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ollutants: colorimetric detection
of emerging contaminants with AuNPs

Evana Sultanaa and Muhammad Shamim Al Mamun *ab

Emerging contaminants (ECs), including pharmaceuticals, endocrine disruptors, heavy metals, and per- and

polyfluoroalkyl substances (PFAS), are becoming increasingly crucial to identify because of their toxicity,

persistence, and resistance to traditional water treatment techniques. Even if they are accurate,

traditional analytical methods are frequently costly, time-consuming, and instrumentally complex. With

its ease of use, quick visual reaction, high sensitivity, and affordability, colorimetric sensing based on gold

nanoparticles (AuNPs) has become a viable substitute in this regard for on-site EC monitoring. The

synthesis, functionalization, and use of AuNPs for the colorimetric detection of new pollutants have

advanced recently, as this review illustrates. Because of their special localized surface plasmon

resonance (LSPR) characteristics, AuNPs can interact with target analytes to produce noticeable color

changes. We talk about different synthesis techniques, such as the reduction of citrate and borohydride,

and how they affect the optical characteristics and particle shape. Additionally, we investigate

functionalization techniques that provide selectivity toward ECs using thiol ligands, DNA aptamers,

polymers, and chelating agents. A thorough analysis is conducted of colorimetric detection techniques,

encompassing both aggregation-based and non-aggregation-based systems. Detecting ions (cation,

anion), pesticides, metals (heavy metals, alkali and alkaline earth metals, coinage metals, rare-earth

metals), food (formalin, melamine, rhodamine dye, etc.), pathogens, mycotoxins, oligonucleotides (DNA,

nucleic acids, protein, etc.), glucose, and drugs (antibiotics, allergens, etc.) has been examined in this

review. Lastly, we discuss present issues such as probe stability and matrix interference and suggest

future paths for the development of portable and field-deployable sensors.
1. Introduction

A wide range of synthetic and naturally occurring chemicals are
included in emerging contaminants (ECs), also known as
contaminants of emerging concern (CECs). These include heavy
metals, industrial additives, pesticides, pharmaceuticals and
personal care products (PPCPs), endocrine-disrupting chem-
icals (EDCs), and per- and polyuoroalkyl substances (PFAS).1,2

Despite the fact that these contaminants are frequently found in
aquatic ecosystems at trace levels (ng L−1 to mg L−1), many of
them are bioactive, persistent, and difficult for traditional
wastewater treatment methods to eliminate, endangering the
health of people and the environment.3–5 Therefore, for envi-
ronmental monitoring and cleanup efforts, it is essential to
create sensitive, selective, and eld-deployable detection
systems.

For identifying ECs, conventional analytical methods
including inductively coupled plasma mass spectrometry (ICP-
, Khulna-9208, Bangladesh. E-mail: s.

ersity of Nevada, Reno, 1664 N. Virginia,

the Royal Society of Chemistry
MS), gas chromatography-mass spectrometry (GC-MS), and
high-performance liquid chromatography (HPLC) provide
exceptional sensitivity and precision.6 Nevertheless, these
techniques are frequently costly, time-consuming, and neces-
sitate specialized equipment and skilled workers. However,
because of its ease of use, quick reaction time, affordability, and
potential for on-site detection without the need for complex
laboratory equipment, colorimetric sensing based on gold
nanoparticles (AuNPs) has become a viable substitute.7,8 In the
visible spectrum, AuNPs' distinctive localized surface plasmon
resonance (LSPR) characteristics cause strong optical absorp-
tion and scattering. The dielectric environment, particle size,
shape, and interparticle distance all have a signicant impact
on this characteristic.9,10 The presence of analytes causes AuNPs
to aggregate or change their surface environment, which shis
the LSPR band and frequently results in a visible color change
from red (the dispersed state) to blue or purple (the aggregated
state). This can be seen visually or using UV-vis spectropho-
tometry.11 Controlled synthesis and surface functionalization
are essential for the effective use of AuNPs in colorimetric
detection. The citrate reduction approach, which was initially
created by Turkevich et al.12 and subsequently improved by
Frens,13 is the most widely used technique for creating spherical
RSC Adv., 2025, 15, 32833–32870 | 32833
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AuNPs. It permits control over particle size by varying the
citrate-to-gold ratio. Green synthesis employing plant extracts,14

seed-mediated growth, and sodium borohydride reduction are
further techniques. These methods produce AuNPs with a range
of sizes and shapes (spheres, rods, stars), each of which makes
a unique contribution to the plasmonic behavior and sensing
capabilities.

AuNPs are functionalized with ligands, polymers, biomole-
cules, or chelating agents to provide selectivity for particular
ECs. Thiols, amines, and carboxylates are examples of surface
ligands that bind rmly to the AuNP surface and act as target
analyte recognition elements. For instance, through coordina-
tion chemistry or aptamer–target interactions, thiol- or DNA-
functionalized AuNPs can bind selectively to small molecules
or heavy metal ions (such as Hg2+, Cd2+), causing aggregation
and a detectable colorimetric response.15–17 Functionalization
with aptamers or antibodies enhances specicity evenmore and
makes it possible to detect complex chemical ECs like pesti-
cides, hormones, and antibiotics.18,19

In general, there are two types of colorimetric sensing
methods: aggregation-based and non-aggregation-based. In
aggregation-based systems, the target analyte's binding causes
interparticle crosslinking, which modies the LSPR and causes
a color shi. In non-aggregation-based techniques, the inter-
action causes morphological changes or modies the local
refractive index surrounding AuNPs without causing aggrega-
tion.20 The efficiency of AuNP-based colorimetric tests for
identifying different ECs has been documented in numerous
research. For instance, selective detection of mercury ions with
detection limits in the nanomolar range has been achieved
using citrate-stabilized AuNPs functionalized with glutathione
or cysteine. Similarly, by target-induced aggregation or disper-
sion,21,22 AuNPs modied with DNA aptamers have shown
promise in detecting antibiotics including tetracycline, strep-
tomycin, and kanamycin. To enable portable and real-time EC
detection in the eld, AuNP sensors that are embedded into
smartphones and paper have also been developed.23 Despite its
benets, there are still certain obstacles to overcome before
these technologies may be put to real-world use. These include
the scalability of production, the limited stability or shelf life of
functionalized AuNPs, and interference from matrix compo-
nents in environmental samples. However, AuNP-based colori-
metric sensors are a very appealing platform for quick EC
screening due to their visual readout, adjustable surface
chemistry, and simplicity of manufacturing.

The EC has been the subject of numerous review publica-
tions. For instance, a thorough analysis detailed the chemical
properties, origins, and types of ECs. Here, they highlighted
areas that need further research to fully understand the impact
of these chemicals and made recommendations for future
studies.24 The health effects and exposure risk proles of seven
legacy and new drinking water contaminants or contaminant
groups-uranium, lead, nitrate, disinfection byproducts,
fracking-related compounds, arsenic, and per- and poly-
uorinated alkyl substances (PFAS)-were compiled by Ronnie
Levin et al.25 The types of ECs and their effects on soil and water
quality have been summarized in a mini-review work by
32834 | RSC Adv., 2025, 15, 32833–32870
Haimanote K. Bayabil et al.26 While assessing existing treatment
technologies and regulatory frameworks, a different study team
released a review that sought to offer a thorough understanding
of the occurrence, detection, and environmental implications of
ECs. The most recent developments in analytical methods that
improve EC detection in water were examined in this research.27

There are some remarkable details in this review that set it apart
from others. Our research study has covered every potential
method for creating AuNPs, including physical and biosynthetic
processes, whereas the other review paper only covered the
chemical and green synthesis pathway. Here, the rationale,
steps, and drawbacks of modication have all been clearly and
concisely illustrated. In order to explore the morphological
character of AuNPs, we have attempted to discuss their
distinctive properties, including Raman spectra analysis,
Density Functional Theory (DFT)-simulation data, XRD anal-
ysis, and some information regarding SEM-EDX data. Everyone
is aware that AuNPs have attracted a lot of interest in the eld of
sensors these days simply due to their surface plasmon reso-
nance property, which is thoroughly covered here. Every
potential mechanism has been covered with an appropriate
example based on SPR. Following that, we have included
a comparison table that highlights the fundamental distinc-
tions between a few different sensing systems. We have
attempted to cover all contaminants-detection methods in our
evaluation under four general headings: environment-based
detection, food-based detection, biological detection, and
drug detection. Each phrase includes a brief explanation of the
mechanism and an example. Following the conversation, we
attempted to briey discuss a few difficulties with the detection
procedure.

With an emphasis on their use in the detection of newly
developing contaminants, this study attempts to present
a thorough summary of current developments in AuNP
synthesis, surface functionalization techniques, and colori-
metric detection mechanisms. Along with the prospects for
practical application in the future, important factors such
selectivity, sensitivity, detection limits, and integration into
portable devices will also be covered.
2. Synthesis of gold nanoparticles
(AuNPs)
2.1. Chemical synthesis of AuNPs

In the chemical synthesis process two concepts must be ful-
lled. One is selecting the reducing agent which will reduce the
Au+ or Au3+ to corresponding Au0 which is the electrical state of
nanoparticles. Other one is choosing the suitable stabilizing
agents which will stabilize the nanoparticles against aggrega-
tion by providing a repulsive force that then controls the growth
rate, nal size, or geometric shape of the nanoparticles.28

Chemical reduction can be performed using various chemical
reductants such as sodium citrate (Na3C6H5O7), hydrazine
(N2H4), ascorbic acid (HC6H7O6), and sodium borohydride
(NaBH4).29 The stabilizing agent was absorbed onto the AuNPs
surface to prevent agglomeration. The most common are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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phosphorus ligands, trisodium citrate dihydrate (C6H9Na3O9),
cetyltrimethylammonium bromide (CTAB), chitosan, surfac-
tants, and other polymers.30–32 Sometimes reducing agents also
can act as a stabilizing agent.33

2.1.1. Turkevich method. Turkevich method provides
a relatively simple and reliable way to produce well-dened gold
nanoparticles for various applications. The principle of this
method involves reduction of gold ions (Au3+) to gold atoms
(Au0) in the presence of reducing agents like citrate12,34,35 amino
acids, ascorbic acid or UV light.36,37 In this method sodium
citrate used as both reducing and stabilizing agent.38 The color
changed from pale yellow (HAuCl4$3H2O) to a transparent
colorless suspension almost immediately aer citrate addition.
The suspension remained colorless for 10 s and rapidly turned
bluish gray. The next minute, the suspension continued to
darken to a dark blue/purple color that was almost black. At this
point, the suspension started to turn deep wine red, which is
a characteristic of AuNPs.39 Two mechanisms are generally used
to explain the Turkevich method. The mechanism of Turkevich
method consists of three steps. Step one is the oxidation of citric
acid by various reagents, acetone dicarboxylic acid has been
described as the rst intermediate step.40 First, trivalent gold
(Au3+) is reduced to monovalent gold (Au+) by citrate. Simulta-
neously, citrate (Cit3+) is oxidized to acetone dicarboxylate
(ACDC2−). The second step involves a disproportionation reac-
tion in which metallic gold (Au0) and trivalent gold (Au3+) are
produced. The overall reaction is given below.41–43 Acetone di-
carboxylate (ACDC2−) is rapidly degraded to acetone at
a synthesis temperature of approximately 100 °C, as shown in
Fig. 1 The degradation products reduce trivalent gold (Au3+) and
lead to a complete conversion to Au0. Therefore, ACDC2− acts as
an auxiliary reducing agent.41,42 In 1973, Frens experienced that
by varying the ratio of reducing to stabilizing agents, the size of
AuNPs range from 16 nm to 147 nm can be achieved.13,44,45

2.1.2. Brust method. The Brust method was rst described
in 1994.47 In this method there is two phase process to produce
AuNPs which size range varies from 1.5–5.2 nm. AuNPs was
synthetized by using organic solvents and by varying the ratio of
Fig. 1 (a) Accepted reduction mechanism of AuCl4
− using citrate in two s

10–20 nm by Turkevich method.46 This figure has been adapted from ref

© 2025 The Author(s). Published by the Royal Society of Chemistry
thiol to gold. The Brust method was inspired from Faraday's
two-phase system. First, chloroauric acid (Au3+) is phase trans-
ferred into toluene from an aqueous phase using a phase
transfer catalyst called tetraethylammonium bromide (TOAB).48

Another aqueous solution containing sodium borohydride, the
main reducing agent, is contacted with the organic phase next
in presence of alkanethiol which stabilize the AuNPs.49 The
extraordinary stability of the synthesized particles is attributed
to alkanethiols which form a strong bond with the particle
surface and also cause passivation of the surface of AuNPs.50–53

The particle formation was indicated by changing the color
from orange to blue.48,50 A great variety of functionalized
nanoparticles of noble metals have been synthesized over the
years using this method (Fig. 2).54,55

2.1.3. Seeded growth method. We have already discussed
that Turkevich and brust method can only produce the spher-
ical AuNPs. But AuNPs can exhibits its nanoparticle character-
istics in many other nanostructures such as rod,57,58 cube59 and
tubes60 etc. Unlike the Frens method, seed-mediated growth
synthesis introduces students to a more advanced nano-
fabrication technique.61 While the seed-mediated growth is the
most common method for the synthesis of rod-shaped AuNPs,
spherical AuNPs are also reported, with a size range of 1.5–
86 nm.30 Mainly the size of AuNPs is increased by the growth of
seed of AuNPs. The basic principle of this synthesis process
involves two parts. The rst part is the synthesis of AuNPs
following the Frens method. Aer that the synthesized AuNPs
solution will be used as seed for further growth. The seed
particles are then added to a solution of metal salt in the
presence of a weak reducing agent (ascorbic acid) and structure
directing agent to prevent further nucleation. Addition of excess
amount of reagent to a seed-mediated synthesis, the nano-
particles become the larger in size. In this process, one can
observe the color change of the nanoparticles according to the
increase order of size. Since this method uses step-by-step
increase of the size, it allows for the controllable synthesis of
AuNPs with desired shape and size.62 Behind this controllable
synthesis process some inuential factors are involved like
tep redox reaction. (b) Synthesis of spherical AuNPs in the size range of
. 46 with permission from American Chemical Society, copyright 2010.

RSC Adv., 2025, 15, 32833–32870 | 32835
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Fig. 2 (A) The synthesis of AuNPs using Turkevichmethod. (B) Burst method for the synthesis of AuNPs. This figure has been adapted from ref. 56
with permission from Tailor & Francis Group, copyright 2020.56
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temperature, reducing agent and precursor concentrations,
seed concentration, and the rate of the addition of the reducing
agent.63 The increase of size more than seed AuNPs can also be
observed by UV-vis spectroscopy (Fig. 3).

2.1.4. The sulydryl ligand method. In this method the
gold salt (HAuCl4) is mixed with sulydryl ligands into a single
or double phase solvent. In the single-phase method, a water-
soluble sulydryl ligand such as thioglycolic acid, cysteine, or
glutathione, is used as a ligand to prepare AuNPs that have good
Fig. 3 Seed-mediated growth of varying sizes of spherical gold
nanoparticles. (A) ∼40 nm Au nanoparticles act as seeds in the seed-
mediated synthesis. (B) Images of nanoparticle growth after seed-
mediated synthesis of group 1, group 2, group 3, and group 4. (C) The
extinction spectra of groupwise synthesized AuNP seeds. This figure
has been adapted from ref. 61 with permission from American
Chemical Society, copyright 2024.

