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Abstract 

 

Noble metal nanoparticles (NPs) are ideal scaffolds for the fabrication of sensing 

devices because of their highest surface-to-volume ratio combined with their unique 

optical and electrical properties which are extremely sensitive to changes in the 

environment. Such characteristics guarantee high sensitivity in the sensing processes. 

Metal NPs can be decorated with ad-hoc molecular building blocks which can act as 

receptors of specific analytes. By pursuing this strategy, and by taking full advantage 

of the specificity of supramolecular recognition events, highly selective sensing 

devices can be fabricated. Besides, noble metal NPs can also be a pivotal element for 

the fabrication of chemical nose/tongue sensors to target complex mixtures of 

analytes. This review highlights the most enlightening strategies developed during the 

last decade, towards the fabrication of chemical sensors with either optical or electrical 

readout combining high sensitivity and selectivity, along with fast response and full 

reversibility, with special attention to approaches that enable efficient environmental 

and health monitoring. 
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1. Introduction 

The taste of home-made food, the smell of “wet grass” after a summer 

storm or the intense odour of thiols in a laboratory, represent memories that we 

have in our mind thanks to chemical sensing. Our mouth and our nose can 

detect small concentrations of molecules and transform that information into an 

electrical signal that is then sent to our brain that processes the “data”.  

The efficient but often highly sophisticated mechanisms of chemical 

sensing developed by Nature, are a source of inspiration for the researchers 

working on chemical sensing.(1-3) Scientists try to mimic Nature’s selectivity 

and sensitivity by controlling, at the nanoscale level, the required parameters 

ruling the interaction between an analyte and its receptor. Although chemical 

sensors can be part of multiple devices, they generally comprise the same two 

functional components: a recognition and a transducer element. While the first 

element provides the selective binding of the target analyte, the transducer 

element transforms the binding event into a measurable signal. In order to be 

easily readable, such a recognition event requires to be amplified into a 

macroscopic signal. An effective strategy towards this goal relies on the use of 

chemically functionalized low-dimensional structures which possess a high 

surface-to-volume ratio and exhibit outstanding optical and electrical properties 

that are extremely susceptible to changes in the environment.  

Among low-dimensional structures, nanoparticles are extremely simple to 

be produced with good control over their size, structure and composition in large 

quantity, by exploiting colloidal chemistry strategies developed over the last few 

decades. The optical and electrical characteristics of such nano-objects can be 

extremely diverse and strongly dependent on the materials composing the 

nanoparticles. In this regard, it is possible to distinguish between three classes 

of materials: 1) pure metals (such as Au, Cu, Ag, etc.) which feature electrical 

conducting behaviour and Localized Surface Plasmon Resonance (LSPR); 2) 

metal chalcogenides (also called “quantum dots”, such as CdSe, PbS, InAs, 

etc.) which are semiconductors with size-dependent band gap and optical 

properties; and 3) oxides (such as TiO2, ZnO, SiO2, etc.) which can be wide 

bandgap semiconductors or insulators. 
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An in-depth discussion on the sensing strategies and performances for 

all the mentioned classes of materials would require a dedicated book and is far 

beyond the scope of this Review. Hereafter, we provide an exhaustive overview 

of the use of noble metal nanoparticles for chemical sensing. Among the various 

read-out strategies which can be employed (Figure 1), we will focus on the 

electrical and on the optical readouts by monitoring the changes in the NPs 

properties. This current review is structured in three sections. The first, 

highlights the distinct strategies of Au and Ag NPs synthesis and 

functionalization as well as their assembly methodologies. The second and third 

sections are focussed on the most enlightening recent findings on Au and Ag 

NPs based sensors with electrical or optical readout, respectively. Each section 

starts with a general introduction of the nanoparticle’s properties followed by a 

detailed discussion on the most relevant sensing strategies which has been 

reported so far. Since the level of maturity and the applicability of these two 

different families of sensors is different, each section is sub-divided accordingly. 

