**
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interaction, GSH-AuNCs might form aggregates, resulting in
aggregation-induced emission enhancement (AIEE), indicating
a deep blue color. The Pb*" recovery in the lake water ranged
between 95.5% and 98.6% (Figure 4B).%

4.3. Proteins. Several functional metal nanomaterials have
been created utilizing proteins like bovine serum albumin
(BSA) as templates. BSA contains 582 amino acids with 3$
threonines and 32 serines. BSA has numerous binding sites
because it contains charged functional groups such as carboxyl,
sulthydryl, and amino. As a capping agent, BSA increases the
bioavailability of nanoparticles loaded with nanoparticles by
binding to these sites. Due to the presence of hydroxyl groups,
BSA has mild reducing properties.”® S. Shankar et al. described
a colorimetric technique based on the strong electrostatic
interaction between fert-butyl hydroquinone (TBHQ) as a
kind of phenolic antioxidant and BSA-AuNCs. The addition of
50 uM TBHQ into BSA-AuNCs leads to a color change from
colorless to dark brown. A range of 98.4—100.8% recovery was
observed in edible and coconut oil samples (Figure 4C).%7
Keratin also contains multiple functional groups, including
disulfide, amino, and carboxylic acids, particularly in the
peptide backbone. S. Ma et al. prepared keratin-capped AuNCs
with a peroxidase-like activity that can generate the oxTMB
with H,0,. AuNCs were also modified with Cu®* to enhance
the catalytic activity and stability to be used for glucose
colorimetric assay. s

4.4. Amino Acids. Among numerous amino acids, histidine
with imidazole, amino, and the carboxylic acid group performs
better with reducing ability. R. Xie et al. used r-histidine as a
stabilizer and AA as a reducing agent to create luminous
CuNCs in a simple one-pot method. The average diameter of
the sizes was 3.3 + 1.2 nm. Notably, CuNCs were a sensitive
sensor capable of detecting 2,4-dinitrophenol (DNP).
Histidine was used both as a template for CuNCs and as an
electron donor group when it reacted with DNP, a proton-
donating target. Notably, a new Meisenheimer complex
formation through hydrogen bonding, acid—base pairing, and
electrostatic interactions caused a yellow color change in the
reaction solution from colorless. The recoveries in river water
and tap water were found to be 91.2%—102% and 105.8%—
114.7%, respectively (Figure 4D).%” In another study, M. Fu et
al. utilized His-AuNCs, which can catalyze the oxidation of
colorless TMB for the detection of iodide (I7) and Hg™".
Increasing I” concentration led to a color change from
colorless to purple-red with high oxidase-like activity. Iodine
atoms attached to nanocluster surfaces and promoted their
aggregation. This platform with monodispersed clusters with a
diameter of around 2 nm provides detection for I” in serum
samples.”’

4.5. DNA. Both physical and chemical characteristics of
DNA-templated metal nanoclusters are greatly impacted by the
design of the DNA templates.”" For example, DNA-Au/PtNCs
were synthesized in a one-pot procedure for the sensitive
detection of Staphylococcus aureus (S. aureus). In the presence
of NCs, TMB, and H,0,, a color change was observed by
adding S. aureus. The detection was further evaluated by a Y-
shaped paper-based device. A range of 91.5%—100% recovery
was observed for human serum, milk, and orange juice
samples.””

Z. Du et al. synthesized Cu/AgNCs using DNA oligomers
containing C-rich and G-rich sequences (c-myc TBA). The c-
myc TBA-Cu/AgNCs indicated strong peroxidase activity by
catalyzing colorless TMB to a blue product which was applied

https://doi.org/10.1021/acsomega.3c06884
ACS Omega 2024, 9, 3143-3163


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

A et ) WA b\

i -
&4 Oxiduiive Aseegaion Sk at
Ag nanocluster ctehing s 2P w4
o o o Lower' Higha( —t ] }‘ / ( 4_\‘ 1{
cr B I 1°0uM 10 30 60 100 200 300 500 l + “:i#‘ + b’: +
© SR - s oy ot

_I 4 ™8 + oxTMB  H,0, 4% BsA-AuNcs
NC aggregation Decreased peroxidase-like activity

B TMB+H,0, IGuw  wig \\‘hu ) hvf
e — - o "1{!3}»:'\0 acid
TMB+H,0, [ o* ]
—_—

Cys o '
PEl  © Ag nanoparticles L Ag nanoclusters
H 2+ pH 181 256 329 456 502 $33 572 609 637 680 7.24 7.96 869 9.62103811.58
BSA-AUNCs g e
THBHED: @ ISR T
< ] I
Inhibition and recovery of peroxidase-like activity NCﬁgrgg_ation
L | L] | _— L} - _— L] _— L} | _— |} -_— ] _— L] | — | _— -

Hlnh-blted i like activity like activity

TMB H,0, 20 TMB
“'\,. 22 3 '(\- I H,0,
L, [ Bw ) g, , o

)f‘\, ,:* —— )’)\\’ (}k S " xS o
45 SR
1% © owsancs
1 oxTMIB . H,0 H,0 oxTMB
as | PRT-AuNCs PRT-AuNCs-Hg Cuz
hybrid & e
Enhanced permﬂase like aCtIVIL o o — — — [Catalytic activity recovery by NC disaggregatiol
D o = csrncgn %
nEEER N N
Surface Enhanced £04 3 I ‘ W X oA
Engineering Biosensing & -]
@ —) — - K
. , iy |
00| Fo —r—— ' » 2 - @ '
AuNCs - gy, | Yoo §° =<
Enhanced perOXIdase -like actlwty g Enhanced peroxidase- llke"abtWTty
Hydrogen bond -
E s X J 01‘{
a-Amylase 3_iden?” ) E
= »é-:<+ & S%f?{ /istarch digest é}";;@ °og  HOyg 3
A - ) /,é*:»{ cluster = {
W —~ c%" -«% aggregation © T™MB:
\S\/,i\(‘:‘ N
'v::}’«'\’) s b o° o
A $< ¥
R - ,J-\?é_v oo’ . (B
Starch {:C §5 —_— “‘:Sw”‘ ﬁ: "2z 1ve
=" CuCl HAUCI, y ‘85 C —_—
" d I In the absence of citrate In the presence of citrate
Decreased peroxidase-like activity by NC aggregation ~ Peroxidase-like activity inhibition