32836 | RSC Adv., 2025, 15, 32833–32870
dispersity in water.64 Mainly these two-phase solvents are clas-
sied according to the polarity of solvents. The double-phase
method, alkyl sulydryl is oen used as a ligand, and the
synthesized AuNPs possess good oil solubility and are stable in
organic solvent.65 Then the sodium borohydride as a strong
reducing agents use to reduce Au3+ ion to AuNPs.66 The sulf-
hydryl ligands bind on the Surface of AuNPs through the Au–S
bond.67 In this method, the size distribution of AuNPs normally
ranged between 0.8–8 nm.
2.2. Green synthesis of AuNPs

In order to produce biocompatible and ecofriendly AuNPs,
green synthesis is increasingly favored alignment with
sustainable practices. Mainly this synthetic process can be
divided into two broad categories of physical and biological
approach.

2.2.1. Physical synthesis of gold nanoparticles. Physical
methods allow for synthesis of AuNPs with controllable size and
structure with reduced time and the possibility of simultaneous
synthesis and sterilization of the products.62 This method
involves some physical techniques those utilize the energy of
electromagnetic and particle-like radiation to induce chemical
reactions in the solution, leading to the reduction of Au ions
without the need for chemical reducing agents.63 These tech-
niques include gamma and X-ray radiations techniques68–70

microwave-assisted methods71,72 ultra-violet (UV),73 laser abla-
tion,74 ultrasonic75,76 and electron beam irradiation77 and
enclose methodologies such as photochemical, thermolytic
procedures. Gamma irradiation allows controllable synthesis
for AuNPs which are specially in spherical, and rod shaped in
the range of 2–22 nm. A photochemical reaction uses light from
sun or UV light produces free radicals that acts as a reducing
agents in the AuNPs synthesis.73,78 Microwave assisted methods
produce heat in the system that leads to reduction, and the
procedure is rapid.72,79,80
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Different microorganisms have been used for synthesis of
AuNPs of different sizes and shapes

Microorganism Genius
Size of AuNPs
(nm) References

Shewanella algae Bacteria 10–20 nm 104
Pseudomonas uorescens Bacteria 50–70 nm 105
Marinobacter Pelagius Bacteria 10 nm 106
Stenotrophomonas maltophilia Bacteria 40 nm 107
Rhodopseudomonas capsulate Bacteria 10–20 nm 108
Acanthella elongate Sponge 7–20 nm 109
Sargassum wightii Greville Algae 8–12 nm 110
Candida albicans Fungi 20–80 nm 111
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2.2.2. Biosynthesis of gold nanoparticles
2.2.2.1. Using plant constituents. Biosynthesis of gold nano-

particles has recently gain much interest because of its non-
toxic effects on environments and cost effective green method
that applies plant based constituents like leaf, root and seeds,
owers, fruits, bark and ower.81–83 Some benets of using this
method for the synthesis of AuNPs is using its biocompatible
parts like avonoids, phytosterols, saponins, steroids, tannins,
quinones and other natural compounds etc. which possess
some important functional group that catalyze the reduction of
gold salt and stabilize AuNPs.84 The gold salt solution is reduced
into AuNPs and the reaction completes in minutes to a few
hours. The reaction mixture is further incubated to reduce the
gold salt completely and is visually monitored by color change.
Finally, the synthesized AuNPs are puried by centrifugation
and washed thoroughly in water for further us.85 In this process,
there is no need for extra purication steps and all the plants
constituents are easily available. AuNPs synthesized via green
synthesis method are also reported to exhibit antibacterial,
antifungal, anticancer, and anti-inammatory properties, and
antioxidant and catalytic activity due to the presence of phyto-
chemicals from the bio extract.86,87 Regarding the biosynthesis
of AuNPs, plant extracts have little diversity in functional groups
resulting in a restricted choice of surface functionalities around
AuNPs. Moreover, the procedure is oen time-consuming due
to issues related to the extraction of raw materials, oen low
yielded and produces less uniform particle size due to
complexity of natural reducing agents (Table 1).88

2.2.2.2. Using microorganisms. Synthesis of AuNPs from
microorganisms generally are of two kinds like intracellular and
extracellular. But the later one is more suitable for taking less
purication steps and hence take less time and effort.62 Size
dependent biosynthesis of AuNPs is possible by using virus,
bacteria99 and algae100 fungi101 which reveals non-toxic, non-
genotoxic, and non-oxidative properties on human cells.102

Fungi are advantageous over bacteria and algae, due to their high
metal tolerance and bioaccumulation ability.103 Upon treatment
onmicrobial cells, gold salts synthesize nanostructures then size
and shape of AuNPs can be controlled by altering different
growth factors. From the literature review we have come to know
that extracellular biosynthesis of AuNPs used different types of
microbes which are illustrated in a Table 2.
Table 1 A list of some of the different plants which have been used for
synthesis of AuNPs

Plant Parts of plants Size of AuNPs (nm) References

Rosa hybrid Petal 10 nm 89
Garcinia mangostana Peel extract 32.96 � 5.25 nm 90
Magnolia kobus Leaf 5–300 nm 91
Cassia auriculata Leaf 15–25 nm 92
Prunus domestica Fruit 14–26 nm 93
Zingiber officinale Root 5–15 nm 94
Salvia officinalis Leaf 6–27 nm 95
Cicer arietinum L. Bean extract 25 nm 96
Nyctanthesarbortristis Flower extract 19.8 nm 97
Gnidia glauca Flower extract 50–150 nm 98

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2.2.3. Using biomolecules. A biomolecule molecule is
loosely dened as a molecule produced by a living organism.
Nowadays AuNPs can be synthesized by using different
biomolecules including proteins (e.g. sulte reductase),112

amino acids (e.g. histidine)113 and carbohydrates (e.g.
dextrose).114 Recently inorganic nanoparticles protected by
organic ligands have attracted much interest due to their
diverse technological applications.115,116 Amine-capped AuNPs
were reported using primary amines.117 Oleyl amine (OLA)118

aromatic amines119 amino acids120,121 diamines122 have been
used as reducing/capping agents in synthesis of AuNPs. These
molecules contain hydroxyl and carbonyl functional groups
which can reduce the Au3+ to Au0.
3. Modification/fabrication of AuNPs

Modication of AuNPs means the addition of new functional
groups on the surface of AuNPs which may be come from any
biological constituents like DNA, oligonucleotides etc. Func-
tionalization in the case of AuNPs is usually referred to
anchoring molecules to the AuNPs with specic properties and
functions in addition to simple stabilization.123 The rst func-
tionalization of AuNPs was carried out in 1996 by using thio-
lated oligonucleotides to detect DNA as a sensor of AuNPs.124,125

For the sensors and biosensors activity of AuNPs, these specic
functions will facilitate a specic response to target analytes in
case of providing high selectivity and sensitivity. For the func-
tionalization of AuNPs, there are three strategies are available to
functionalize their surface: (a) covalent interactions126 (b) elec-
trostatic interactions127 and (c) attachment of small molecules
for specic recognition of the analyte.128 For the covalent
bonding thiol containing biological or organic compounds are
used to conjugate on the surface of AuNPs via Au–S bond. One
end of the thiol group is anchored on the surface of AuNPs and
by using the other thiol group connected with chemical bonds
(–COOH and –NH2) to functionalize modication of DNA, RNA,
amino acids.129 Notably, the thiolated DNA forms a high-density
DNAmonolayer on AuNPs, causing high stability, even in highly
ionic media, such as seawater.130 Functionalizing agents can be
added on the surface of AuNPs via physical adsorption based on
electrostatic forces between oppositely charges molecules.131

Electrostatic modication involves the functionalization of
AuNPs with ligands via electrostatic interaction. This type of
RSC Adv., 2025, 15, 32833–32870 | 32837
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Table 3 Summary of different functionalizing units for the modification of AuNPs140

SL no. Type of AuNPs Modifying agents Mechanism of modication Ref.

1 Gold chromophore Thiourea Desulfurization reaction with AuNPs 141
2 MA-GNPs Maleic acid (–COOH) Acts as reducing and stabilizing agents 142
3 TA-AuNPs Disuldes, –COOH Covalent S–Au linkage 143
4 AA stabilized AuNP Glycine Photochemical synthesis 144
5 DTET-AuNPs Dithioerythritol Ligand exchange interaction 145
6 BSA-AuNPs Cysteine, polyethylene glycol (PEG) Ligand exchange reaction 146
7 Green synthesis Chitosan Core or shell formation 147
8 DNA-AuNP Probe A: 50HS-C10-A10-T-A1030 Through the thiol group present in DNA 148

Probe B: 50HS-C10-T10-T-T10 30

9 Amino acid modied L-Cysteine Through the S- atom present in L-Cys 149
10 Acid modied 3-MPA and AMP Electrostatic interaction 150
11 Naphthol modied 1,8-Naphtholimide Aqueous phase synthesis 151
12 DNA functionalized Poly thymine (T33) oligo in Mn2+ Mn2+ groups on AuNP bind to backbone of DNA 152
13 Acid stabilized AuNP 3-Mercaptopropionic acid Coordination chemistry 153
14 Optically modied MPA-H-Cys-PDCA Incubating AuNP with MPA-H-Cys-PDCA 154
15 Nanogold aptamer Single stranded DNA (ssDNA) Self-assembly of the aptamer by catalytic reaction 155
16 GSH-AuNPs Glutathione (–NH2, –SH, –COOH) Self-assembly of the GSH 156
17 Peptide-AuNPs Cys-(Arg)8-Asp-Ser (CRRRRRRRRGDS) Cross-linking of cysteine's thiol with AuNPs 157
18 T-SH-AuNP N-1-(2-Mercaptoethyl) thymine Ligand exchange interaction 158
19 Amine-AuNPs Polyethylene glycol (PEG) siRNA delivery 159
20 PVP-AuNPs Polyvinylpyrrolidone Rapid oxidation of the PVP under UV radiation 160
21 Papain-AuNPs Cysteine, thiol (–SH) Covalent bond Au–S/Au–SH 161
22 RNA-AuNPs Polyvalent RNA-gold nanoconjugates RNA delivery 162
23 NTA-AuNP 3-Nitro-1-H-1,2,4-triazole Triazole ring of NTA interacts with AuNP surface 163
24 AuNPs 6-Aza-2-thiothymine (ATT) Aggregation 164
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interaction involves very weak bonds with AuNPs and ligands in
respect to covalent bond which exhibit very low stability under
various environmental conditions (PH, ionic strength).132

Ligands, such as DNA, on AuNPs are easily removed under high
salinity or strong acid/base conditions, resulting in AuNP
aggregation which is really undesirable and may be occurred in
absence of any analytes.133 For example, unfolded single
stranded DNA (ssDNA)16,134 and streptavidin135 were bound to
the citrate-capped AuNPs via electrostatic forces. Furthermore,
modifying AuNPs with small molecules, especially antibodies,
induces specic recognition of target antigens in the matrix. For
example, streptavidin AuNPs can specically interact with bi-
otinylated antibodies via a streptavidin–biotin reaction.136

AuNPs without surface modication may lead to aggregation of
particles. So, capping agents/protective agents must be added
on the surface of AuNPs which will prevent aggregation keeping
them apart from each other. Most effective/common type of
stabilizing agents are thiols, citrate, surfactants, polymers, and
different types of chelating ligands. The protecting agent
generally forms a monolayer, a ligand shell, and serves a critical
role in imparting the particles a large number of properties such
as stability against aggregation, improved solubility, controlled
shape and orderly assembly of nanoparticles, improved
electron-transfer efficiency and provides a platform for the
sensing of specic molecules or ions.137 The most common
mechanism for the stabilization of nanoparticles involves
charge stabilization and steric stabilization. Charge stabiliza-
tion faces difficulties in the presence of salts. Adsorbing
charged ligands like citrate on the surface, the induced charge
on surface of NPs repels each other inhibiting aggregation.
32838 | RSC Adv., 2025, 15, 32833–32870
Steric stabilization is achieved by coating the nanoparticles'
surface with large molecules like polymers, which prevent them
from touching each other by steric effects. A wide variety of
different thiolated molecules can be placed in the ligand shell
which can produce thiol–gold bond either directly during
synthesis138 or place exchange reaction (Table 3).54,139
4. Characterization of AuNPs

Once the AuNPs is synthetized then it is obvious to justify
whether the synthesis is conducted correctly or whether the
procedures need to be modied and optimized according to the
desired properties. For the conrmation of the AuNPs synthesis,
only characterization of AuNPs based on different aspects is
appropriate. The common characteristics of AuNPs are the size
distribution, shape, surface charge, crystallinity and surface
chemistry. There are many tools and techniques available for
the characterization of AuNPs. The most common method to
understand the size, shape and morphology of AuNPs is trans-
mission electron microscopy (TEM).165 Scanning electron
microscopy (SEM) is another technique which help us to know
the shape and size distribution of each AuNPs.166 The SEM
image of NPs help the diameter distribution of AuNPs using
ImageJ Soware, in which the diameter was calculated 25.67 ±

0.30011 nm.167 Another size distribution technique is dynamic
light scattering (DLS).168 The ultraviolet visible (UV-vis) spec-
troscopy, another conventional method which is used to
conrm the formation and aggregation of AuNPs with another
elements. Based on literature review, the distinct absorption
peak from the surface plasmon absorption of the gold
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images of gold nanoparticles with different shapes. (a and d) Spherical nanoparticles, (b and e) short nanorods (c and f) long
nanorods187 (g) the UV-vis spectroscopy of synthetized AuNPs (size range <20 nm) by using different reducing agents. This figure has been
adapted from ref. 140 with permission from Royal Society of Chemistry, copyright 2016.
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nanoparticles is located between 510 and 530 nm.140 The char-
acteristic peak at 524 nm at UV-vis spectroscopy conrms the
successful formation of Na2EDTA capped AuNPs.169 Near-
infrared (NIR) spectroscopy is also reported to investigate
AuNP aggregates and different shapes of AuNPs.170 To under-
stand the surface chemistry of AuNPs, Attenuated Total
Reectance (ATR) and Fourier-transform infrared (FT-IR) spec-
troscopy are effective technique which gives us information
about the functional group present on AuNPs.167,171 In the Na2-
EDTA capped AuNPs, the O–H bond stretching at 3400 cm−1,
Fig. 5 (a) UV-visible spectrum of the formation of AuNPs. (b) IR spectrum
AuNPs. (d) XRD spectrum of synthesized AuNPs solution. (e) Morphologic
of AuNPs using ImageJ software. (g) EDX spectra analysis of the AuNPs. T
copyright 2025.

© 2025 The Author(s). Published by the Royal Society of Chemistry
CH2 (wag vibration) at 1388 cm−1 and the C–O bond stretching
at 1630 cm−1 was depicted via ATR spectroscopy.172 When
a laser beam (532 nm N2) was focused on the AuNPs, the elec-
trostatic elds surrounding the particles increased, matching
previously reported result which shows that AuNPs gives Raman
band at around 479 cm−1 indicates the presence of metal, by the
v(metal–O) band.173 This nding has a striking resemblance to
previously reported study of chitosan-capped AuNPs, which
revealed a Raman band peak at 493 cm−1.174 Atomic force
microscopy (AFM) provides the unique opportunity to
of Na2EDTA and synthesized AuNPs solution. (c) Raman spectrum of
al analysis of the synthesized AuNPs using SEM. (f) Diameter distribution
his figure has been adapted from ref. 167 with permission from Elsevier,

RSC Adv., 2025, 15, 32833–32870 | 32839
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characterize a single nm-sized spot by a combination of
methods.175 The instrument characterizes the morphology of
the samples with quantitative information about properties
such as roughness or height distributions. Samples are
measured in AFM without special surface preparation at
ambient pressure or in liquids.176,177 To verify the elemental
composition of the synthesized AuNPs, EDX can be a good
technical approach. Approximately 91% of the particles identi-
ed by this approach were gold, according to EDX analysis,
indicating an effective production of AuNPs.178 Gel electropho-
resis is a technique that is mainly used to conrm the successful
attachment of the oligonucleotides/polymers onto the surface
of AuNPs through separating nano-conjugates based on their
size and charge.179,180 An electrophoresis approach with online
thermal lens can also be used for monitoring the surface energy
of AuNPs.181 To estimate the surface charge and stability of
AuNPs, Zeta potential technique can be a very smart choice.
Zeta potential is a measure of the effective electric charge on the
nanoparticle's surface and quanties the charge stability of the
colloidal particles.182 Under an electric eld, the optical
measurement of the particle's motion can be used to determine
the Zeta potential183,184 The higher magnitude of Zeta potential
represents increased stability due to increased electrostatic
repulsion (Highly stable particles are in the range 40+ mV).182

The crystallinity of AuNPs can be measured by X-ray diffraction
(XRD).185 The crystalline and stable nature of the AuNPs is
conrmed by the existence of strong peaks. These peaks (at 38°,
44°, 65°, and 77°) presence suggested that AuNPs had a face-
centered cubic (fcc) structure which was veried by peak
matching with JCPDS data le no. 04-0784.186,187 The average
crystallite size of Na2EDTA capped AuNPs was estimated to be
19.71 ± 3.2288 nm by using the Debye–Scherrer equation (Fig. 4
and 5).167

5. Properties of AuNPs

AuNPs exhibits different physical and chemical properties
varying different sizes and shapes. The spherical shape of
AuNPs is synthesized using Isotropic growth of gold nuclei.56

According to the anisotropic properties, based on dimensions,
the shape of AuNPs can be classied into three categories such
as (a) one-dimensional shape: nanorods, nanowires, nanotubes
etc.(b) two-dimensional shape: nanoplates such as stars,
pentagons, squares/rectangles, dimpled nanoplates, hexagon
etc.(c) three-dimensional shape: gold nanotadpoles, gold
nanodumbbells (AuNDs), nanopods.188 Depending on the size,
the color of AuNPs varies include brown, purple, blue, orange
and red. The shape of nanoparticles also inuences their
optical189,190 and catalytic properties. AuNPs has been a great
eld of interest due to its two separate SPR bands called
longitudinal plasmon band (LSPR) and transverse (TSPR).191

The transverse band appears in the visible region, while the
longitudinal band is observed in the near-infrared (NIR)
region.192 The SPR bands of AuNPs ranges from 500–550 nm
depending on size of nanoparticles193,194 As the aspect ratio
(length-to-width ratio) of gold nanorods increases, the longitu-
dinal plasmon resonance becomes more intense and shis to
32840 | RSC Adv., 2025, 15, 32833–32870
longer wavelengths. Therefore, by adjusting the aspect ratio, the
plasmon resonance can be precisely tuned across the visible
spectrum. On the other hand, the transverse surface plasmon
resonance does not depend on the aspect ratio and provide the
same wavelength of plasmon resonance of spheres.194
5.1. Surface plasmon resonance of AuNPs/electronic and
optoelectronic properties of AuNPs

In the era of nanotechnology, AuNPs is called the nano plasmon
due to the free electron density around the particles which
possess limited motion due to its small size (∼50 nmmean free
path) than the adequate motion in case of bulk materials. Due
to this amazing strategy optical properties are signicant in
nano materials. Because of small size, AuNPs exhibits various
physicochemical properties e.g. good optical characteristics,
high electron densities, and good biocompatibility and catalytic
performance.195 Among all of these wonderful properties, the
most applied optical properties are their surface plasmon
resonance196 and uorescence quenching.197 SPR is dened as
the collective oscillation of electrons (diameter d� l, where l is
the wavelength of the light), which is dependent on both the
nature and size of the material.198,199 In 1908, Mie rst eluci-
dated the origin of this phenomenon by solving Maxwell's
electromagnetic equation for small homogeneous spherical
particles interacting with an electromagnetic eld.200 Surface
plasmon resonance occurs when the vibrational frequency of
free electrons interacts with the frequency of incident light to
generate resonance.201 As the light wave passes over the particle,
it causes the electron density to become polarized toward one
surface, leading the electrons to oscillate in sync with the light's
frequency, resulting in a standing wave-like oscillation. The
resonance condition can be determined from absorption and
scattering spectroscopy depending on shape and size and
dielectric constants of both metal and surrounding materials.
The change in shape or size of AuNPs causes the change in
electric eld resulting in the change in oscillation frequency of
electron. This generates different cross-sections for the optical
properties including absorption and scattering. Strong optical
absorption occurred in the visible range by the collective exci-
tation of free electron clouds when Au nanoparticles are
exposed to light irradiation. Changing the solvent eventually
changes the dielectric constants which will inuence the
oscillation frequency due to the varying ability of the surface to
accommodate electron charge density from the AuNPs. Thus,
the chemically bonded molecules can be detected by observing
the change they induce the electron density on the surface of
AuNPs resulting in the shis in surface plasmon absorption
maximum. This phenomenon is the basic of sensing strategy.194

This generated resonance is responsible for the characteristic
absorption of AuNPs in the UV-vis region. Due to the absorption
lmax changes varying the size, shape and interparticle distance
of AuNPs.202 The molecules or ligands used to coat the AuNPs
surface imparts positive or negative charge. Positively charged
surface of AuNPs is most stable in nature. Another reason is the
coulombic attraction between the electron and nuclei.62 It has
been proposed that only electron–electron interactions are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Principle of surface plasmon resonance-based colorimetric sensor due to surface plasmon resonance (SPR) phenomena (A) no SPR
happens when particle size is greater than the wavelength of light (B) SPR phenomena take place successfully when the wavelength of light is
greater than AuNPs size to get a colorimetric response.208 (C) Photo showing the colors of gold nanoparticles with different particle sizes. (D) Size
distributions of AuNPs of different sizes. (a) 12.3 (1.3 nm; b) 20.6 (1.5 nm; c) 30.0 (1.1 nm; d) 40.3 (1.7 nm; e) 51.6 (2.0 nm; f) 61.3 (1.5 nm; g) 70.6
(2.0 nm; h) 78.3 (2.7 nm; i) 88.1 (2.0 nm; and j) 102.2 (2.6 nm) (the y-axis represents normalized frequency). This figure has been adapted from ref.
208 with permission from American Chemical Society, copyright 2017.
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involved in the SPR process rather than electron–phonon
coupling.203 For example a typical spherical shaped AuNPs of
13 nm size absorb maximum wavelength of 520–523 nm which
is responsible for wine red color of solution.66 In fact absorption
of AuNPs is mainly dependent on various factors like size,
shape, functionalization, synthesis process, solvents and inter-
particle distance of AuNPs.123,199 Murray and co-workers have
observed spectral shi induced by solvent refractive index
changes that are consistent with Mie theory.204 Therefore, the
aggregation of nanoparticles results in signicant red-shiing
(from ∼520 to ∼650 nm) and broadening in the SPB,
changing the solution color from red to blue due to the inter-
particle plasmon coupling.205,206 The more increased diameter
of spherical shaped AuNPs gives more longer wavelength of
absorption (red shi) (Fig. 6).207
6. Mechanisms of SPR-based
colorimetric sensors using AuNPs/
principle of gold nanoparticles-based
colorimetric sensor

Gold nanoparticle (AuNP)-based colorimetric sensors have
become a great eld of interest because of having some unique
features like amazing optical properties (surface plasmon
resonance), controllable size, catalytic properties and surface
chemistry.208 Mostly, the surface chemistry of AuNPs provides
a signicant capability of being linked towards a range of
© 2025 The Author(s). Published by the Royal Society of Chemistry
molecular units with thiol group for conjugation and detection
of biological targets.209–212 These intriguing properties and
advantages of GNPs are explicitly responsible for its escalating
applicability in detection. Mainly, sensor is a systematic unit of
group of devices that intend to generate physical or chemical
change in its surroundings.213 Colorimetric sensors possess two
critical elements that determine their selectivity, sensitivity,
response time and signal-to-noise ratio.201,214 One of these is the
recognition unit which gives selective response with target
molecules (small organic molecules and biomacromolecules
etc.).215 The other element is he conduction unit that transforms
the detection response into a color change in the visible light
region (390–750 nm) and determines the detection sensitivity.216

Colorimetric analysis of gold nanoparticles is based on change
of surface plasmon resonance caused by the aggregation of
AuNPs and changing the surface morphologies or interparticle
distance.217,218 In the past decades, the colorimetric detection
method regarding NPs which sensing mechanism was based on
interparticle distance dependent properties.219 Nowadays, the
sensing mechanism depends on nanoparticles aggregation and
dispersion grade variation induced by analyte that changes the
interparticle plasmon coupling detected by LSPR spectral
lines.220 Nanotechnology launched a lot of advancements from
the rst detected colorimetric method125 to several LSPR-based
colorimetric sensors for detection different types of analytes e.g.
nucleic acids,221–223 proteins224,225 and small molecules.226,227 The
changes in the Au nanoparticles' size, shape and composition
induced by analyte are followed by shi in the SPR and color
RSC Adv., 2025, 15, 32833–32870 | 32841
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changes.228 The mechanisms based on AuNPs can be classied
in the following categories:
Fig. 7 The schematic illustration of the amount of Hg2+ on the surface
which controls the growth of AuNPs. Reproduced with permission
from reference. This figure has been adapted from ref. 236 with
permission from Elsevier, copyright 2017.
6.1. The growth-based colorimetric sensing mechanisms of
AuNPs

The growth of small -sized AuNPs to longer-sized AuNPs or
different shaped AuNPs by means of reduction of AuCl4

− to
AuNPs, causes color change of the system. The enzymatic reac-
tion or the chemical transformation may cause the morphology
change of AuNPs which has become a new trend in designing
a biological and chemical colorimetric sensing strategy.

6.1.1. Non-enzymatic growth of AuNPs. For the growth
reaction, a reducing agent plays a vital role to convert AuCl4

− to
AuNPs. H2O2 is a well-known reducing agent for the AuNPs
growth229 and it also act as a catalyst for the metalation of
AuNPs.230 Based on the reducing property of H2O2, a colori-
metric sensing system was designed to detect metal ions like
Hg2+.231 H2O2 was decomposed by the catalytic activity of AuNCs
following the less reduction of AuCl4

− to AuNPs occur, resulting
the less growth of AuNPs which led to the formation of ill-
modied morphology of aggregated AuNPs. Mainly the
decomposition happened due to the absence of target Hg2+.
Thus, the partially aggregated AuNPs gives purple color. On the
other hand, in the presence of target analyte Hg2+, the H2O2

perfectly reduce the AuCl4
− to AuNPs with fast rate resulting the

perfect growth of AuNPs. This phenomenon produces the non-
aggregated AuNPs.232 In the mentioned system H2O2 was
incorporate in the system which was prepared separately but in
situ production of reducing agents are also designed. A new
system has been established by Liu et al.233 showed that H2O2

can be generated by the oxidation of glucose through the
glucose oxidase catalytic reaction. By using this in situ produced
reducing agent, the glucose oxidized catalyst growth AuNPs can
be used for the detection of the cancer biomarker prostate-
specic antigen. Hydroxylamine (NH2OH) is another most
commonly used reducing agents which has been used in
colorimetric sensing strategy based on target mediated growth
of AuNPs.234 Hydroxylamine also acts as a reducing agent for the
detection of Hg2+ which is adsorbed on the surface of AuNPs
and formed an amalgam like (Hg2+–Au) structure. Thus, Zhao
et al.235merged these two sensing strategies for the development
of Hg2+ detection. The growth of AuNPs can be controlled by
controlling the amount of adsorption of Hg2+ on AuNPs surface,
thus giving rise to different structures of AuNPs resulting
different colors of solutions (Fig. 7).

Researchers have found a new mechanism where the target
itself acts as a reducing agents like tetracyclic antibiotics based
on in situ growth of AuNPs. Tetracyclic antibiotics reduce Au3+

to Au0, which could spontaneously form AuNPs with the
oxidation of phenol group associated with benzene ring. With
the increase of tetracycline, the SPR effect of AuNPs is intensi-
ed, resulting in the appearance of slightly blue color. In this
method Shen et al.236 developed a colorimetric method to detect
tetracycline broad-spectrum antibiotics. Though this method
gives fast result but cannot differentiate between different types
of tetracycline.
32842 | RSC Adv., 2025, 15, 32833–32870
Nowadays, DNA molecule plays a vital role on the diffusion of
Au3+ to the seed which help changing in morphology of
AuNPs.237,238 Researchers have found out a way to use DNA-
aptamer to the colorimetric diagnosis method by DNA-
mediated AuNPs growth. Ochratoxin A (OTA) can be detected
by using a method of aptamer controlled AuNPs growth which
has been described.234 Here, DNA aptamer acts as a capping
agent which adsorbed on the surface of pre-prepared AuNPs by
the physical adsorption process. In this process, aptamer strands
were controlled by managing the aptamer–target interaction
depending on the concentration of the target. The higher the
OTA concentration, the lower the Aptamer capped on AuNPs.
Highly covered aptamer exhibits a branched morphology and
gives blue color solution while the lower aptamer coverage gives
spherical morphology resulting in a red color solution.

6.1.2. Enzyme-mediated AuNPs growth. In this method the
size of AuNPs can be larger by reduction of Au3+ to Au0 with the
help of enzymatic reaction. For example, GOx mediated nano-
crystal growth for the attomolar detection of prosthetic specic
antigen (PSA) was reported in Liu et al.233 Here, secondary
antibody (Ab2)-GOx conjugate functionalized magnetic beads
were used as a capture probe, and primary antibodies (Ab1)
were used as a detection probe. Aer the formation of immu-
nocomplex (Ab1-PSA-Ab2-Gox), Gox trigger the oxidation of
glucose, leading to the formation of H2O2. This H2O2 mainly
enlarges the 5 nm AuNPs to larger size which is responsible for
the color change of the solution. The formation of immuno-
complex (Ab1-PSA-Ab2-Gox) was mandatory because the small
sized (5 nm) AuNPs exhibits colorless solution whereas larger
size (>10 nm) AuNPs gives red color solution. The calculated
LOD of this method is 93 aM which is more than 4 orders of
magnitude higher than the conventional ELISA method. An
enzymatic silver deposition on AuNPs assay was developed by
Gao et al.239 for the developed a high-resolution colorimetric
sensor to monitor alkaline phosphate (ALP) activity.