Figure S. Examples of different target recognitions using FMNCs. (A) Detection of halide ions by PEI-AgNCs induced by oxidative etching and
AgNC aggregation;” adapted with permission from ref 86. Copyright 2012 American Chemical Society. (B) Detection of Cys by inhibition of the
peroxidase-like activity of BSA-AuNCs and Hg?* recognition by restoration of the NC catalytic activity;’° reprinted from ref 90. Copyright 2016
with permission from Elsevier. (C) The Hg(II) assay using peroxidase mimics PRT-AuNCs, and its activity increased selectively by mercury ions;”*
adapted with permission from ref 91. Copyright 2018 Springer Nature. (D) Surface engineering GSH-AuNCs as peroxidase mimics by 1-methyl-2-
imidazolecarboxaldehyde (MCA) to enhance the sensitivity of glucose sensing in the presence of TMB and H,0,;'"” adapted with permission from
ref 117. Copyright 2021 American Chemical Socxety (E) a-Amylase detection by starch-Cu/AuNCs probes and TMB/H,0, reagents based on the
digestion of starch and thus cluster aggregation;'>* adapted with permission from ref 124. Copyright 2019 Sprlnger Nature. (F) Dual-readout ALP
assay based on the decreased peroxidase-like activity and fluorescence enhancement (turn on) of BSA-AuNCs;"*° reprinted from ref 130. Copyright
2019 with permission from Elsevier.(G) Designing a colorimetric PH sensor based on the aggregation of PEI-AgNCs with decreasing pH.
Photographs of the color changes of AgNCs in Britton—Robinson (BR) buffers showing use of different pH values in the range of 1.81—11.58
under visible and UV lights;"*" adapted with permission from ref 131. Copyright 2013 American Chemical Society.(H) Sensitive assay of DC based
on the restoration of peromdase -like activity of p-His@AuNCs as a result of the strong coordination between DC and Cu** and thus the
disaggregation of clusters;'* adapted with permission from ref 146. Copyright 2020 Royal Society of Chemistry. (I) Detection of miR-155 bg
DNA-CuNCs based on the enhanced oxidation of methylene blue (MB) after intercalating into the DNA-CuNCs/miRNA-155 duplex;"

reprmted from ref 157. Copyright 2018 with permission from Elsevier. (J) Citrate detection by the inhibited peroxidase-like activity of Cys-
AuNCs;'® reprlnted from ref 169. Copyright 2019 with permission from Elsevier. The detection mechanism for each example is written in purple.
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for selective detection of H,0O, and glucose. The recovery rate
in serum samples was 95—103.3% (Figure 4E).? According to
L.L. Wu et al, the addition of Hg?* can inhibit the catalytic
activity of Ag/PtNCs templated with a DNA sequence
(CCCCCTAACTCCCCCTTTTTTTTTT). Incorporating
both Hg” and Hg** interfered with the catalytic activity of
DNA-Ag/PtNCs by aggregating them and decreasing the Pt**
content on the DNA-Ag/PtNC surface. The device has the
potential for detectin% Hg”" in tap water with a good recovery
rate of 94.3—106.2%." "

4.6. Aptamers. Several aptamers have been demonstrated
as potential colorimetric probes for different analytes that are
difficult to detect with conventional probes.”® It is noted that
in these reports the aptamers have not been used as the NC
stabilizer, while they are linked to the protein-stabilized
AuNCs by thiol functional groups at 5’ or 3’ ends of DNA.
For example, there have been a number of methods developed
to detect food pathogens. The use of pasteurization and
culture-based detection methods has not proven to be
completely successful in controlling contamination in food.
Enzyme-linked immunosorbent assays (ELISAs) are also costly
and require a lot of biological reagents, which produces some
false results. Additionally, polymerase chain reaction (PCR)
requires complex instruments and sample preparation. Color
change in pathogen samples is a simple way to detect
pathogens using colorimetric biosensors. Using this method,
Y. Song et al. synthesized aptamer@papain@AuNCs by
entrapping Au in functional groups of a natural protease
termed Papain. The thiolated aptamers were then used to react
with these functional groups, such as —COOH. As a result of
TMB adsorbing on bacteria surfaces, there is an increase in
peroxidase activity to catch E. coli O157:H7. This sensor was
able to successfully detect E. coli O157:H7 in ultrahigh
temperature (UHT) sterilized, pasteurized, and raw milk. The
prediscussed aptamer sequence was 5'-SH—CCGGACGCT-
TATGCCTTGCCATCTACAGAGCAGGTGTGACGG-3".°
In another work, Q. Chen et al. developed aptamers@BSA-
AuNCs for the selective detection of Salmonella typhimurium
(S. typhimurium) using dual thiolated aptamers, BSA-AuNCs,
and the TMB/H,0O, system. After the formation of Au—S§
bonds between BSA-AuNCs and both aptamers, microsized
bacteria can capture both aptamers@BSA-AuNCs and TMB
and so bring them both together, allowing a local increase in
their concentration. Based on the enhanced peroxidase-like
activity of this designed aptasensor coupling with S.
typhimurium in the presence of TMB and H,0,, a color
change from light blue to dark blue was reported. Eggshell and
egg white samples were also used to successfully validate the
resul7t7s, and the recovery ranged from 92.4% to 110% (Figure
4F).

5. APPLICATIONS

5.1. lon Detection. Abnormality in ion levels may cause
serious harm to humans and the environment which highlights
the importance of ion detection. Heavy metal ions (e.g., Hg™,
Cr®"), having distinct properties, such as high toxicity, high
bioaccumulation, non-natural breakdown, and convoluted
sources, harm the environment and human health. Halides,
nitrites, and phosphates are examples of inorganic anions that
can be advantageous or harmful depending on their
concentration.”® Although numerous determination techniques
may be utilized, such as ion chromatography (IC),”
electrochemical characterization,”” atomic absorption spec-
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trometry,”"*” inductively coupled plasma mass spectroscopy

(ICPMS),* inductively coupled plasma atomic emission
spectrometry (ICP-AES),*" their time consumption, high
cost, and laborious sample preparation processes have limited
their applications.85 Regarding this, colorimetric assays based
on the different ions including halides, heavy metal ions,
nitrite, and sulfide ions using noble metal nanoclusters
(AgNCs, AuNCs, CuNCs, and bimetallic NCs) have been
classified.