6.2. Aggregation-based colorimetric sensor

6.2.1. Labeled detection method. In the labeled based
colorimetric sensing mechanism, the controlled aggregation of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) The schematic representation of the measurement of di-
peptidyl peptidase-IV(DPP-IV) activity. (B) The schematic illustration of
heparin detection using a label-free colorimetric method. This figure
has been adapted from ref. 259 with permission from Royal Society of
Chemistry, copyright 2019.
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AuNPs can be achieved by cross-linking, non-cross linking or
destabilization process.240 The labeled method directly attaches
ligands like DNA, aptamers, peptides and antibodies on the
AuNPs surface through chemical interaction prior to detection
of target molecules. Ligand modied AuNPs are very stable at
higher ionic strength, because there are two types of repulsions
available (steric and hydration based interparticle). In the cross-
linking aggregation, aggregation induced by the controlled
assembly of ligands functionalized-AuNPs in the formation of
intermolecular bonds (H-bonding, hydrophobic bond, chela-
tion, base pairing etc.).241 In cross-linking methods, the target
compound and ligand on the gold nanoparticle surface form
a complex, which decreases the interparticle distance and cau-
ses aggregation.242 For the modication of AuNPs with specic
ligands, one terminal of the ligands should have a sulydryl
group that will bind on the surface of AuNPs with the bond Au–S
and other part of ligand will interact with the target243 that will
reduce the interparticle distances resulting aggregation.244

Peptide-functionalized AuNPs have been developed in colori-
metric diagnosis of biological constituents by using cross-
linking aggregation.245–247 Chandrawati et al. utilized peptide-
conjugated AuNPs for monitoring the concentration of blood
coagulation factor XIII, (LOD 0.01 U mL−1) which require
thrombin and Ca2+ for activation.248 AuNPs was modied with
melamine and aggregation occurred due to the Au–N bond
formation.249 AuNPs was modied with Triton X-100 which
formed multiple cross-link with melamine leading to aggrega-
tion and color changed.250 For understanding the rapidity of
color change for both cross-linking and non-cross linking
aggregation method, the ssDNA-AuNPs based cross-linking and
non-cross linking method has been developed by Wang et al.251

The study demonstrated that the rapidity of cross and non-
cross-linking aggregation of ssDNA-AuNPs are reversed on the
increase of complementary/crosslinker DNA. When a small
number/low concentrated of the crosslinker/complementary
DNAs are provided, the crosslinking mode proceeds faster
than the non-crosslinking mode because the intraparticle (non-
cross linking) hybridization precedes over the interparticle
(cross-linking) hybridization. The cross-linked aggregation is
most stable and gives a color change from red to purple but
non-cross-linked aggregation is less stable showing color
change from purple to red. The change of length/structure of
ligands on the surface of AuNPs can inuence the aggregation
process in case of destabilization-induced aggregation. AuNPs
aggregation is induced by controlled loss of electrostatic stabi-
lization when a part of ligands is cleaved.240 For example, McVey
et al. reported a method to detect pathogenic bacterial DNA by
using RNase H-controlled aggregation of AuNPs. RNA-
functionalized AuNPs (RNA-AuNPs) were cleaved by RNase H
when the formation of DNA–RNA hybridization and the
cleavage made target DNA free which could hybridize with the
other RNA probe on AuNPs.252 Another colorimetric detection
method has been established for real time monitoring of di-
peptidyl peptidase-IV activity based on the hydrolysis of
peptide-AuNPs.253,254

6.2.2. Labeled-free detection method. The label-free color-
imetric methods are mostly regulated by electrostatic
© 2025 The Author(s). Published by the Royal Society of Chemistry
stabilization where a repulsive electric layer can be generated by
the surface charges of AuNPs to stabilize colloids. Thus,
neutralization of surface charge results the formation of
unstable AuNPs leading to the formation of aggregation. Due to
this unstable aggregation the color changes from red to purple.
The principle of the anti-aggregation of AuNPs can be classied
into two categories. One is the target shows stronger attraction
towards the aggregation agents which results the detachments
of aggregation agents from the aggregated AuNPs.255,256 The
other principle is that the target shows larger interaction toward
AuNPs which keep aggregation agent far from AuNPs.257 The
analyte-triggered aggregation for sensing purpose is performed
based on the affinity of analyte to interact (electrostatic or H-
bond) with unmodied AuNPs. From a reported dada,
heparin was detected by using colorimetric sensing method. Ma
et al. showed that the poly (diallyl dimethylammonium chlo-
ride) (PDDA) with positive charges can easily adsorb onto the
citrate-capped AuNP surfaces (negatively charged) by electro-
static attraction in the absence of heparin. This behavior leads
to the aggregation of AuNPs leading to color change to red-to-
purple. On the other hand, heparin bears negative charge
which interact with PDDA in an electrostatic manner forming
a stable complex. This complex inhibits the PDDA-AuNPs
aggregation, leading to back red color solution (Fig. 8).258
6.3. Etching of AuNPs

Mainly, various shape of AuNPs like gold nanospheres (AuNSs),
gold nanorods (AuNRs)260,261 gold nanotriangles and gold
RSC Adv., 2025, 15, 32833–32870 | 32843
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nanourchins have been used as etching-based colorimetric
sensors. Etching-based sensing mechanism is totally reversed
of growth-based sensing mechanism. In the etching-based
sensing mechanism, the oxidizing agent oxidizes Au0 to Au3+

which is necessary for etching of AuNPs. Etching process is also
different from an anti-aggregation process where the growth of
AuNPs is suppressed whereas the etching process is to dissolve
the AuNPs to some degree which causes the size and shape
changes of AuNPs. These size changes result in the shiing of
LSPR extinction peak and thus color changes. Based on these
shape-induced anisotropic optical properties, AuNRs are more
ideal gold nanostructures over all the shaped AuNPs discussed
above for etching-based sensing strategies. Depending on the
aspects ration of AuNRs longitudinal SPR262 gives color shi. As
the lower the aspect ratio, the color shis from red to blue.
Moreover, the AuNRs tip has high surface energy that eases the
etching reaction to occur. Depending on the addition of etch-
ants, the etching process can be modied in two segments.

6.3.1. H2O2-mediated etching method. Among various
types of etchants H2O2 (ref. 248) can potentially etches the
terminal ends of AuNRs which leads to lower aspect ratio or
spherical AuNP resulting the color change of solution. Although
the etching capacity of H2O2 has been reported, it has many
disadvantages such as high conc. Of H2O2, high temperature
and acidic environments which are responsible for limiting the
applicability of this system for sensing strategy. Zhang et al.
developed a method to detect Co2+ based on the Fenton-like
reaction mediated reactions in which Co2+ induced the
decomposition of H2O2 producing hydroxyl (OH

−) radicals. This
hydroxyl radical etched the AuNRs in the presence of SCN− and
the AuNRs turn into spherical AuNPs which undergo color
change from green to red.263 Different metal cations such as
Cu2+,259 Co2+, Mn2+ (ref. 264) and Pb2+ (ref. 265) are used to
accelerate the etching rate of AuNPs or catalyze the production
of oxidizing effect that etches AuNPs. Mainly Cu2+ and Co2+

accelerate the etching rate by using H2O2 as an oxidizing agent.
Weng et al. recently studied that cetyltrimethylammonium
bromide (CTAB) accelerate the rate of H2O2 etching effect in
presence of Cu2+.266 Not only metal ion but also enzymes are
Fig. 9 Shape changes leading to LSPR blue shift of gold nanorods etched
has been adapted from ref. 267 with permission from Springer, copyrigh

32844 | RSC Adv., 2025, 15, 32833–32870
used remarkably to enhance the etching reaction rate. For
example, Saa et al. reported that the H2O2-triggered etching of
AuNRs occurred in presence of horseradish peroxidase (HRP)
which show a considerable color change from pink, blue to
yellow as a function of glucose concentration.267 The enzyme
horseradish peroxidase (HRP) that is able to induce a gradual
oxidation of AuNRs in the presence of trace concentrations of
H2O2 (Fig. 9).

6.3.2. Ion-mediated etching method. Some metal cations
such as Cr(VI)268 and Au(III)269 can be directly used as oxidizing
agents to etch AuNPs. For example, Cr(VI) ion shows strong
etching capacity towards AuNRs, which gives color change and
thus the Cr(VI) can be detected with a limit of detection of
88 nM.270 It has already been reported that most of the halide
ion effectively increase the etching of AuNRs due to promoting
the solubility property of gold monoxide.271,272 Mainly iodide-
mediated etching shows considerable effects on etching of
AuNRs.273 Substantial colorimetric sensing strategies based on
iodine-mediated etching of AuNPs have been developed in
which I2 was produced by the oxidation of I− with metal cations
or H2O2 or by the reduction of IO3

−.274,275 For example, due to
having low surface passivation at the end terminal of CTAB,
iodine (as a oxidant) etches AuNRs in the presence to CTA− and
thus the shape and color change occurs.276,277 Ultrasonic visual
detection of molybdate has been designed using iodine-
mediated etching assay. Although I2 could be produced by the
oxidation of I− with H2O2 to etch AuNRs but the reaction kinetic
is very low due to corrosion occur of CTAB stabilized AuNRs in
the presence of a weak acid solution. The addition of molybdate
which is peroxide-like molecule, accelerates of the reaction
between H2O2 and I− resulted in the production of I2 and
etching of AuNRs. By this process the molybdate was detected
with the limit of detection 1 nM.278 Another colorimetric
method that relies on the I2-mediated method assays has been
experienced of the on-site detection of dissolved oxygen. In this
method, Mn2+ was oxidized in the presence of dissolved oxygen
to rst Mn3+ to Mn4+ and aer acidication I− was oxidized to I2
by Mn3+ and Mn4+. Thus the color change from blue to red was
observed (Fig. 10).264
by Cu2+-mediated H2O2 oxidation in the presence of CTAB. This figure
t 2014.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05615b


Fig. 10 (a) Schematic illustration on the etching mechanism of the AuNRs induced by Cr(VI). Reproduced with the permission.279 (b) The
schematic illustration for the detection of dissolved oxygen based on the iodine-mediated etching of AuNRs. This figure has been adapted from
ref. 265 with permission from Royal Society of Chemistry, copyright 2016.
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6.4. Nano-enzyme based colorimetric sensor mechanism

A nano enzyme-based colorimetric sensing strategy is a power-
ful and innovative approach used in chemical and biological
sensing. Nanozymes (nanomaterial-based articial enzymes)
which mimics the activity of enzymes, responsible for the color
change that can be visually detected. Compared to natural
enzymes, this nano enzyme has some unique advantages e.g.
high stability against denaturing and inactivation, easy
synthesis, cost-effectiveness, high sensitivity and facile storage.

6.4.1. AuNPs exhibits peroxidase-like activity. In the
nanozyme mechanism, positive/negative charged AuNPs mimic
the function of biological enzymes such as peroxidase, reduc-
tase, catalase, glucose oxidase, or superoxidase due to their
enzyme-mimetic properties.280,281 AuNPs not only exhibits SPR
properties but also show peroxidase-like catalytic activity which
has been explored to fabricate colorimetric sensingmechanism.
The SPR-based or peroxidase activity-based catalytic sensing
behavior of AuNPs mainly depends on surface modications of
nanoparticles which is suitably selected according to the nature
of analyte to be detected. In the nanozyme sensors, AuNPs
themselves do not contribute in visual read-out, so chromo-
genic substances such as 3,3,5,5-tetramethylbenzi-dine (TMB),
2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS),
and o-phenylenediamine (OPD) are required to generate color
in the presence of analytes.282 For this purpose, choice of
chromogenic substances depends on some parameters like pH,
temperature, and chemical moieties of the target analyte and
functionalized-AuNPs.62 Peroxidase behavior on AuNPs surface
to detect analyte mainly based on two principles; one is the
enhancement of peroxidase-like activity or the inhibition of
peroxidase-like activity in presence of analyte. In case of
peroxidase-like enhancement, OH ion adsorbed on the surface
of AuNPs that trigger the decomposition of H2O2 into H2O and
O2 in the basic conditions. Thus, the charge transform of Au0 to
Au1+ occurred and produce a signal to detect analyte.283 On the
© 2025 The Author(s). Published by the Royal Society of Chemistry
other hand, sulphides (S2−) and halides (X−) inhibits the active
sites forming Au2S and Au-X species on the surface of AuNPs
that ease the aggregation of AuNPs in presence of analyte, thus
color change occurred.284 But this inhibition activity is less
prevalent than enhancement process. Positively-charged
((cysteamine-capped AuNPs) and negatively-charged (citrate-
capped AuNP) AuNPs have been reported to possess intrinsic
peroxidase activity and have been used in biochemical anal-
yses.285,286 Jv et al. reported that, AuNPs catalyze the oxidation of
peroxidase-like substance 3,3,5,5-tetramethylbenzidine (TMB)
by H2O2 to develop blue color in aqueous solution providing
simple method to detect H2O2. In this detection process H2O2

can be adsorbed on the surface of AuNPs, and the O–O bond of
H2O2 might be broken up into double HO radical.287 The
generated OH radical might be stabilized by AuNPs via partial
electron exchange interaction.288,289 Shah et al. reported that the
adenosine triphosphate (ATP) improved the peroxidase activity
of negatively charged AuNPs290 and developed a colorimetric
assay to detect ATP. Peroxidase activity of AuNPs has been used
for various detection purposes including the environmental
assays and also for food safety.

The reason behind the higher peroxidase-like activity of the
AuNPs can be the negatively charged capping agent, citrate
having several carboxylic groups (COOH–) on the surface of
AuNPs which can facilitate the electrostatic attraction between
the amino group of TMB and citrate. Thus, the TMB on the
surface of AuNPs facilitates the oxidation of hydroxyl radicals
due to the reaction between AuNPs and H2O2.

6.4.2. Other enzyme-like activity of AuNPs. Besides
peroxidase-like activity, AuNPs exhibits other enzyme-
mimicking like activities for the colorimetric sensing mecha-
nism like glucose oxidase, superoxidase dismutase, and
catalase-like activity. Zhao et al. has reported that synthesized
supramolecular factionalized AuNPs, cyclodextrin-modied
AuNPs (CD@AuNPs) possess dual enzymatic-mimic activity
RSC Adv., 2025, 15, 32833–32870 | 32845
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Fig. 11 (A) The schematic illustration of the colorimetric sensing mechanism for adenosine triphosphate (ATP) based on the ATP-promoted
nanozyme activity of AuNPs. This figure has been adapted from ref. 290 with permission from Elsevier, copyright 2015. (B) Thrombin interacts
with the aptamer leading to mask the surface of AuNPs, reduced by NaBH4 but the yellow color remains same. But in absence of thrombin, the
surface was free to interact with 4-nitrophenol which was reduced at a fast rate showing a color change. This figure has been adapted from ref.
293 with permission from American Chemical Society, copyright 2016.
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where cyclodextrin acts as both reducing agents and stabilizers.
The CD@AuNPs possess unpredictable catalytic activity and
exhibit mimicking properties of both glucose oxidase and
horseradish peroxidase simultaneously. In the cascade reaction
in which glucose is rst oxidized to gluconic acid and H2O2 in
presence of glucose oxidase mimicking activity of CD@AuNPs.
Then, H2O2 and preadded TMB (3,30,5,50-tetramethylbenzidine)
are further catalyzed into H2O and oxTMB, respectively
mimicking the horseradish peroxidase enzyme.291 Chen et al.
developed a simple colorimetric strategy for protein detection
by using aptamer-AuNPs. Thrombin can be quantied in the
presence of catalytic AuNP surface by using color-change time of
4-nitrophenol. In the presence of thrombin, the aptamer
interacts with the thrombin which masks the surface of AuNPs,
inhibiting the attachment of upcoming 4-nitrophenol resulting
in the yellow solution that remains unchanged during reaction.
On the other hand, in absence of thrombin, 4-nitrophenol easily
adsorbs on the surface of aptamer-AuNPs, resulting in the color
change from yellow to colorless. In this sensing process the
limit of detection (LOD) of 0.1 nM was achieved with naked
eyes.292 Colorimetric assays are extremely attractive compare to
various traditional detection technique due to its convenience,
simplicity and easy to use features.281 Moreover, it is very easy to
monitor its colorimetric response with naked eye. Besides it
does not require any sophisticated instrumentation for detec-
tion method, thus has become the most suitable choice for on-
site-detection/on-spot detection (Fig. 11).
Table 4 Comparison of basic features among different sensing mechan

Sensing mechanism Basic requirements

Aggregation of AuNPs Depending on dispersion states are
affected by solvent, pH, temperature

Growth of AuNPs Always require a reducing agent

Etching of AuNRs Commonly limited to AuNRs
Nano-enzyme based AuNPs Supramolecular functionalized AuN

to detect and quantify target

32846 | RSC Adv., 2025, 15, 32833–32870
7. Comparison of different sensing
mechanisms

The development of simple and convenient sensors is of
signicant importance for the detection of chemical and bio-
logical detection processes. Compared with other sensing
methods, AuNP-based colorimetric assays are promising
because the whole sensing method proceeds with a simple
solution of target and the probe without sophisticated instru-
ments and the most attractive feature of this technique is to
detect the color change with naked eye. The colorimetric sensor
is now engineered by the functionalized AuNPs using smart-
phones that make the detection process available to all the
general mass. Though these approaches simplify the operation
procedure, shorten the detection time, reduce the assay cost,
there are still some limitations that should be overcome in
future research work (Table 4).
8. Applications of GNPs based
colorimetric probes/sensors
8.1. Environment-based detection

Nowadays, AuNPs has been emerged as the most attractive and
powerful sensor in the eld of environmental science due to its
amazing optical properties such as surface plasmon resonance
(SPR) activity which causes distinct color changes upon
isms of AuNPs

Limitations

readily
and salinity

Suffer from sensitivity issues

Sometimes tough to handle (affected by side
reaction)
Restrict the application of other AuNPs

Ps needed The production of enzyme-like NPs is sensitive
and costly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aggregation or interaction with specic analytes for sensing
a wide range of environmental pollutants like heavy metals,
disposable gas, toxic chemicals produced from inorganic,
organic, and biomolecules dispersed in water, soil and air.293

These types of toxic materials release in the environments
through various natural and anthropogenic sources like
industrial wastes, agricultural fertilizers, and medical diagnos-
tics.294 These chemical pollutants offer great threat to humans,
animals, plants, and ecosystems through many ways like direct
ingestion, food chains, absorption by plants etc. Exposure over
the threshold limit of these contaminants may act as poisonous
and mainly responsible for cardiac diseases, brain stroke,
kidney failure and infertility and miscarriages.294 Hence, some
effective methods to detect these substances is a crying need for
this crucial moment. AuNPs have been rapidly used for this
detection purpose using colorimetric sensing strategy. AuNPs-
based sensors are not only effective portable devices but also
real-time on spot monitoring probe offering a promising
approach for environmental monitoring and pollution control.

8.1.1. Metal ion detection
8.1.1.1. Alkali (K, Cs) and alkaline earth metal ions (calcium/

barium/strontium). Alkali and alkaline earth metal mainly
occupy the 1st and 2nd group of periodic tables e.g. Li, Na, K,
Rb, Ca, Mg, Be etc. These alkali and alkaline earth metals are
named aer the physical properties of each group of periodic
tables. Among all the other alkali and alkaline earth metal ion
Na+, K+, and Ca2+ are the most important ions to be detected in
water or food samples. Moreover, these ions can be considered
as biomarkers in biological uids like urine, blood, serum,
saliva and sweat samples. The rst alkaline metal detection
method was introduced by Zhang et al. In this detectionmethod
Zhang and his co-workers used MSA-AuNPs (Au–S bond affinity)
to recognize Ca2+, Sr2+ and Ba2+ ions over other cations. In the
presence of Ca2+, Sr2+ and Ba2+ ion, aggregates were formed
which was mirrored by the appearance of color change from red
to blue. The aggregation occurred due to the interaction of
metal ion with the carboxylic acid group of mercaptosuccinic
acid (MSA). The LOD were detected 20, 8 and 2.5 mM for Ca2+,
Sr2+ and Ba2+, respectively.295 K+ ion was also detected naked eye
by using potassium binding aptamer (PBA)-AuNPs. Firstly,
AuNPs functionalized with PBA and capped with citrate ion. In
the presence of K+, due to the high affinity between aptamer and
K+, a g-quadruplex structure296 was formed resulting the disso-
ciation of aptamer from the surface of AuNPs. Then, AuNPs
being uncapped, aggregated forming blue color solution. Upon
addition of a cationic dye (Y5GL) the solution turns to green.297

A new strategy for colorimetric detection of Cs+ using Au NPs
and Prussian blue (PB) based on nonmorphological transition
mechanism. When the PB-P was added on the AuNPs surface,
the Fe3+ reduced to Fe2+ in the presence of citrate present as
a capping agent for AuNPs. So, the adsorption of PB on AuNPs
cause color change but in presence of Cs+, the PB reacts with Cs+

due to the great affinity and thus the AuNPs remain free,
resolving its red color back.298 A sheet-based colorimetric
detection device has been developed using gold nanoparticles
(AuNPs) modied by 4-amino-6-hydroxy-2-mercaptopyrimidine
monohydrate (AHMP) to detect Ca2+. AHMP was chemisorbed
© 2025 The Author(s). Published by the Royal Society of Chemistry
on the surface of AuNPs by the thiol group but the other two
groups (–NH2 and –OH) remained free to provide lone pair
electron to Ca2+ ion so that it could undergo electrostatic
attraction. This indicates that Ca2+ could quickly bind to their
functional groups (–NH2 and –OH) onto modied AuNPs.299

These contribute to the aggregation mechanism of the AuNPs
resulting the color change from red to blue. By this method,
Ca2+ was detected with LOD of 3.05 ppm at pH 6. Another visual
detection method in which Ba2+ can be detected, has been
established by Bai et al. In this detection method, the citrate-
stabilized GNPs was modied using tiopronin. Tio could bind
to the GNP surfaces through the sulfur atom, and the cross-
linking of Tio-functionalized GNPs could be rapidly achieved
by chelation in the presence of Ba2+ occurring color change
from red to blue (Fig. 12).300

8.1.1.2. Heavy metal ions. Heavy metals refer to elements
characterized by metallic behavior, high atomic mass, and
densities typically exceeding 5 g cm−3. These metals (Pb, Cd,
Hg, As, Cr) are widely used in the industrial activities and also
recognized for their potential toxicity to humans and the envi-
ronment, even at low concentrations.301 They can accumulate in
biological systems and persist in ecosystems due to their non-
biodegradable nature, posing long-term risks to public health
and ecological stability.302 Designing efficient and sensitive
colorimetric sensors based on AuNP-related surface plasmon
resonance (SPR) and peroxidase-like activity for detecting heavy
metals such as Ni2+, Hg2+, Cd2+, As3+, Cr3+, Cr6+, and Pb2+

necessitates specic chemical or biological surface modica-
tions of nanoparticles to develop functional colorimetric
probes.303,304 A viable colorimetric strategy for identifying Pb2+

ions was put forward Chai et al. using GSH-AuNPs. In this
technique, addition of Pb2+ induced the aggregation of AuNPs
following the color change from red to blue.305 Ratnarathorn
et al. developed another method to detect Pb2+ by using maleic
acid- AuNPs in which Pb2+ was interact with –COOH inducing
the aggregation of AuNPs that results in interparticle plasmon
coupling and color shi from red to blue.142 Cd is another toxic
heavy metal generally used in fertilizers, metal alloys and
battery.306 Another SPR-based colorimetric sensor has been
developed based on analyte aptamer affinity approach for the
quantitative detection of Cd2+ using AuNPs. Here aptamer
provides strength to AuNPs for not being involved in aggrega-
tion due to repulsive forces. Addition of Cd2+ inuences the
aggregation binding with aptamer which made free aptamer.
This aggregation led to color change from red to blue.307 A
unique Hg2+ detection process was investigated by Hamaguchi
et al. using glycine capped gold nanoparticles. In this method,
Hg2+ induced aggregation results the detection of Hg2+ with
LOD of 5 M.144 Qi et al. reported a colorimetric method associ-
ated with nano enzyme sensor using oxidase mimetic activity of
unmodied AuNPs in which the negative surface of AuNPs offer
oxidation of TMB in presence of Cr6+ resulting the color change
from red to blue. in this method the detection limit was esti-
mated 0.52 mg L−1.308

In short, heavy metal ions are the most extensively studied
analytes among various metals because they readily form
complexes with gold nanoparticles (AuNPs) and are commonly
RSC Adv., 2025, 15, 32833–32870 | 32847
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Fig. 12 (A) Selective aptasensor for the detection of potassium ions using aptamer-AuNPs as nanoprobe. This figure has been adapted from ref.
297 with permission from Elsevier, copyright 2018. (B) Detection of cesium ions by nonmorphological transitionmechanism. This figure has been
adapted from ref. 298 with permission from Royal Society of Chemistry, copyright 2020. (C) The aggregation of MSA-AuNPs in the presence of
both alkaline earth cations and NaCl salt induces a color change of solution, a possible mechanism of complex formation between carboxylic
group and MSA is illustrated here. This figure has been adapted from ref. 296 with permission from Royal Society of Chemistry, copyright 2011.
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found as environmental pollutants. As the metal ions and
AuNPs progress faster, so easily it can induce the aggregation
phenomenon. In this review, wemay summarize that the AuNPs
can be decorated with suitable colorimetric chelators and under
optimum conditions it can serve as the best target detector
(Table 5).

8.1.1.3. Coinage metal and rare earth elements. Copper, silver
and gold are considered as coinage metal which exhibits plas-
monic properties at the nanoscale level. As a result the nano-
particles of coinage metals can be used to develop analytical
devices for the environmental and food sensing system.215,324 It
is also a matter of fact that, these coinage metals can also be
detected by using the analytical devices using the coinage
nanoparticles. Lu et al. has developed an interesting approach
to detect Cu2+ in the nM level based on the catalytic effect of
32848 | RSC Adv., 2025, 15, 32833–32870
Cu2+ on the S2O3
2−-Ag/Au NPs leaching system. Cu2+ can oxidize

gold and silver in the presence of S2O3
2− forming Cu(S2O3)3

5−

and Ag(S2O3)2
3− oxidized by the dissolved oxygen. This complex

formation leading to the SPR absorption decreasing of AuNPs
results in color change.325 Another technique has been designed
a label-free colorimetric probe for detecting Cu2+ ions in
aqueous solutions, based on the catalytic etching of gold
nanoparticles (AuNPs). The sufficient supply of dissolved
oxygen and thus the dissolving rate of AuNPs was remarkably
promoted due to the catalytic activity of Cu2+ in the etching
process. The LOD was detected 5.0 nM with the color change
from red to colorless.326 An anti-aggregation pathway has been
developed for the detection of Ag+ using unmodied AuNPs.
Addition of tris(hydroxymethyl) aminomethane in the AuNPs
solution promotes the aggregation of AuNPs showing dark blue
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Detection of heavy metal contaminants using AuNPs based colorimetric method

Type of contaminants Analytes Strategy of colorimetric detection based on AuNPs Limit of detection Ref.

Heavy metal Pb2+ Cross-linking/aggregation 0.5 mg L−1 142
Anti-aggregation 0.5 mM 309
Cross-linking 10.0 ppm 310
Cross-linking 25 mM 311
Cross-linking 30–300 mM 312
Cross-linking 100 nM–200 mM 15

Cd2+ Cross-linking 3.5 nM 313
Cross-linking 10 nM 314
Cross-linking 1.0 × 10−7 M 315
Cross-linking 10 mM 316

Hg2+ Cross-linking 2.8 nM 313
Anti-aggregation 6.0 nM 317
Cross-linking 0.49 mM 318
Cross-linking 50 nM 319

Cr6+/Cr3+ Cross-linking 0.1 mg L−1 320
Cross-linking 0.34 ppb 321
Cross-linking 0.76 � 0.013 nM 322

As3+ Cross-linking 0.7 nM 323
De-protection 10 nM 18
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color change. The color of tris-AuNPs solution changed gradu-
ally from dark blue to red due to the complexation formation of
Ag+ ion trapping the tris molecule and thus inhibiting the
aggregation of AuNPs. The detected amount of Ag+ by this
method was 0.41 mM.327 Aggregation-based detection offers
signicant advantages, including greater simplicity, faster
response, and high sensitivity at the nM level, in contrast to
anti-aggregation approaches, which involve multiple steps and
typically achieve detection limits in the mM range.

Rare earth metals refer to the f-block elements of the peri-
odic table including the lanthanides and actinides series. As
these elements are used in the technological elds such as
sustainable energy construction, electric automobiles, and
microchip technology,328 there is a high chance to circulate its
existence throughout the environment and biological tissues of
human as well as animals. For instance, Ln3+ deposits on the
bone tissue of human body329 while Ce3+ accumulate in human
tissue330 and liver causing cancer.331 For the toxic effects and
carcinogenic behavior of these rare earth metals, many detec-
tion techniques have been identied till now. In this review,
some of the detection techniques will be discussed. A sensing
method upon a malonamide-AuNPs has been designed for the
detection of trivalent lanthanides (Ln3+) such as Eu3+ and Sm3+

which was incorporated by the dual function precursor ligands
bearing both sodium thiosulfate group and TMMA that is the
binding site for Ln3+ selection. Lisowski et al. estimated the
LOD 50 nM for both Eu3+ and Sm3+ ion by using this method.332

In the recent years, La3+, Gd3+ and Tb3+ can also be detected
using octadentate hydroxypyridinone chelator functionalized
AuNPs based on reduction of their optical signals (LSPR) called
quenching of AuNPs. This principle inhibits the particle growth
due to interact with Ln3+ ions and offered LOD of 3 mM in
industrial waste.333 In another report, biosynthesized AuNPs
was used to detect Ce3+ on the basis of coordinative bond
between –COOH/–NH and AuNPs leading to the aggregation of
AuNPs with a color change.328
© 2025 The Author(s). Published by the Royal Society of Chemistry
In summary, though the analytical instrument could detect
these metal ions, it is not applicable for on-site detection, but it
is necessary for Ln3+ ions because these are found in rare places.
In this case, the colorimetric sensing system paved the easy way
for sensing approach.

8.1.2. Detection of anion. Anions are the ionic species
which hold negative charge including halides (Cl−, Br−, I−, F−),
cyanides (CN−), suldes (SO4

2−, SO3
2−), Oxo anions (NO3

−,
HSO4

−, H2PO4
−, CH3COO

−) etc. Anions have a tendency to bind
with the biological constituents like DNA, RNA and protein
causing serious damage to health.334 Hence, need on time real
detection method to quantify them. A wide range of studies has
aimed at developing sensing platforms for anionic species.335,336

However, their colorimetric detection is very challenging
compared to cations because of their lower charge to radius
ratio, pH sensitivity, wide range of geometries, solvent di-
ssolving affinity.244 Recently a report has been documented
about the role of nano plasmonic materials for the detection of
nitrates and nitric ions through aggregation, anti-aggregation
and etching based mechanisms.337 4-ATP-AuNPs based colori-
metric detection of e ADN-derived nitrite which formed colored
product in presence of an azo dye using Griess reaction. Here,
the LOD was 0.012 mg L−1 for nitrite ion.338 Br− was detected in
rice samples by Plaisen et al. using citrate capped AuNPs based
on the anti-aggregation method in which Cr3+ (cross-linking
aggregating agent) induces the aggregation of AuNPs showing
red to blue shi. In presence of Br− ion, the solution was
changed from blue to red, thus the Br− ion was detected with
LOD 0.04 mM.339 A detection process has been designed for
phosphate (Pi) using mercaptoacetic acid (MA)-AuNPs based on
anti-aggregation method. Initially Eu3+ (aggregating agent)
interact with the COO− of MA, the aggregation occurred
resulting color change red to blue. The blue color back to the
red color, due to the anti-aggregation effect in presence of Pi.
The estimated LOD for the Pi was 76 nM.340 Another colori-
metric sensing mechanism was established using adenosine
RSC Adv., 2025, 15, 32833–32870 | 32849
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triphosphate (ATP)-AuNPs with Cu2+-phenanthroline complexes
for CN− detection. In presence of CN− ion, the phenanthroline
group become free and thus the AuNPs goes aggregation and
thus the color changed monitored by naked eye. This sensing
system allowed the quantitative detection of CN− down to f
10−5 M.341

Conclusively, anion is more difficult to detect than cations
due to their chemical properties. The nitrite ion detection was
carried out by aggregation, anti-aggregation in which an acidic
environment was used that needs more exploration than alka-
line medium. Further the Griess reaction which is also acid
catalyzed. But its good news that colorimetric method made it
easier to detect anion so far.