5.1.1. Halides. F. Qu et al. utilized PEI-AgNCs to provide a
colorimetric platform for the sensitive identification of halide
ions. Interaction between Ag atoms of PEI-AgNCs and halides
in addition to the formation of larger particles provides the
foundation for detecting halide ions. The colorless solution
turned yellow by adding CI™. Increasing the concentration of
Br™ gave a color change into brown, while adding I” turned the
solution to dark brown. It demonstrates that the high affinity
between Ag—halide bonds and the low solubility product
constant (KSP) of silver halide compounds can result in
oxidzgive etching and aggregation of silver nanoclusters (Figure
SA).

5.1.2. Heavy Metal lons (Hg?*, Pb**, Cr°*, and Fe**). By
utilizing AgNCs with poly(acrylic acid), Y. Tao et al. also
created a colorimetric probe indicating a color change from
purple to pale red by the addition of Hg*" ions with an
enhancement in the absorption peak at 510 nm and a LOD of
5 nM.*” Several reasons have contributed to the current
interest in AuNCs, including their biocompatibility, ultrafine
size, photostability, and fluorescence properties.”*® Unlike
CdSe, CdTe, PbS, etc., AuNCs contain no harmful heavy
metals. Meanwhile, AuNCs are also more stable than AgNCs
due to gold’s enhanced oxidation resistance.*” Using the one-
pot method, Y. W. Wang et al. demonstrated a new
colorimetric assay for the detection of cysteine and Hg** in
an aqueous solution within 10 min. BSA-AuNCs were
synthesized and performed catalytic activity. The catalytic
reaction was carried out using Cys as an inhibitor. SH groups
of cysteine interact with Au atoms. Furthermore, the addition
of Hg*" recovers the catalytic activity of BSA-AuNCs. As a
result of the high affinity of thiolates toward Hg2+, thiols broke
away from AuNC surfaces, resulting in the breakage of the
Au—SH bond. This results in a color change to blue produced
by Hg**-induced recovery of the catalytic activity of the BSA-
AuNCs (Figure 5B).”” Protamines as low-molecular-weight
basic proteins with high arginine content can deliver the DNA
to the nucleus of the egg. Y.Q. Huang et al. used protamine to
synthesize AuNCs under the one-pot method. The developed
PRT-AuNCs exhibited peroxidase-like activity toward Hg>".
Significantly, Hg** could dramatically and selectively increase
the peroxidase-like activity of AuNCs. The enhanced
mechanism induced by Hg2+ was related to the Hg2+—Au0/
Au* interaction, generating the partly oxidized Au (Au’*) and
the cationic Au species. Moreover, the designed colorimetric
method is highly sensitive (LOD = 1.16 nM) with a wide linear
range. The recovery was assayed in water samples ranging from
99.81% to 102.9% (Figure SC).”' Moreover, test strips by
Wang et al. were designed based on using 4-chlorothiophenol-
protected CuNCs. This sensing platform can be used to detect
Hg** with self-assembly-induced emission (S-AIE) CuNCs
which may lead to a color shift from red to blue-purple. The
platform has also been utilized for the detection of Hg*" in tap
and lake water samples with a recovery of 98.3—103.0%.” By
incorporating a secondary metallic element into metal NCs,
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enhanced catalytic activity can be achieved with high selectivity
and improved thermal stability. The geometric and electrical
structures, the atomic distribution of reactive metals, the
electron-donating action of capping ligands, and the type of
support have all been found to be strongly related to total
catalytic performance.”® Recently, attempts have been made to
apply the bimetal NCs for colorimetric assay. In this regard, Y.
Cai et al. developed bimetallic GSH-Ag/CuNCs by biomimetic
mineralization using GSH and NaBH,. Due to the high affinity
between GSH and Hg (Hg—S) bonds, and also Ag—Hg and
Cu—Hg bonds, strong peroxidase-like activity was achieved,
and the color change to dark blue in the presence of Hg>*
provided a colorimetric technique with a good linear range
(0.1-700 nM) and a LOD of 0.05 nM. Real samples including
seawater, urine, human serum, and mineral water showed a
recovery rate of 96% to 104%.”* As reported by R. Liu et al,,
metallothionein (MT)-CuNCs were able to convert catalase-
like activity into peroxidase-like activity when exposed to lead
and mercury ions. In MT-CuNCs, the interactions between
Pb**/Hg**, Cu/Cu’, and MT influence the coordination
bonds. In the presence of TMB and H,0,, Pb** and Hg*
caused a color change from colorless to dark blue. Therefore,
this system could be applied to detect heavy metals in tap
water, pond water, and river water.” Polyethylenimine (PEI)-
capped AgNCs are also attractive in many applications. As an
example, Q. Xue et al. synthesized PEI-AgNCs with
oxidoreductase-like catalytic ability to detect Cr®* when
reacting with the TMB in pH 3.0, demonstrating a color
change to light blue providin(g colorimetric analysis of Cr®*
with a LOD as low as 1.1 uM.” Poly(methacrylic acid)-capped
AgNCs were employed by K. Chaiendoo et al. in a one-pot
reaction. With a LOD of 76 nM within a linear range of 5—100
UM, the PMAA-AgNCs demonstrated selective Fe’* detection
over other cations with an orange color change. Fe*" can
reduce unreacted Ag* in AgNC solutions to Ag’, which in turn
deposits on AgNCs and increases particle size.””

5.1.3. Nitrite lons. L. Liu et al. reported that His@AuNCs/
RGO exhibited stronger oxidase mimetic activity in compar-
ison with BSA@AuNCs, Cyt@AuNCs, and Lys@AuNCs. This
may be caused by AuNCs, imidazole groups in histidine, and
reduced graphene oxide (RGO) working synergistically to
enhance electron transfer from catalytic active sites. Really, in
this work to improve catalytic and electrocatalytic activity,
His@AuNCs were coupled with RGO by electrostatic forces.
Adsorption of nitrite on His@AuNCs/RGO inhibited the
oxidation of the TMB substrate. This allows selective detection
of nitrite ions by which the color changes happen from light
yellow to light brown. There was a range of 94.67%—100.28%
recovery in sausage samples.”®

5.1.4. Sulfide lons. Comparatively, there is a smaller number
of reports about CuNCs than AuNCs and AgNCs for sulfide
ion detection, even though they are cheaper and more
available. Z. Shojaeifard et al. created tannic-acid-capped
CuNCs with Cu** ions for the detection of sulfide ions.
Increasing the concentration of sulfide between 6.0 and 130.0
UM turned the color of the blue solution to brown due to the
formation of CuS. Ta-CuNCs/Cu®** could enhance the peak
absorbance at around 350—500 nm. The water samples
showed a recovery value of 96.15—103.82%.” Also, taking
advantage of the peroxidase-like activity of GSH-CuNCs, H.
Liao et al. presented a colorimetric assay to detect sulfide ions
with an LOD of 0.5 uM. It should be considered that the
maximum inhibition effect of sulfide ions on the catalytic
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activity of NCs was obtained at pH 4.0. Sulfide ions are
strongly associated with Cu(I) on the surface of CuNCs,
thereby significantly affecting the conversion of H,O, to OH-
radicals. The results were also validated via real samples. For
tap water, the recovery of sulfide ions ranged from 97.6 to
98.9%, and for lake water, it ranged from 93.8% to 96.3%.'%°

5.2. Small Molecules. The detection of small molecules
has been used for many purposes, including diagnosis,
medicine, environmental sampling, food, and agricultural
assessment. In addition, the identification of small molecules
as regulatory factors plays an important role in the diagnosis of
different diseases. The liver metabolizes bilirubin to excrete it
from the body after it is produced by the catabolism of
hemoglobin in red blood cells. Hyperbilirubinemia, also known
as jaundice, results from a high level of bilirubin in the blood,
resulting in a yellow coloration of skin and tissue.'”" Toward
diagnosis of jaundice, R.S. Aparna et al. used BSA-CuNCs as
the colorimetric probe for the detection of bilirubin. The
copper—bilirubin complex resulted in a clear color change from
pale pink to green which facilitated the colorimetric detection
of bilirubin.'”” Nitrophenols as other important small
molecules are used in dye industrial processes, pharmaceut-
icals, and chemistry. They are still present in the soil and
groundwater as organic compounds, causing harm to wildlife
and humans. To detect p-nitrophenol, F. Qu et al. created PEI-
AgNCs with various terminal groups. It was determined that
the production of the oxygen anion of p-NP, which was caused
by the transfer of H+ from p-NP to the amine groups of PEI,
was the cause of the color change from light yellow to deep
yellow after the addition of p-NP.'” Y. Du et al. synthesized a
mercaptosuccinic acid (MSA)-CuNC without using any
chromogenic reagent. Due to the aggregation of the CuNPs
and the valence transition of Cu, a color change from red to
yellow was observed by the addition of H,O,, a critical product
in essential biological processes. For tap water samples,
recoveries ranged from 96.7% to 104.1% for the determination
of H,0,.""* In continuation of the discussion, a high level of
xanthine as an animal metabolic product can cause gout, uric
acid deposits, and renal calculi since it can be oxidized to uric
acid. Z. Yan et al. used dithiothreitol and BSA to create new
CuNC:s for detecting xanthine. The absorbance intensity of the
TMB/CuNC system at 652 nm increased with 0.5 uM
xanthine in the presence of S M of different interferences based
on the peroxidase-like activity of CuNCs. Because xanthine
oxidase may catalyze the oxidation of xanthine to release H,0,,
an indirect approach for detecting xanthine was developed.
There is a recovery rate of 90.2%—93.1% for the detection of
xanthine in serum samples.'”> In many biological processes,
pyrophosphate (PPi) is generated by the hydrolysis of
nucleoside triphosphates. Chondrocalcinosis, urolithiasis, and
cancer have all been linked to high PPi levels in urine and
synovial fluid. Y. Shi et al. demonstrated a very sensitive
colorimetric approach for quantifying PPi via the AuNCs-Cu**
system together with significant catalytic activity in the TMB-
H,0, system. However, the catalytic activity of AuNCs-Cu**
reduced in the presence of PPi because the affinity between
Cu’" and PPi was greater than that between Cu®* and AuNCs.
In human urine samples, recovery of PPi ranged from 94.95 to
100.79%."%° It is also important to detect AA in a variety of
biochemical and pharmaceutical processes due to its
antioxidative properties. X. Yang et al. suggested a colorimetric
technique using BSA-AgNCs to detect AA in the range from
2.0 to 50.0 uM, with the corresponding LOD of 0.16 uM.
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Using BSA-AgNCs, silver nanoparticles were formed uni-
formly, while the color of the solution changed to yellow via
reducing Ag" to Ag® by ascorbic acid.'”’

As a result of their high cost and rarity, PtNCs have been
limited in their applications despite their enzyme-like activity.
In order to make the best out of it, N. Qiu et al. employed the
electrodeposition technique with cetyltrimethylammonium
bromide (CTAB) to graft three-dimensional graphene foam
(3D GF) onto PtNCs. Based on the inhibition effect of this
novel recyclable nanohybrid with hydroquinone (HQ), a
harmful pollutant, colorimetric detection of HQ with a LOD of
76 nM, was achieved. By increasing the concentration of HQ,
the color change reaction became weaker. In addition to TMB,
other substrates such as ABTS, catechol, and L-DOPA also
showed a high oxidase-like catalytic activity with a 3D GEF-
PtNC nanohybrid.'*®

5.3. Glucose Detection. The value of fast and simple
detection of glucose in human fluid, especially in blood, is very
important for metabolic diseases like diabetes. So, a quick,
precise, and sensitive detection method is needed.”>"*''® For
blood glucose determination, several analytical methods have
been developed, includin% surface-enhanced Raman scatter-
ing,lll electrochemistry,I 2 fluorescence,'"® chemilumines-
cence,''* and spectrophotometry.''> Common methods have
several disadvantages, such as their inherent difficulty in
purification as well as their poor stability."'® In this regard, F.
Sun et al. demonstrated that 1-methyl-2-imidazolecarboxalde-
hyde (MCA) could have a high potential application for
glucose sensing in serum samples by using the peroxidase-like
catalytic activity of GSH-AuNCs in oxidizing TMB which
increased in the presence of H,0,. By oxidizing glucose in the
presence of oxygen, glucose oxidase (GOx) is capable of
generating gluconic acid and H,0,. As a result of weak
interactions of MCA, MCA can penetrate through the layer of
GSH and thus locate near the surface of AuNCs. In the
presence of H,0, due to glucose oxidation, the solution color
turned from light blue to deep blue mainly due to more
produced oxTMB in the solution (Figure 5D).""”