8.1.3. Pesticide monitoring. Pesticides encompass insecti-
cides, fungicides, herbicides, disinfectants, and any agents
designed to prevent, eliminate, or manage pest which are rich in
active functionalities such as amino, thio, cyano, hydroxyl,
carbonyl, and sulde groups.342 Nowadays, cultivators use pesti-
cides for maintaining their products quality and quantity. The
pesticides residue come in contact with rainwater, river water,
and the ooded area through which humans and animals are
affected with various diseases also causes the huge impact on
Fig. 13 (A) Detection of malathion based on anti-aggregation mechanism
from Elsevier, copyright 2015.344 (B) Detection of carbendazim residue
permission from Springer Nature, copyright 2017. (C) Ethyl-parathion det
been adapted from ref. 344 with permission from Elsevier, copyright 20

32850 | RSC Adv., 2025, 15, 32833–32870
environment. The functional group attached with pesticides has
great attraction toward negative charged AuNPs, thus helping in
visual detection of those chemicals. Organophosphorus pesti-
cides (OP) are widely used pesticides, and these can be detected
by the enzyme-mediated colorimetric method due to possess the
related activity with acetylcholinesterase (AChE). Bala et al.
designed amethod for parathion detection using cysteine capped
gold nanoparticles (Cys-AuNPs) based on anti-aggregation
method. Hydrolysis of ATCh form thiocholine (TCh) in pres-
ence of AChEwhich is responsible for aggregation imparting blue
color. On the other hand, due to presence of parathion, AChE
become inactive so that leading to the formation of thiocholine
(TCh), thus, color remains unchanged. The limit of detection was
found to be 0.081 ng mL−1 for ethyl parathion.343 OP can also be
detected without the enzyme-mediated method. For example,
a detection method for malathion has been reported by using
citrate-AuNPs based on anti-aggregation method. Firstly, NaOH
occurs the aggregation of AuNPs by the electrostatic interaction
which overcomes the capping action of citrate ion resulting color
change from red to grey. The addition of malathion went
hydrolyzed (pH > 7) forming many negative ions which involved
interaction with Na+ making AuNPs free to be well-dispersed
of AuNPs. This figure has been adapted from ref. 344 with permission
using citrate-AuNPs. This figure has been adapted from ref. 345 with
ection based on ligand replacement reaction of AuNPs. This figure has
15.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Various types of pesticides can be detected by using modified AuNPs. The information of this table has been re-printed with the
permission from ref. 66

Pesticides Sensing method Modied AuNPs LOD Ref.

Atrazine Aggregation Melamine-AuNPs 16.5 nM 346
Dithiocarbamate Aggregation Citrate-AuNPs 50 mg L−1 347
Triadimenol Aggregation Bare-AuNPs 0.182 mM 348
Imidacloprid De-protection I-IL-Au NPs 1.0 × 10−5 M 349
Cyromazine De-protection Label free AuNPs 252 ng g−1 350
Chlorsulfuron Anti-aggregation Acetamiprid-AuNP 0.025 mg L−1 351
Metsulfuron-methyl Anti-aggregation Bare-AuNPs 0.05 mg L−1 352
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showing color change from grey to red. This technique was able
to estimate malathion down to 11.8 nM.344 Carbendazim is
a popular benzimidazole bactericides that is used to boost food
production but its residue is very harmful for human lives. In this
review, we will discuss a detection method for carbendazim
residue using AuNPs. Electron rich nitrogen of carbendazim bind
on the surface of AuNPs through Au–N bond. Then the average
size of AuNPs decreased and aggregation occurred accompanied
by the color of the solution change from red to blue. The LOD of
this method was 3.4 ppb (Fig. 13 and Table 6).345

In summary, a wide range of pesticides can be detected by
using bare and modied AuNPs based on aggregation, anti-
aggregation or etching process. The aggregation process is
more suitable because of simple operational technique but the
LOD detected by this method is little bit high compared to other
methods.
8.2. Food-based detection

8.2.1. Illicit additives found in edible items. Food additives
are natural or synthetic non-edible substances that are widely
used in modern food industry during processing, packaging,
and transport which can improve the quality, durability, and
stability of food products and adjust their color, smell, and
avor those are prohibited because of the threat they pose to
human health.353,354 However, the addition of illegal additives
should be taken under control. Some substances have been
reported as illegal food additives including formaldehyde,
nitrite, melamine, sodium formaldehyde sulfoxylate, alum, beef
extract, clenbuterol, sulfur dioxide, diethylhexyl phthalate
(DEHP), uorescent bleacher, talcum powder etc.355 Besides,
there are also some additives are available which are literally
Table 7 Illegal food adulterants are detected qualitatively and quantitive
from ref. 364

Source Adulterants Sensing method

Milk Melamine Colorimetric
Infant formula Melamine Colorimetric
Milk Melamine Colorimetric
Liquid milk Melamine Colorimetric
Beef Ractopamine Colorimetric
Sausages Nitrite
Milk Urea Colorimetric
Milk Anionic detergents Colorimetric

© 2025 The Author(s). Published by the Royal Society of Chemistry
forbidden for applying in food items such as SCN−,356 SO3
2−

(ref. 357) Rhodamine B,358 Congo red,359 Sudan dyes.360 There-
fore, it is critically important to develop effective methods for
detecting toxic and unauthorized additives in food products to
reduce risks to public health. Thiocyanate (SCN−) plays a crucial
role in lactoperoxidase system in milk samples361 and the
inherent content of sodium thiocyanate (NaSCN) is about 40–67
mM.362 As NaSCN enhances antibacterial activity that extends
milk shelf-life, it is oen added in milk illegally. Song et al.
discovered a method to detect this illegal addition of SCN−

using anti-aggregation mechanism of AuNPs. Here, CTAB is
used as aggregation agents responsible for aggregation of
AuNPs by the electrostatic interaction between them resulting
in color change red, blue. but in presence of SCN− on the
surface of AuNPs as a new stabilizing agents made AuNPs free to
be dispersed again leading to gain red color back. The calcu-
lated LOD by this method was 6.5 nM.363 Formalin is gradually
used illegally as a preserving agent in many edible items such as
Fisheries, fruits. It is reported that formalin treatment reduces
the quality of protein in sh tissue, and it is harmful for
humans as well as the environment. Sultana et al. has developed
an easy and portable approach for the detection of formalde-
hyde in which colorimetric method was applied on the cotton-
based sensor using Na2EDTA-AuNPs. In this method, formal-
dehyde was detected in fruits based on aggregation showing
color change from red to blue. The LOD of this technique was
0.11 mM.172 The AuNPs based colorimetric detection has been
widely used for the detection of food additives which has been
illustrated in a Table 7.

8.2.2. Hormone-interfering compounds. Hormone-
interfering compounds can mimic or interfere with the body's
natural hormones, especially estrogen. These types of HICs-
ly using AuNPs. The table data has been modified with the permission

Modication of AuNPs LOD Ref.

Chitosan-AuNPs 6 × 10−6 g L−1 365
Bare-AuNPs 2.0 × 10−7 g L−1 366
1,4-Dithiothreitol-GNPs 2.4 × 10−8 M 367
Methanobactin-GNPs 2.38 × 10−7 M 368
Apt-AuNPs 10 ng g−1 369
JanusPEGylated GNP 10.8 mmol L−1 370
GNPs-aptamer 20 mmol L−1 371
Bare-AuNPs 92 mg mL−1 372

RSC Adv., 2025, 15, 32833–32870 | 32851
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contaminated food are very harmful for humans and threaten
the environment. Thus, it becomes quite necessary to detect the
HICs as early as possible. Bisphenol A (BPA) is a chemical that is
widely used as plasticizers in polycarbonate and epoxy in plastic
industry which easily can meet the food items by the packaging
materials. BPA leaches to food chain and then environment
which is a great threat to nature. The estimated daily intakes
(EDIs) of BPA can be 0.007 × 10−4 mg per kg body weight per day
via migration from PC plastics to food simulants.373 There are
several analytical methods for BPA detection has been emerged
recently.374 BPA was detected in a rice sample using AuNP-
aptamer in which the color shied from red to purple due to
aggregation phenomenon due to the presence of NaCl upon
addition of BPA. That method was able to quantify and detect
with a visual detection limit of 0.004 nM. Although there were so
many interferences present such as bisphenol B, bisphenol C,
diphenolic acid etc. this method could successfully detect the
BPA present in one grain of rice.375 17b-estradiol (E2) is an
estrogen plays important role in human growth and environ-
ment such as regulating reproductive system and development
of sexual characteristics,376 but consumption of it even at a very
low concentration may harm to livestock farms' effluent and
sewage treatment plants.377 In a current study, E2 has been
detected by using AuNPs, E2 specic aptamer and a cationic
polymer, (poly(diallyl dimethylammonium chloride)) PDDA.
The negatively charged aptamer interacted with the positively
charged PDDA, which destroy the possibility of being aggre-
gated. But in presence of E2, aptamer react with it forming E2–
aptamer complex and free PDDA induce the aggregation of
AuNPs. In this method, the LOD was estimated 1.57 nM.378

8.2.3. Detection of microorganisms/pathogens. Foodborne
pathogens including pathogenic bacteria, viruses, fungi and
parasites can be migrated to food chain and a little amount of
digestion of this contaminated food can bring illness to human
beings. More than 200 different food-borne diseases have been
identied.379 The symptoms of most of the diseases are nausea,
vomiting, retching, diarrhea, abdominal pain, prostration,
abdominal cramp and fever. Nowadays, it has become crucial to
detect pathogens with great sensitivity and selectiveness. Several
methods have been established to detect and quantify the
microorganisms present in food items. Listeria monocytogenes is
a foodborne pathogens whose fatality rate now 30% that is far
Table 8 Various types of food pathogens can also be detected with very
permission from ref. 384

Source Pathogens

Spiked milk S. aureus
River and tap water E. coli O157:H7
Natural and tap water Francisella tularensis
Culture C. jejuni
Serum Hepatitis C virus
Spiked shrimp Vibrio parahaemolyticus
Spiked pork S. aureus
Culture G. lambliacysts
Spiked chicken Salmonella Typhimurium
Fresh cut vegetable Salmonella

32852 | RSC Adv., 2025, 15, 32833–32870
exceeds other foodborne pathogens.380 An oligonucleotide probe-
conjugated AuNPs has been developed for the detection of Lis-
teria monocytogenes based on hybridization which suppress the
aggregation of oligonucleotide-AuNPs probe and the detection
limit was found 75 copies of L. monocytogenes.380Depending on pH
variation of the experiment, aggregation can also occur. It is
known to all that bacteria surface are considered as negative as par
physiological conditions.381 There lies an electrostatic repulsion
between the negatively charged bacteria and negatively charged
AuNPs surface that hinder the aggregation. On the other hand, at
acidic pH, the bacteria surface becomes positively charged which
attracts the negatively charged AuNPs causes aggregation showing
color change for example, Escherichia coli O157:H7 based on the
aggregation of HS-Apt@AuNPs. The aggregation/dispersion of HS-
Apt@AuNPs was comprehensively caused by the pH-dependent
electrostatic interaction in which pH is an important factor to
determine the spectral shi of HS-Apt@AuNPs colloids.382 The
etching mechanism is a widely adopted approach in AuNP-based
aptasensor designs, enabling selective analyte detection and
improved sensitivity. A novel colorimetric immunoassay for the
detection of Staphylococcus aureus using Fe3O4/AuNPs. Further
IgY-Fe3O4/AuNPs (having peroxidase like catalytic activity) was
synthesized which was used for selective enrichment and rapid
separation of target Staphylococcus aureus. The apt-AuNPs showed
peroxidase-like activity revealed by TMB-H2O2. Thus, the deep
yellow color turned to pale yellow upon increasing the concen-
tration of Staphylococcus aureus. The LOD was 10 CFU mL−1.383 In
this review we will try to mention some of the detection method
using AuNPs in a table given here (Table 8).

Conclusively, there are various approach available for the
detection of pathogens but among all target mediated
approaches are simple but very sensitive to pH changes which
require a careful handling. Moreover, detection through
enhancement of peroxidase like activity due to the catalytic
activity of AuNPs is highly sensitive and efficient. Besides, AuNPs-
based antibiotic assisted detection process is complex due to the
presence of multiple amines, amide or carboxylic acids.

8.2.4. Detection of mycotoxins. Mycotoxins are toxic
secondary metabolites predominantly produced by fungi that
commonly contaminate food and feed products. Mycotoxins are
toxic even at a very low-molecular weight (300–700 Da) which
may inter into food chain causing irrecoverable harm to human
accurate detection limits. The information has been modification with

Modied-AuNPs LOD Ref.

Protein-AuNPs 1.5 × 107 CFU mL−1 385
Protein-AuNPs 103 CFU mL−1 386
Protein-AuNPs 103 CFU mL−1 387
Protein-AuNPs 106 CFU mL−1 388
Bare-AuNPs 2.5 copies per mL RNA 389
Bare-AuNPs 103 CFU mL−1 390
Bare-AuNPs 102 CFU mL−1 391
Protein-AuNPs 1 × 103 cell mL−1 392
AuNRs 35 CFU mL−1 393
Bare-AuNPs 6.0 × 101 CFU mL−1 394

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Summary of some mycotoxins which are detected by colorimetric process. Information has been modified with the permission from
ref. 404

Mycotoxin Sensing method Modied AuNPs LOD Ref.

Aatoxin B1 Colorimetric Fe3O4-GO 5–250 ng mL−1 405
Aatoxin B1 Colorimetric Antibody-AuNPs 12 ng mL−1 406
Aatoxin B1 Colorimetric Aptamer-AuNPs 0.36 and 0.18 ng mL−1 407
Aatoxin B1 Colorimetric AuNPS@SiNPS-Ab 0.16 ng mL−1 408
Zearalenone Colorimetric AuNPs 10 ng mL−1 409
Zearalenone Colorimetric Antibody-AuNPs 2.5 ng mL−1 410
Zearalenone Colorimetric Aptamer-AuNPs 5 ng mL−1 411
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and environment.395 There are more than 300 types of myco-
toxins have been recognized. Among them, some commonly
known mycotoxins including aatoxins,396 ochratoxin A,397 T-2
toxin,398 zearalenone,399 bongkrekic acid400 etc. Aatoxin B1
(group 1 carcinogen) a secondary fungal metabolite of Asper-
gillus avus and Aspergillus parasiticus, is one of the most
frequently found mycotoxins in contaminated foods. This aa-
toxin B1 has been detected using streptavidin functionalized
gold nanoparticles as the signal indicators. In presence of AFB1,
the aggregation of streptavidin-AuNPs occurs and the color
shis from red to blue the estimated LOD for this method is 2
pM.401 Aatoxin M1 is the result of metabolism of aatoxin B1
and it can be entered into the milk within 12 h following the
ingestion of infected foods.402,403 Jalalian et al. developed an
optical aptasensor detector for the detection of aatoxin M1
based on the anti-aggregation method of AuNPs in presence of
NaCl. Here, streptavidin coated silica nano particles were
modied with aatoxin M1 aptamer and its complementary
strand. In the presence of Aatoxin M1, AfM1 interacts with
aptamer and releases complementary strand which is respon-
sible for the suppression of aggregation of AuNPs in presence of
salt. This aptasensor method could detect the aatoxin M1
down to 30 ng L−1.396 This review will document the possible
colorimetric method to detect mycotoxins in a Table 9.
8.3. Biological detection

8.3.1. Detection of oligonucleotides. The identication of
genetic mutations has become a vital focus in diagnostics,
prompting increasing interest in nucleic acid-based detection
methods for the early diagnosis of various diseases, including
cancer.412,413 Although some conventional methods are available
for the detection of oligonucleotides such as uorescence and
radioactive (PCR, RT-PCR, Southern blot, northern blot
etc.),414–416 gold nanoparticle (AuNP)-based colorimetric assays
have proven to be a highly effective and competitive approach
for detecting oligonucleotide targets.417,418 In this review, we will
try to highlight some oligonucleotide detection method using
AuNPs based on colorimetric sensing strategy. Owing to the
critical role of nucleotide sequences in biological analyses and
the notable benets of using gold nanoparticles—such as ease
of preparation, simplicity, cost-effectiveness, and time effi-
ciency—the colorimetric detection method is extensively
applied for DNA detection.419 The colorimetric detection of
nucleic acids using metallic nanoparticles, particularly DNA-
© 2025 The Author(s). Published by the Royal Society of Chemistry
functionalized gold nanoparticles (GNPs), was initially intro-
duced by Mirkin et al. and his colleagues as a method for DNA
analysis (DNA sandwich hybridization assay also known cross-
linking GNP aggregation assay).420 Based on their study, the
development of gold nanoparticles (AuNPs) functionalized with
thiolated DNA strands enabled researchers to customize the
properties of the nanoparticle probes to suit specic assay
techniques. The majority of DNA detection systems are based
on the molecular recognition capability of single-stranded
oligonucleotide probes, which hybridize with complementary
single-stranded target sequences.421 When a complementary
target oligonucleotide is present, the dispersed oligonucleotide-
AuNPs probes undergo hybridization, resulting in their cross-
linking into aggregated polymeric structures which results
a concomitant color change from red to blue of AuNPs.418,422 A
highly selective colorimetric polynucleotide detection method
has been reported based on mercaptoalkyloligonucleotide-
AuNPs in which a single-stranded target oligonucleotide was
introduced in an appropriate probe resulted in formation of
polymeric network of AuNPs due to the hybridization process.
This polymeric network changed the color from red to blue.423

Besides the cross linking manner of DNA-AuNPs, non-cross-
linking aggregation conguration is possible even with greater
speed and sensitivity.418,424 Non-cross-linking aggregation
occurs when a target containing a single base mismatch at its 50

terminus mixed with the DNA-AuNPs probe. In this case, no
hybridization occurs thus, it is called non-cross-linking aggre-
gation. This process cannot even change color. No color change
happens, meaning the system detects the mismatch perfectly
thus, the system becomes very sensitive. Non-cross-linking
aggregation of DNA-functionalized poly(N iso-
propylacrylamide) (PNIPAAm) nanoparticles was rst moni-
tored (Fig. 14).424

8.3.2. Detection of protein and enzyme. Proteins are the
building blocks and messengers of the body and detection of
protein is essential for understanding cellular functions, iden-
tifying biomarkers, and diagnosing various diseases, including
cancer, infectious disorders, and neurodegenerative conditions
due to presence of irregular protein concentration. Nowadays
various carbohydrate functionalized AuNPs has been used to
detect carbohydrate binding proteins.425,426 Kim et al. developed
a convenient and efficient colorimetric method for lysozyme as
a protein target using aptamer-AuNPs conjugates. This conju-
gation system achieved a great sensitivity based on both the
RSC Adv., 2025, 15, 32833–32870 | 32853
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Fig. 14 Aggregation phenomenon of the DNA-gold nanoparticles at different NaCl concentrations (2.3, 500, and 500 nM, respectively) at room
temperature: (A) only DNA-AuNPs probe without a target DNA, (B) with the complementary target, and (C) with a target containing a single base
mismatch at its 50 terminus. This figure has been adapted from ref. 425 with permission from American Chemical Society, copyright 2003.
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catalytic signal amplication and the aptamer-based target
recognition as an articial enzyme. The catalytic activity of
AuNPs was taken under control by masking the surface by target
protein. The LOD was 16 nM for lysozyme.427 Chen et al.
developed another method to detect lysozyme using HAS-
AuNPs. It has been claimed that the Lys-induced aggregation
of HSA-AuNPs was suggested based on the London–van der
Waals attractive force. In this approach, the lowest detection
limit of lysozyme of chicken egg was 50 nM.428 A facile colori-
metric detection method has been designed by Huang et al. in
which human serum albumin (HSA) was detected using citrate-
AuNPs based on the anti-aggregation of AuNPs.429 A cross-linker
named melamine was used to induce the aggregation of AuNPs.
Aer the addition of HAS, the melamine interacts with HSA,
made the AuNPs free to be dispersed again. The anti-
Fig. 15 (A) Schematic illustration of the anti-aggregation effect induced
HSA and graph A650/A520 vs. [HSA]/nM. This figure has been adapted from
2015.

32854 | RSC Adv., 2025, 15, 32833–32870
aggregation process shis the color change from red-blue-red.
The LOD of this process was calculated down to 1.4 nM
(Fig. 15).430

Dithiols can cause crosslinks with AuNPs. Dithiols func-
tionalized peptides have been used to assembles AuNPs for the
colorimetric detection of protease enzyme. C- and N-terminal
cysteinyl of peptides help to stick to AuNPs and pull the parti-
cles together causing aggregation resulting in color change.
Here, nanoparticle aggregation occurs when the intact peptides
are present and no target proteases are involved, while peptides
that have been cleaved by the protease are unable to connect the
gold nanoparticles, preventing aggregation. The color change
informs us about the absence of proteas because the peptide
was not cleaved. On the other hand, the remaining red solution
by HSA. (B) Optical photographs of the AuNPs with different conc. of
ref. 429 with permission from American Chemical Society, copyright

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (A) Schematic representation of the thermolysin-triggered
AuNP dispersion approach. (B) TEM image of peptide-AuNPs 1 (8.5 nm
at pH 8) (C) TEM image after the addition of thermolysin and formed 2.
This figure has been adapted from ref. 431 with permission from PNAS,
copyright 2006.
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depicts that the protease is present and was able to cut of
peptides (Fig. 16).431

Another sensitive detection method using peptide-AuNPs
has been introduced for proteas detection. Here, dual effect—
removing sticky parts and exposing repelling charges—causes
the nanoparticles to spread out (disperse) instead of clumping
together. Upon enzymatic hydrolysis of peptide-NP conjugate,
disassembly occurs through a combination of electrostatic
repulsion between particle bound NH3

+ groups and removal of
hydrophobic interactions between Fmoc groups. Thermolysin
catalyzes the cleaving process and thus the AuNPs remain
dispersed showing red color.432

8.3.3. Glucose detection. Glucose serves as the main energy
source for cells and functions as a metabolic intermediate,
circulating through the bloodstream to supply energy
throughout the body.433,434 Normal glucose levels in human
Table 10 Applications of colorimetric strategy based on AuNPs for gluc

Method Colorimetric sensor Line

Colorimetric AuNPs-nanoceria 0–2
Colorimetric GOx/AgNPs–AuNPs 5–7
Colorimetric AuNPs–AgTNPs 0.5–
Colorimetric Au@Ag core–shell 0.5
Colorimetric HRP-AuNPs 0.05
Colorimetric Green-AuNPs 0.05

© 2025 The Author(s). Published by the Royal Society of Chemistry
blood typically range from about 3.8 to 6.9 mM (68–124 mg
dL−1). However, these levels can uctuate throughout the day—
dropping during fasting and rising aer meals (postprandial
states).435 The presence of glucose level over the normal range
can cause diabetes mellites which is a chronic disease. For the
ease of glucose detection, colorimetric method using AuNPs has
been developed by the scientists. A non-enzymatic detection
method for glucose detection from real urine samples has been
developed using citrate capped AuNPs with good accuracy and
precision. This method was able to detect glucose down to 0.043
mM showing color change from violet to red violet.436 There is
various colorimetric method available using functionalized-
AuNPs for glucose detection. In this review, we will mention
some of them through a Table 10.

Jiang et al. developed a colorimetric method for glucose
detection from rat's brain using AuNPs. This detection system
was carried out by enzyme (GOD) mediated cascade reaction. In
this assay, H2O2 was produced by the glucose oxidation process
in presence of GOD enzyme following to the production of cOH
by the Fenton reaction. The cOH radical is responsible for the
cleavage of ssDNA thus, the aggregation of AuNPs occurs and
red color turns to blue. On the other hand, in absence of
glucose, the solution of AuNPs remain dispersed showing red
color (Fig. 17 and 18).443

8.4. Detection of drugs

Recently, gold nanoparticles (AuNPs) have been widely used to
detect a variety of drugs, including neurotransmitters, anti-
cancer agents, and polyionic drug molecules, in both pharma-
ceutical formulations and biological uids due to its physico-
chemical and size dependent properties.444 Neurotransmitters
which are considered as endogenous chemical messengers, play
an important role in transmitting, enhancing and converting
specic signals in both the central and the peripheral nervous
systems.445 For example, 4-amino-3-hydrazino-5-mercapto 1,2,4-
triazol (AHMP)-AuNPs has been used as a colorimetric sensor
for dopamine detection in which process dopamine induced
the aggregation process by hydrogen bonding interaction
causing color change of colloidal solution from red to blue.446

Moreover, different types of neurotransmitter such as dopa-
mine-, L-DOPA-, adrenaline-, and noradrenaline-induced
growth of Au nanoparticles has been introduced for the detec-
tion process.447 Building on this phenomenon, the authors
evaluated tyrosinase activity, which can be valuable for the
detection of melanoma cells and the diagnosis of Parkinson's
disease. Yarbakht and Nikkhah et al. developed sensitive
ose detection. Revised with the permission from ref. 436

ar range (mM) LOD Ref.

000 300 mM 437
0 3 mM 438
20 0.3 mM 439
to 400 0.24 mM 440
–90 0.02 mM 441
0 to 5.250 mmol L−1 7.615 mM 442

RSC Adv., 2025, 15, 32833–32870 | 32855

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05615b


Fig. 17 Schematic mechanism of synthetic route for AuNPs and its application as colorimetric sensor for glucose detection. This figure has been
adapted from ref. 431 with permission from PNAS, copyright 2006.

Fig. 18 (A) Schematic representation of glucose detection in rat brain using gold nanoparticles. (B) Glucose-induced color change mechanism.
This figure has been adapted from ref. 443 with permission from Angewandte Chemie, copyright 2010.
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analytical strategy for the detection of methamphetamine
(MAMP) in pharmaceutical formulations using Au NPs as
a probe. Methamphetamine (MAMP) is known as a highly
addictive stimulant drug that affects the central nervous system.
In this assay, AptaMeth binds to methamphetamine (MA)
forming aptamer–drug complex, losing the ability to protect
AuNP from aggregation. Hence, the more the concentration of
MA present on the surface of AuNPs, the more aptamer binds
with MA leaving fewer aptamer to protect AuNPs leading to the
color change from red to blue.448 Nowadays, AuNPs have been
used for anti-cancer drug detection based on optical sensing
strategy. For example, 5-uorouracil (5-FU) is commonly
utilized as an anticancer agent due to its signicant potential in
chemotherapy-based cancer treatment and diagnosis. The
nature of binding between 5-FU and gold was investigated by
using UV-visible spectroscopy, TEM, cyclic voltammetry.449 A
32856 | RSC Adv., 2025, 15, 32833–32870
simple method was developed for the determination of gemci-
tabine HCl () in bulk drug and pharmaceutical formulation
using AuNPs. the complex formation between AuNPs and
GMCT changed color of AuNP and forms a dark blue and the
detection limit of this method was found 0.44 mg mL−1

(Fig. 19).450

Glutathione (GSH) is a widely present tripeptide composed
of glutamic acid, cysteine, and glycine, and plays a key role in
the cellular antioxidant defense system which has been detec-
ted in eye drops and medical supplements using AuNPs based
colorimetric method. In this method, water-soluble copolymers
[poly(N-isopropylacrylamide-co-acryloyldiethyletriamine)]
attached to the surfaces of gold cores which consist of di-
ethylenetriamine group that helps the AuNPs to aggregate
forming purplish-blue color. In the presence of GSH, it binds on
the AuNPs surface kicking off the diethylenetriamine group,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Colorimetric detection of dopamine using AHMP-AuNPs probe. This figure has been adapted from ref. 446 with permission from
American Chemical Society, copyright 2013.

Table 11 Employments of colorimetric strategy using AuNPs for drug detection. The table data is taken from ref. 444

Name of drugs Modied AuNPs Linear range (M) LOD (M) Ref.

Dopamine DSP-AuNPs 100–600 nM 2 nM 452
Dopamine Citrate-AuNPs 5 × 10−7–1 × 10−5 M 2 × 10−7 M 453
6-Mercaptopurine (6-MP) BSA-Au NPs 1.0 × 10−7–1.2 × 10−4 M 1.98 × 10−8 M 454
6-Mercaptopurine (6-MP) CTAB-AuNPs 0.0681–1.702 mg mL−1 3.32 ng mL−1 455
Protamine and heparin Citrate-AuNPs 0.1–0.7 and 0.7–1.6 mg mL−1 0.1 mg mL−1 and 0.6 mg mL−1 456
Salmeterol xinafoate CTAB-AuNPs 0.054–6.038 mg mL−1 9.48 ng mL−1 457
APAP, AA and FA PSMA-Au NPs hydrogel 6–38 × 10−6, 1–7 × 10−6,

5–38 × 10−6 M respectively
1.8 × 10−6 M, 2.7 × 10−7 M,
2 × 10−6 M respectively

458

Berberine Citrate-AuNPs 0.5–2.5 × 10−6 M 0.06 mg mL−1 459
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making free AuNPs to be separate, showing color red. The
detection limit of GSH was 2.9 × 10−8 mol L−1 (Table 11).451

8.4.1. Antibiotic detection. Antibiotics are commonly
utilized to treat or prevent diseases in animals by eliminating or
suppressing the growth of microorganisms.460 Wastewater from
pharmaceutical factories, farms, or hospitals and the industrial
wastage can carry antibiotic residue and also people can be
affected by direct exposure of overdose of prescribed antibiotic.
In this review, we will discuss the colorimetric method through
which different types of antibiotic residue can be detected.
Various antibiotics, including oxytetracycline, tetracycline,
kanamycin, ooxacin, chloramphenicol, and ceriaxone, have
© 2025 The Author(s). Published by the Royal Society of Chemistry
been successfully detected using the gold nanoparticle (AuNP)-
based colorimetric method.461–465 A novel colorimetric apta-
sensor for multiplex antibiotics such as chloramphenicol (CAP)
and tetracycline (TET) based on the ssDNA fragment that
coordinately control the AuNPs aggregation phenomenon. Aer
the addition of one kind of antibiotics, it specically recognized
fragment could bind with apt, made the AuNPs dispersed with
red color and the non-specic one coordinately control the
aggregation with support of salt showing blue color. Thus, the
antibiotics show different color of AuNPs and the calculated
detection limit for CAP and tetracycline TET are 7.0 nM and
32.9 nM.466 Tobramycin (TOB) is an antibiotic which was
RSC Adv., 2025, 15, 32833–32870 | 32857

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05615b


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 5
:4

9:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
primarily used for the treatment of bacterial infections of the
human and its uncontrollable intake causes nephrotoxicity,
neuromuscular blocking and hypersensitivity.467 Colorimetric
aptasensors were used to detect TOB in milk and chicken using
unmodied AuNPs and ssDNA aptamer. In absence of TOB,
ssDNA binds on the AuNPs surface and protect it from aggre-
gation even at present of salt. On the contrary, in the presence of
TOB, due to higher affinities between ssDNA and TOB, they
bind together and become detach from AuNPs surface, then less
protection of DNAmay result in the aggregation of AuNPs which
is responsible for purple color solution of AuNPs. Thus, the
limit of detection of this method was 23.3 nM.468 Huang et al.
developed a method for detection of the antibiotic ciprooxacin
(CIP) based on unmodied CIP-aptamer and AuNPs in aqueous
solution. Here, in absence of CIP, the aptamer hybridizes PDDA
(poly dimethyl diallyl ammonium chloride), forming a duplex
structure through electrostatic interactions and made the
dispersion of AuNPs. On the other hand, in the presence of
target CIP, the aptamer binds with it and then the PDDA reacts
with AuNPs causes aggregation. Thus, the CIP was detected
down to 0.215 nM (Fig. 20).469

Oxytetracycline is among the most widely used antibiotics in
the tetracycline class, commonly applied to prevent bacterial
infections and promote growth due to its broad-spectrum
Fig. 20 (A) Schematic description of TOB detection based on colorim
permission from Elsevier, copyright 2018. (B) Schematic representation
adapted from ref. 469 with permission from Royal Society of Chemistry
aptasensor for oxytetracycline detection using cysteamine-modified gol
adapted from ref. 470 with permission from ScienceDirect, copyright 2
modified with cysteamine. This figure has been adapted from ref. 471 w

32858 | RSC Adv., 2025, 15, 32833–32870
effectiveness and affordability. To protect humans from the
exposure to these drug residues, a colorimetric method for the
determination of oxytetracycline has been proposed based on
the anti-aggregation of cysteamine-stabilized AuNPs induced by
the specic recognition of OBA with oxytetracycline.470 This
method exhibits the detection limit of 0.227 mg mL−1. Another
widely used antibiotic named Gentamicin has been detected
using cysteamine-modied gold nanoparticles (cys-AuNPs) by
colorimetric approach. Here, cysteamine was used to induce the
aggregation of AuNPs by the hydrogen bonding interactions
between the hydroxyl groups and aliphatic amine groups of
gentamicin and the amine groups of cysteamine-modied
AuNPs and this method was capable of detecting gentamicin
concentrations as low as 12.45 nM in water.471 However, anti-
biotic residues in food products can enter the human body
through the food chain, veterinary drugs potentially leading to
side effects like allergic reactions and the development of
antimicrobial resistance in humans.472 Some drugs are available
for the widely used purpose in case of veterinary sectors. AuNPs
has been widely used for the detection of many types of drugs
which are enlisted in this review in a table format (Table 12).