J. Chi et al. developed a colorimetric system with an
improved peroxidase-like activity using Au, GOx, and zeolitic
imidazolate frameworks (AuNCs@ZIF-8) which could detect
glucose by the produced H,0O, from the reaction between
glucose and GOx.'' J. Feng et al. fabricated gold—platinum
nanoclusters with an optimal Au/Pt molar ratio (1:1) by a one-
pot synthetic route. The NCs-GOx cascade-catalyzed system
using TMB enabled sensitive and selective glucose detection.
This assay can be used not only for the visual detection of
glucose but also for convenient and reliable quantification in
the concentration range of 5.0—55 yM with an LOD of 2.4
uM.""® In the same way, H. Sun et al. synthesized Au-PtNCs
with guanosine monophosphate (GMP). In the presence of
glucose, the colorless o-phenylenediamine (OPD) was oxidized
to yellow 2,3-diamino phenazine (DAP). The linear range of
the colorimetric method toward glucose was in the range of
0.05—0.4 mM, with an LOD of 11 yM. In human serum
samples, recoveries ranged from 98.30% to 100.27%.'"” L. Jin
et al. synthesized ultrasmall PtNCs using yeast extract through
a facile one-pot approach. The yeast extract-stabilized PtNCs
possess excellent water solubility as well as attractive
peroxidase-mimicking properties, which caused them to be
used as a sensitive colorimetric method for glucose detection.
The LOD was achieved as low as 0.28 uM, and the recovery of
the designed probe in serum samples ranged from 96.1% to
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101.5%."*° In conclusion, these rapid, accurate, and reliable
sensing platforms can be used to visualize glucose in human
serum directly, with no reagents or instruments.

5.4. Macromolecules. Colorimetric assays for macro-
molecules like proteins have been mostly limited to enzyme
detection. Heparin is a highly sulfated glycosaminoglycan used
in anticoagulation procedures. L. Hu et al. demonstrated that
heparin accelerated the peroxidase-like activity of AuNCs at
neutral pH. However, heparinase hydrolyzed heparin into
small fragments, which minimized the catalytic enhancement
effect. This led to colorimetric heparinase measurements with
an LOD of 0.06 ug-mL™". Using diluted fetal bovine serum,
recovery rates ranged from 95.3% to 97.0%."*" Thrombin plays
a crucial role in repairing injured vessels. The effects of
thrombin as a protein activating multiple receptors on cancer
cell migration, vascular diseases, and Alzheimer’s disease have
been suggested by research results.'** C. Zheng et al. utilized a
one-step approach to synthesize Ag/PtNCs with a C-rich DNA
template exhibiting peroxidase-like catalytic activity, coupled
with a thrombin aptamer, leading to a color change to yellow.
This aptamer-based sandwich-type strategy was utilized to
detect thrombin concentrations as a coagulation factor in the
range from 1 nM to 50 nM, allowing an LOD of 2.6 nM.'*?

Researchers have found that blood levels of the a-amylase
enzyme are higher in salivary gland inflammation and acute
pancreatitis, and it is also effective in controlling type 2
diabetes mellitus. Another work represents the detection
system of this enzyme that utilizes the interaction of @-amylase
with starch-supported Au/CuNCs. The a-amylase diagnosis
mechanism is based on the starch digestion by a-amylase in
the presence of TMB and H,O,, which results in nanocluster
aggregation, allowing an increase in the nanoparticle size and
thus a decrease in the peroxidase-like activity of the Cu/
AuNCs. Using this system, sensitive colorimetric sensing of a-
amylase was achieved with an LOD of 0.04 U/mL, and good
recoveries ran§ed from 94.5% to 103.1% in serum samples
(Figure SE)."** Trypsin is one of the digestive enzymes that is
employed in food technology as well as in the diagnosis of
pancreatitis and cystic fibrosis.'*> G. Wang et al. demonstrated
that trypsin can digest the protein template of BSA-AuNCs and
inhibit the catalytic activity of BSA-AuNCs. As a result of a
change in surface state and aggregation of AuNCs after the
digestion of BSA, a colorimetric assay with an LOD of 0.6 g/
mL was performed to detect trypsin with a wider linear range
compared to other methods."” Matrix metalloproteinases
(MMPs) are proteolytic enzymes whose overexpression may
indicate cancer. To detect MMPs, M. Dadmehr et al
developed AuNPs@gelatin/AuNCs by depositing gelatin/
AuNCs on AuNPs. In the pH range of 4—12, increasing
MMP-9 concentration results in a visual color shift from red to
purple. The as-prepared sensor was successfully applied to
serum samples, with recovery percentages of 95%—108%.'*°

5.5. Enzyme Activity Assays. As a significant enzyme in
human body tissues, ALP concentration ranges between 25
and 100 IU/L. When the concentration reaches 300 IU/L, it
indicates liver, bone, and cancer diseases.'”” The hydro-
genation catalyzed by ALP is often detected by electrochemical
and spectroscopic methods. The development of a high-
resolution colorimetric procedure to induce a noticeable color
shift would be appreciated.'””'*” Based on the peroxidase-
mimicking activity of BSA-AuNCs, P. Ni et al. developed a
colorimetric technique that was employed to detect ALP
activity. The hydrolysis of L-AA-2-phosphate in the presence of
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ALP produces AA, which can inhibit the oxidation of TMB.
This phenomenon was observed by a color change from dark
blue to light blue and a decrease in absorbance at 652 nm. The
recovery rates in human serum samples ranged from 101.0% to
120.5% (Figure SF)."*° However, more studies are required to
utilize NCs for developing enzyme activity sensors.