8.4.2. Detection of allergens. An allergen is a type of
antigen, typically a protein or gene product, that provokes an
intense immune reaction as the immune system responds to
etric aptasensors. This figure has been adapted from ref. 468 with
of the colorimetric detection of ciprofloxacin. This figure has been

, copyright 2021. (C) Diagrammatic representation of the colorimetric
d nanoparticles (AuNPs) as the signaling element. This figure has been
016. (D) Schematic of the gentamicin detection technique on AuNPs
ith permission from Wiley, copyright 2018.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 12 Implementation of AuNP-based colorimetric strategy for veterinary drugs detection

Veterinary drugs Modication of AuNPs Linear range LOD Ref.

Clenbuterol (CLB), ractopamine (RCT) (PE-Glu-AuNPs) 0–900 nM 0.23 nM, 0.43 nM respectively 473
Ractopamine (RCT) Melamine-AuNPs 1 × 10−10–5 × 10−7 M 1 × 10−11 M 474
Salbutamol 1 × 10−10–1 × 10−5 M
Sulfadimethoxine Unmodied-AuNPs 50 ng mL−1–1 mg mL−1 50 ng mL−1 475
Ampicillin Unmodied-AuNPs 0.5 to 50 ng mL−1 10 ng mL−1 476
Oxytetracycline Unmodied-AuNPs 25 nM–1 mM 25 nM 477
Streptomycin Unmodied-AuNPs 0.2–1.2 mM N/A 478
Kanamycin GCNPs — 2.3 fM 479
Cyromazine Label-free AuNPs 1–500 ng mL−1 5 ng mL−1 480
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what it mistakenly identies as a threat to the body.481 Allergen
adverse reactions have affected quality of life and have persisted
to be one of the most frightening situations among children
and infants.482 Therefore, the easy and rapid detection method
for allergen is very necessary. Hence, AuNPs possess great role
in colorimetric detection process for allergen present in food
samples.399 Some examples of food allergens are shrimp, sh,
eggs, peanuts, soybeans, barley, sesame seeds, walnuts,
almonds, pistachios as well as allergenic fungal spore. AuNPs
mediated biosensors has proposed a detection procedure for
peanut Ara h 1 enabling the visual detection of the target
without using any analytical instruments. The detection process
was based on the aggregation between switchable linkers (SL)
and gold nanoparticles (AuNP) and it was able to detect f
0.19 mg peanut protein per 30 g of cookie.483 A hybridization
chain reaction (HCR) coupled with gold nanoparticles (AuNPs)
was designed to detect the allergens presence in peanut,
soybean and sesame. In this assay, two specially designed DNA
strands called hairpin probes (H1 and H2) were used to occur
HCR with the target DNA derived from food allergens. In pres-
ence of target DNA, HCR reaction took place and form long
dsDNA that was not able to adsorb on AuNPs surface. In this
case, the AuNPs underwent aggregation in the presence of salt
thus color appears as purple from red. On the other hand, in
absence of allergen, no HCR occurred, that's why the AuNPs
remained dispersed showing no color change. The detection
limit of three allergens detected by this method was as low as
0.5 nM.484 Colorimetric sensing based on AuNPs is not only used
for food allergens but also it can be used for detection of
allergenic fungal spores. Lee et al. invented a simple and
prompt method for Aspergillus niger spores using specially
peptide-AuNPs. Modied AuNPs bind quickly to A. niger spores
by phase display screening process. The aggregation of AuNPs
cause color change of supernatant and thus, displayed a high
sensitivity of ∼50 spores.485

8.4.3. AuNPs based immunochromatography. Through
antigen–antibody interactions, gold nanoparticle-based immu-
nochromatographic assays (GICA) offer a quick, accurate, and
eld-deployable analytical platform for identifying target analy-
tes.486 Colloidal gold's deep red hue, which results from localized
surface plasmon resonance, allows for simple visual readout
without the use of complicated equipment. AuNP-based GICA
systems have gained widespread application for on-site detection
of pollutants, pathogens, and chemical residues in food,
© 2025 The Author(s). Published by the Royal Society of Chemistry
environmental, and clinical samples by incorporating competi-
tive or sandwich immunoassay formats. For instance, scientists
created a monoclonal antibody (mAb) based on GICA and used it
to examine Imazalil (IMZ) residues in tomato and grape samples
to detect IMZ in food samples.487 Here they designed haptens
(small molecules that imitate IMZ) to elicit an immunological
response in mice that create AuNPs-linked monoclonal anti-
bodies (AuNPs-mAb). A standard GICA strip was created, con-
sisting of a nitrocellulose membrane (containing both test and
control lines), a conjugate pad (containing AuNPs-mAb conju-
gates), and a sample pad (holding sample liquid). In competitive
immunoassay, the immobilized IMZ on the test line and the IMZ
in the sample primarily compete for binding to the AuNP-
antibody conjugates. When IMZ is present, AuNPs-mAb reacts
with it on the test line, producing a faint red or colorless tint.
However, when IMZ is not there, the red color stays the same.
Therefore, by measuring the color intensity of the test line using
a smartphone or portable reader and comparing it to a reference
chart, one may quickly identify various kinds of fungicides. In
this investigation, the determined LOD for tomatoes and grapes
were 4.70 ng g−1 and 4.12 ng g−1, respectively.488 Another study
developed an immunochromatographic assay based on gold
nanoparticles for the quick identication of the SARS-CoV-2
Omicron variant. Omicron's nucleocapsid protein (NP) was iso-
lated and produced as an antigen. When NP was administered to
BALB/c mice, the mice developed anti-NP monoclonal anti-
bodies. In this assay, AuNPs are used for visual detection in
a double antibody sandwich format. Based on this study, the
researchers used the GICA test strip to detect the recombinant
protein and inactivated virus with LODs of 8 pg mL−1 and 625
TCID50 per mL, respectively.489

8.4.4. Principal component analysis (PCA) and other
machine learning methods in AuNPs based sensing. In AuNPs-
based sensors, Principal Component Analysis (PCA) is a statis-
tical method that reduces data and extracts characteristics to
simplify complex datasets and enhance sensor performance by
identifying the most signicant variances in sensing strategy.490

In the realm of AuNPs-based sensors, PCAs have numerous
uses. AuNP-based sensors oen generate complex, multidi-
mensional datasets (e.g., UV-vis spectra, surface-enhanced
Raman spectra, colorimetric image data). PCA simplies and
expedites the detection process by breaking down these massive
datasets into a small number of primary components. In order
to help differentiate between targets and non-targets, PCA
RSC Adv., 2025, 15, 32833–32870 | 32859
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converts the sensor data into a new coordinate system that
emphasizes differences between analytes. For instance, in the
context of biomarker identication, PCA has been utilized to
distinguish between various polyamines by analyzing the
spectral changes in the AuNPs' aggregation process following
their addition. In order to increase detection reliability, PCA
occasionally eliminates low-variance or redundant features. In
order to clearly evaluate sensor performance and analyte sepa-
ration, this also makes it possible to plot multidimensional
sensing data in two or three dimensions. Additionally, the
sensing applications use additional machine learning tech-
niques. Machine learning (ML) has been previously applied in
conjunction with spectroscopic techniques for the character-
isation of nanomaterials, a capacity of particular value for
plasmonic nanoparticles.491,492 To characterize and develop
nanoparticles and other nanomaterials, for example, spectro-
scopic data has been interpreted using machine learning tech-
niques. Convolutional neural networks (CNNs) are a machine
learning technique that is particularly relevant for array-
structured data, such as spectral proles and photographs.
Because CNNs can analyze complicated data formats like
pictures or spectral datasets directly, they frequently eliminate
or reduce the need for lengthy preprocessing or dimensionality
reduction stages.493 Machine learning (ML) and deep learning
(DL) were used to extract high dimensional data from the
responses between various sensing devices and analytes. This
technique improved the visual assessment of food safety.494

Moreover, Linear Discriminant Analysis (LDA), which assists in
grouping unknown data into predetermined groups, is used to
categorize and quantify pesticide residue in fruits. In the
medical diagnostics, Articial Neural Networks (ANN) which
can simulate non-linear interactions in AuNP sensor in case of
discriminating between illness biomarkers.

9. Conclusion and future prospects

AuNPs-based colorimetric sensors have become an eminent
probe for visual detection process of chemical and biological
molecules with high performance, due to having both optoelec-
tronic properties of core AuNPs and its tunable surface proper-
ties. There exists a variety of factors including the nature of
analyte, the recognition partner, modication of AuNPs and the
transduction process which inuences the accuracy of limit of
detection of AuNPs-based sensors. In this review, detailed
information about the synthesis, modication, mechanisms
involving visual detection of sensors and the application of
AuNPs in various elds have been discussed. The synthetic
pathway of AuNPs can be different such as chemical and green
synthesis. This review goes over each synthesis process available
for AuNPs. The mechanisms including aggregation, anti-
aggregation, etching-mediated aggregation, nano enzyme-
mediated aggregation etc. have been reviewed briey. Our
review has analyzed the sensing approach towards ion detection
(cation, anion), metal detection (heavymetals, alkali and alkaline
earth metals, coinage metals, rare-earth metals), food analysis
(formalin, melamine, rhodamine dye, etc.), pathogens detection,
mycotoxins detection, oligonucleotides (DNA, nucleic acids,
32860 | RSC Adv., 2025, 15, 32833–32870
protein etc.), glucose detection, drug analysis (antibiotics, aller-
gens etc.). Colorimetric methods are acceptable to all the
researchers because of their easy-to-use approach, cost effec-
tiveness and visual sensing strategy. But this review reveals that
this sensor is not only renowned for easy-to-use approach but
also it can quickly respond to target with high accuracy. There is
no doubt about the purview of AuNPs in the eld of research and
nanotechnology. The core benets of AuNPs have led to a rapid
surge in their application in sensing technologies, a trend that is
expected to continue transforming the diagnostics eld for the
foreseeable future. Nevertheless, this detection method has
many drawbacks in addition to its benets. The environment,
pH, and temperature can all have an impact on the nano-
enzyme's catalytic activity, which lowers AuNPs' catalytic effi-
ciency. Additional care may be required to manage the size and
form of AuNPs. Interfering agents occasionally compromise
analyte selectivity. Preparing the target analyte from the sample
beforehand can help reduce matrix interferences, however this
process is time-consuming and complicates the process. Repro-
ducible synthetic methods for AuNPs are advocated since color-
imetric detection relies on the colloidal stability of the particles.

It is anticipated that the next generation of AuNP-based
probes would advance multifunctional, adaptive, and intelli-
gent nano systems beyond traditional optical and electro-
chemical sensing. The creation of AuNPs that alter their optical
or catalytic characteristics in response to temperature, redox
potential, pH, or enzyme activity is one exciting avenue. Real-
time, dynamic sensing for in vivo monitoring and biological
diagnostics will be made possible by this system. The develop-
ment of plasmonic nanorulers and thermometers that use
AuNP's distance-dependent LSPR shis to detect local tempera-
ture changes in biological settings represents another frontier.
Stability, multiplex detection, and the integration of optical,
electrochemical, and magnetic sensing are improved by further
integrating AuNPs with 2Dmaterials (graphene, MXenes), MOFs,
and COFs. It may be possible to connect plasmonic AuNPs with
quantum sensors like nitrogen-vacancy diamonds to surpass
classical detection constraints using entangled photon plas-
monic. AuNPs can be precisely arranged in space to produce
plasmonic “hotspots” for ultra-sensitive SERS, which can identify
single molecules in complicated samples with great selectivity.
Translationally speaking, wearable and point-of-care AuNP-
based devices will be essential for practical uses, which is why
AuNPs must be incorporated into exible biosensors and
portable microuidic chips. To improve detection accuracy and
robustness in heterogeneous samples, these devices can be
coupled with articial intelligence (AI) and machine learning
algorithms to enable automatic interpretation of complicated
plasmonic signatures. The eld will probably move toward
biodegradable or renally clearable AuNP analogs to lower the
dangers of long-term biological and environmental buildup.
Lastly, to ensure reproducibility, speed up commercialization,
and promote cross-disciplinary integration of AuNP-based
probes into global sensing networks, standardization of fabri-
cation, calibration, and validation protocols as well as open-
access databases for nanoparticle-analyte interactions will be
crucial.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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 Inorganic phosphate
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 Poly(N isopropylacrylamide)
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 Ammonium dinitramide
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 4-Amino-6-hydroxy-2-mercaptopyrimidine

monohydrate

MA
 Mercaptoacetic acid

AChE
 Acetylcholinesterase

DEHP
 Diethylhexyl phthalate

CTAB
 Cetyltrimethylammonium bromide

HIC
 Hormone-interfering compounds

EDI
 Estimated daily intake

BPA
 Bisphenol A

PDDA
 Poly(diallyl dimethylammonium chloride)

E2
 17b-estradiol

AfM1
 Aatoxin M1

PCR
 Polymeric chain reaction

HSA
 Human serum albumin

GOD
 Glucose oxidase

ssDNA
 Single strand DNA

MAMP
 Methamphetamine

AptaMeth
 Methamphetamine-aptamer

5-FU
 5-Fluorouracil

GSH
 Glutathione

CAP
 Chloramphenicol

TET
 Tetracycline

TOB
 Tobramycin

CIP
 Ciprooxacin

OBA
 Oxytetracycline-binding aptamers

HCR
 Hybridization chain reaction

SL
 Switchable linkers
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López, P. Salas and C. Gutiérrez, Conference Plasmonics:
Metallic Nanostructures and Their Optical Properties XI, ed.
M. I. Stockman, 2013, p. 88092R.

74 F. Correard, K. Maximova, C. Villard, M. Roy, A. Al-Kattan,
M. Sentis, M. Gingras, A. Kabashin, M.-A. Esteve and
D. Braguer, Int. J. Nanomed., 2014, 5415–5430.
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