5.6. pH Sensor. It is well-known that pH plays an
important role in biochemical processes, particularly in the
metabolism of adenosine triphosphate (ATP). Nanoclusters
introduce new possibilities for designing pH sensors because of
their unique features. However, only a few studies have
investigated the pH-responsive optical properties of nano-
clusters so far. According to F. Qu et al,, PEI-AgNCs are the
only NCs that can act as pH sensors because of their charge
distribution and amino groups. In addition to reacting quickly
to pH changes, it also exhibits absorption properties that
change from almost colorless to colored as the acidity
increases, so it could be used as a color indicator for pH
detection in physiological environments ranging from 5.0 to
7.4. With lowering pH, the repulsion development and
structural change of PEI drive AgNC aggregation, resulting
in an evident color shift (Figure 5G)."*" There is a need for
further research into pH sensing using colorimetric nano-
clusters, as this report was the only one that employed this
method.

5.7. Biomarker Thiols. Thiols are biochemically active
components of the sulfur cycle in nature. Cystine (Cys) and
glutathione (GSH) are examples of low-molecular-mass thiols
that are crucial cellular components in the processes of
metabolism and homeostasis in physiological fluids, including
plasma and urine, as well as a variety of pathological and
physiological functions."””"** As an amino acid that contains
sulfur, cysteine facilitates the formation of disulfide bonds that
stabilize the secondary structures and functions of proteins.
Besides being a biomarker, it may also play a role in cancer
biology as a physiological regulator.'** Thus, many techniques
have been developed to detect cysteine and GSH, including
fluorescent methods,'>>'3¢ electrochemical methods,">” and
high-performance liquid chromatography (HPLC)."*® Since
these techniques are complex, developing simple assays is
important. In this regard, X. Yuan et al. developed GSH-
AgNCs. The GSH layer on the AgNC surface caused the
differentiation of Cys from other large-sized thiol molecules
(e.g, GSH) simply by their size. The high affinity of the thiol—
Ag interaction and the small size of GSH-AgNCs provided
high sensitivity for Cys detection. Under visible light, unlike
the other 19 amino acids, GSH-AgNC solution with cysteine
was colorless."*” J.J. Li et al. improved the catalytic activity of
GSH-AuNCs with Pt as the second metal content via a one-pot
approach. In this case, Cys could selectively and efficiently
inhibit the peroxidase-like activity of GSH-Au/PtNCs, allowing
a decrease in the absorption intensity at 652 nm as an abstract
of the decrease in the ox-TMB, and color changes from blue to
colorless in the presence of cysteine with a linear range from
0.5 to 30 uM. Accordingly, the recovery rates for artificial urine
and serum ranged from 97.86% to 102.42% and 96.50% to
101.42%, respectively.'*’

GSH as a critical biothiol has multiple functions in cells,
including protecting the cells from oxidative stress by trapping
free radicals.'*' Research has shown that cancer cells have a
GSH content four times greater than normal cells."** Hence,
creating an analytical technique that detects GSH quickly,
accurately, and consistently is key. Here are some examples of
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unique and simple methods for colorimetric GSH level
measurement based on the inhibitory impact of GSH on the
peroxidase-like activity of NCs. J. Feng et al. developed GSH-
AuNCs which were used for the detection of GSH in the
presence of TMB and H,0,, indicating a colorimetric assay by
inhibition of the peroxidase activity with an LOD of 420 nM.
The assay was also evaluated for the supernatant of human
normal cells and cancer cells. Compared to normal cells, cancer
cells had a much higher level of GSH.'*

Based on the peroxidase activity of CuNCs, prepared
cysteamine, and hydrazine hydrate, C. Liu et al. developed a
sensitive colorimetric assay toward GSH with an LOD of 0.89
UM.'** C. Jiang et al. presented a label-free sensing assay for
the colorimetric detection of GSH, glutathione reductase
(GR), and glutathione oxidized (GSSG) based on the enzyme-
mimicking characteristic of cytidine-AuNCs. The interaction
between GSH and Cy-AuNCs at the surface led to the
inhibitory effect providing another selective platform for the
detection of biothiols."*’

5.8. Drugs. A colorimetric assay is a useful tool for
controlling the overdose of drugs by detecting the level of the
drugs. As a widely used commercial antibiotic, doxycycline
(DC) is widely used in human infections. Human fluids should
therefore be screened for DC levels sensitively and selectively
to prevent ineffective treatment and side effects. For DC
colorimetric detection, Y. Song et al. synthesized the b-
histidine-stabilized AuNCs and applied them for the
promotion of hydrogen peroxide in the catalytic oxidation of
TMB. The restoration of the enzyme-mimicking catalytic
activity of D-His@AuNCs happens with the addition of
doxycycline, based on strong coordination between Cu®" and
doxycycline. Really, unlike other analytes, p-His@AuNCs
could be selectively complexed with Cu®" via carboxylate and
amino groups of His, resulting in NC aggregation and the color
change from bright blue to light blue, but then the solution
color could be recovered to dark blue due to the Cu**/DC
complex formation and thus the disaggregation of clusters.
This showed a strong linear relationship in a concentration
range of the doxycycline with an LOD of 1.0 uM (Figure
SH)."* Z. Zhang et al. improved the catalytic activity of
AuNCs together with selectivity using aptamers (Apt) and
developed a colorimetric sensing platform for the detection of
tetracycline antibiotics (TCs). This sensing apparatus can
detect TCs in the range of 1—16 yM with an LOD < 46 nM
due to the conformational change of Apt with TCs resulting in
a blue solution. In general, the proposed aptasensor has a
recovery rate of 96.0—105% for TCs.'"” Further, Q. Zhao et al.
have noted that the detection of abused drugs such as
methamphetamine (MA) is one of the most critical issues to
address. In this work, the reaction between the antibody-
immobilized polystyrene plate and AuNC-conjugated antibod-
ies created a color change.148 Nevertheless, colorimetric drug
detection faces many challenges due to its low sensitivity.

5.9. Nucleic Acids. Considering the importance of nucleic
acid detection in diagnostic applications, there are several
approaches for the detection of nucleic acids, including
electrochemical methods,"*”"*" spectrometry,'>' CRISPR-Cas
systems,'>” and fluorescent-based methods,'>® that mostly
required amplification using polymerase chain reaction (PCR)
before detection.'>* Since their instruments are expensive and
they need highly skilled people, developing simple and fast
biosensing systems is crucial. MicroRNAs (miRNAs) are
noncoding RNAs found that play important roles in regulatory
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functions and disorders and may potentially be used as a
screening biomarker for cancer detection.”>> As a result,
finding innovative tools for the rapid, accurate, and sensitive
detection of miRNAs is an important field of research. The
expression of miRNA-21 is a reliable biomarker for early
cancer detection. Based on DNA-Ag/PtNCs, which can
catalyze the reaction between H,0, and TMB, N. Fakhri et
al. developed a paper-based biosensor for detecting sub-
micromolar amounts of miRNA-21. By inhibiting peroxidase-
like activity, miRNA-21 could be detected linearly in the 1—
700 pM range with an LOD of 0.6 pM. A paper assay was also
conducted using a Y-shaped paper-based microfluidic device to
take advantage of the special features of microchannels, like
quick reaction times, low reagent volumes, and affordable
fabrication costs. The LOD was 4.1 ppm, and the linear range
was 10—10000 pM."*°

As an electrochemical and colorimetric indicator, MB is a
positively charged aromatic organic dye that intercalates into
double-stranded DNA by 7—7 interactions. As a result of the
CuNC peroxidase catalytic reaction, O, is generated as a
byproduct. Once MB is intercalated into a duplex, oxidation of
MB by O, is greatly enhanced. A colorimetric platform based
on MB oxidation and the hybridization effects of miRNA-155
with DNA-CuNCs without enzymes or other primers have
been developed for the detection of the oncogenic miRNA-155
which is a breast cancer biomarker. As a result of adding
miRNA-155 in the range of 1.0 pM to 10.0 nM, MB interacts
with dsDNA/miR-155, and this interaction decreases the
absorbance signal of the MB. This detection assay for serum,
which has a 99% recovery, provides an early diagnosis and a
prognosis assessment of breast cancer (Figure S5I).">”
According to Z. Dehghani et al., a colorimetric DNA biosensor
using Au/PtNCs synthesized by a cytosine-rich DNA sequence
was developed in the presence of TMB and H,0,. The
detection of the Campylobacter jejuni DNA genome as a
pathogenic bacteria was their main issue. Since the DNA probe
Au/PtNCs did not hybridize with noncomplementary DNA,
the structure of the biosensor remained intact, and the
peroxidase-like activity remained. When DNA-Au/PtNCs were
used against perfectly matched DNA, their blue color
intensities were much lower than when they were applied to
mismatched DNA. By reducing the peroxidase activity in Au/
PtNCs by hybridization with DNA, this technique is based on
the principle of DNA—DNA hybridization. The LOD was 20
pM in the presence of target DNA."*®

5.10. Cancer Cell Detection. Although cancer is one of
the most common causes of disease in the world, an early
diagnosis can significantly improve the outlook and prognosis
of the patients. This means that the detection of cancer cells
and biomarkers could enhance the chances of successful
therapeutic intervention and recovery from cancer. However,
most cancer detection methods require advanced instrumenta-
tion and are time and cost-consuming.'> There are some
techniques used to make point-of-care diagnoses. However,
colorimetric assays are highly popular because of their low cost,
providing direct visualization, simplicity, and rapid re-
sults.”*”~'" Many different “signals” (e.g, proteins, nucleic
acids, exosomes, etc.) released by cancer cells have been
discussed, and the accurate and specific identification of them
is significant for cancer patients’ early diagnosis and treat-
ment.'**

5.10.1. Breast Cancer. The successful development of
sensitive sensors for breast cancer cell detection is crucial for
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breast cancer diagnosis since breast cancer is the most
prevalent malignancy and a major cause of mortality in
women worldwide.'®> Human epidermal growth factor
receptor-2 (HER2) can be amplified in aggressive breast
cancers.'®® Y. Tao et al. produced AuNCs-loaded liposomes
(AuNCs-LPs) that performed peroxidase-like activity through
the extrusion method, and AuNCs-LPs after functionalization
with ErbB2/Her2 antibodies (anti-Her2) could detect SKBR3
and MCF7 breast cancer cell lines, expressing HER2 by
recognizing the HER2 receptor on the cell surface. After the
addition of SKBR3 cells in the presence of BSA-AuNCs-LPs-
anti-HER2, color changes to deep blue were observed with
TMB/H,0,. In the presence of a target cell population ranging
from 5 to 1000 cells, the absorbance of TMB at 652 nm
linearly increased, with a low LOD of five cells."®* M. Li et al.
reported efficient detection of HER** breast cancer cells with a
LOD down to 10 cells using mesoporous silica (MSN)-
AuNCs. Having low toxicity, high surface area, high pore
volume, and unique morphology, MSN provides excellent
enzyme immobilization support for AuNCs-anti-HER2 with a
peroxidase-like property that catalyzes the oxidation of TMB
by H,0,.'® Having a large surface area (~2630 m* g”!) and
functional groups, graphene oxide (GO) has been used as a
nanohybrid biosensing platform.* Y. Tao et al. designed GO-
AuNCs hybrids with high catalytic activity over a broad pH
range by absorbing AuNCs on GO via electrostatic interactions
to regulate lysozyme-AuNCs’ peroxidase-like activity. In order
to improve cancer targeting, FAGO-AuNC hybrids (GFA) can
be used with the conjugation of AuNCs with folic acid (FA). A
color reaction would be catalyzed by GFA-conjugated cells in
the presence of TMB and H,0,, monitored by changes in
absorbance at 652 nm. There was a significant change in
absorbance as the number of MCF-7 cells increased, which
suggested that a greater amount of GFA was bound to folate
receptors on the surface of MCF-7 cells. As a result of using
this method, the LOD was as low as 5 cells.”

5.10.2. Prostate Cancer. It is significant to note that
prostate cancer is the most common cancer among men in the
United States. However, if detected early, it has a high survival
rate."°”'”” Current prostate cancer diagnostic methods are
invasive and do not detect aggressive forms of the disease.'*® S
Abarghoei et al. designed a colorimetric technique using Cys-
AuNCs as a peroxidase mimetic for the detection of citrate as a
biomarker for the early stage detection of prostate cancer.
Citrate has hydroxyl and carboxylic groups that can easily bind
with free carboxyl and free amino groups of cysteine via
hydrogen bonds, thus creating a shell on the surface of the
AuNCs and inhibiting the oxidation activity of the cluster.
Accordingly, a broad linear relationship for citrate was
achieved for the range of 0.5—1000 uM. The LOD of the
proposed method was obtained as 0.1 M. A recovery rate of
86.0%—98.0% was obtained with the present biosensor (n = 3),
which indicates a promising result as it shows that citrates are
precisely detectable in urine samples (Figure 5J).'®”

6. SUMMARY, CHALLENGES, AND FUTURE

An acceptable number of colorimetric detections exist based
on fluorescent metal nanocluster probes, including the
detection of ions, amino acids, peptides, small molecules,
macromolecules, enzyme activity, pH, and cancer cells.
FMNCs are capable of catalyzing the substrate to generate a
color change that could be directly observed by the naked eye.
The difficult parameters in a colorimetric assay to handle
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would have high sensitivity and specificity, rapid reaction
detection, stability, and biocompatibility. In spite of such
above-mentioned discoveries, several critical challenges in this
field need to be addressed as follows: (i) The only pH-sensitive
nanocluster reported so far (PEI-AgNCs), and so developing
colorimetric pH sensors based on FMNCs can be extended.
(i) Moreover, there are no reports regarding the colorimetric
assay using aptamer-stabilized NCs, and few related works
show the efficacy of the thiolated aptamers in the presence of
protein-stabilized AuNCs. (iii) Despite the relevance of amino
acids as metabolite biomarkers in disease diagnosis, including
sarcosine, alanine, leucine, histidine, and proline,m) etc., the
colorimetric detection of amino acids using FMNCs has been
confined to cysteine. (iv) Furthermore, cancer diagnosis based
on nanocluster probes by the colorimetric method have been
limited to breast and prostate cancers without any real or
clinical sample reports. (v) The detection of viruses is a topic
that has been less discussed in colorimetric assays using metal
nanoclusters which highlights the shortcomings of the current
works for viral disease diagnostics. (vi) Most of the metal NC
probes used in colorimetric assays are related to a single metal
core (Ag, Au, Cu, and Pt), while more sensitivity and accuracy
may be achieved by the designed bimetallic cores. In
conclusion, the broadly developed FMNCs are dependent on
the capping agent species and synthesis conditions reported so
far, while a few of them have been used for colorimetric assays
as well as the absence of colorimetric detections regarding
other important ions and biomarkers (e.g., Se?”, SCN~, Fe’*,
UO,*", VEGF 165, HER2, and BCR/ABL fusion gene).
Colorimetric tests based on FMNCs should be further
developed for diagnostic purposes. This will enable them to
be employed in a broader range of conditions in the years to
come.
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B ABBREVIATIONS USED

AA, ascorbic acid; ABTS, 2,2’-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid; AgNCs, silver nanoclusters; AgNPs, silver
nanoparticles; ALP, alkaline phosphatase; ATP, adenosine
triphosphate; AuNCs, gold nanoclusters; AuNCs-LPs, AuNCs-
loaded liposomes; AuNPs, gold nanoparticles; AIE, aggrega-
tion-induced emission; AIEE, aggregation-induced emission
enhancement; BGP, bitter gourd polysaccharide; BSA, bovine
serum albumin; CD, circular dichroism; CDs, carbon dots; CS,
chitosan; CTAB, cetyltrimethylammonium bromide; Cys,
cysteine; DA, dopamine; DAP, 2,3-diamino phenazine; DC,
doxycycline; 3D GF, three-dimensional graphene foam; GO,
graphene oxide; DLW, direct laser writing; DNP, 2,4-
dinitrophenol; ELISAs, enzyme-linked immunosorbent assays;
FA, folic acid; FMNCs, fluorescent metal nanoclusters; GLP,
ganoderma lucidum polysaccharide; GMP, guanosine mono-
phosphate; GR, glutathione reductase; GSH, glutathione;
GSSG, glutathione oxidized; Hb, hemoglobin; HER2, human
epidermal growth factor receptor-2; HPLC, high-performance
liquid chromatography; HQ, hydroquinone; HRP, horseradish
peroxidase; IC, ion chromatography; ICP-AES, inductively
coupled plasma atomic emission spectrometry; ICPMS,
inductively coupled plasma mass spectroscopy; LNT, lentinan;
LOD, limit of detection; OA, oriented attachment; OPD, o-
phenylenediamine; OR, Ostwald ripening; MA, methamphet-
amine; MCA, 1-methyl-2-imidazolecarboxaldehyde; miRNAs,
microRNAs; MMPs, matrix metalloproteinases; MPA, mer-
captopropionic acid; MSA, mercaptosuccinic acid; MUA,
mercaptoundecanoic acid; PA, penicillamine; PCR, polymerase
chain reaction; PEI, polyethylenimine; PPi, pyrophosphate;
PtNCs, platinum nanoclusters; QDs, quantum dots; RGO,
reduced graphene oxide; MB, methylene blue; TBAB, borane
tert-butylamine; TBHQ, tert-butyl hydroquinone; TC, tetracy-
cline; THPC, tetrakis(hydroxymethyl) phosphonium chloride;
TMB, 3,3',5,5'-tetramethylbenzidine; UHT, ultrahigh temper-
ature; S-AIE, self-assembly induced emission; S. typhimurium,
Salmonella typhimurium; S. aureus, Staphylococcus aureus; ZIF,
zeolitic imidazolate frameworks
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