Metal NPs-based electrical sensors is sub-divided into their application in gas 

and liquid media sensing. Since this field is still at its infancy, we emphasized 

the performances of the different sensor devices in terms of sensitivity and 

selectivity as well as their applicability towards e-nose/tongue sensors. Optical 

sensors based on metal NPs are much more established, hence major 

advances in colorimetric ion, small organic molecule and (bio)sensors in liquid 

media are discussed. Alongside, the progress on colorimetric sensor arrays for 

the multiplex analyte detection is also be described. 
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Figure 1. Scheme summarizing the metal nanoparticles-based sensing strategies (Red = 

electrical readout. Blue = Optical readout monitoring the NPs features. Green = Optical 

readout monitoring the analytes features). 

 
2. Noble metal nanoparticles: synthesis strategies 

Metal NPs have been the subject of in-depth investigations for decades because of 

their unique physicochemical properties and their application in several fields like 

photonics, electronics, catalysis, or biosensing. Since the first synthesis of metal NPs 

almost two centuries ago,(4) a wide variety of experimental procedures has been 

reported for the synthesis of metal NPs with tailored size, shape and hence 

physicochemical properties. The main classification of methodologies includes ‘top-

down’ and ‘bottom-up’ approaches.(5, 6) While top-down approaches rely on physical 

manipulation (i.e. micro-patterning, lithography, pyrolysis and so on), bottom-up 

approaches are based on chemical transformations (i.e. chemical reduction, 

microemulsion techniques, microwave synthesis, and so on). Top-down approaches 

can be commonly classified in: i) micropatterning, ii) milling process, and iii) pyrolysis. 

Micropatterning methods include photolithography, scanning, soft, nano-imprint, 

colloidal, nanosphere and E-beam lithography. All these strategies rely on the use of 

a source (light/electrons beams or electrostatic forces) to form nanomaterials arrays 

on a solid precursor.(7, 8) In milling processes NPs are generated from the ground of 

macro-scale materials in a ball mill.(9, 10) Finally, in pyrolysis, the material precursor 

in its vapour state is forced through an orifice with high pressure and high temperature 

to get it burnt. NPs are then recovered from further processing of the obtained solid 

ashes.(11, 12) On the other hand, the most common bottom-up approaches include: 

i) chemical reduction, ii) microemulsions, iii) laser ablation, iv) radiolysis or microwave-

based, and v) electrochemical methods. Chemical reduction methods are based on 

the use of a metal ionic salt which is reduced by one or various reducing agents in the 

presence of stabilizing agents.(13, 14) Microemulsions strategy relies on the use of 

two separate microemulsions containing salts and reducing agents which are mixed 

in presence of an amphiphile stabilizer.(15-17) The collision between the components 

in the two microemulsions leads to the mixing of the reactants and hence to the NPs 

formation. In a laser ablation process, a laser is used as an energy source for ablating 

solid target materials triggering the evaporation of light-absorbing species. NPs are 



5 
 

generated by nucleation and growth of laser-vaporized species in a background 

gas.(18-20) Radiolysis or microwave irradiation involves the use of radiation (such as 

gamma rays or X-ray)(21) or a high-frequency wave, (22, 23) respectively, to heat the 

mixture of metallic salts and polymeric surfactant solutions, and therefore, trigger the 

NPs formation. Finally, electrochemical deposition occurs at the interface of an 

electrolyte solution containing the metal to be deposited and an electrically conductive 

metal substrate.(24, 25) 

Both bottom-up and top-down approaches have pros and cons.(26) Top-down 

approaches allow for large scale production and no chemical purification is required. 

However, the produced NPs feature a broader size distribution and variable 

morphology. Moreover, control over the deposition parameters is difficult to be 

achieved, the presence of different impurities can lead to the formation of defects, and 

the employed techniques are more expensive. On the other hand, bottom-up 

approaches allow for the synthesis of NPs with desired size and morphology. 

Synthesis parameters can be easily controlled, and employed techniques are cheaper. 

Yet the large-scale production cannot be easily achieved, and chemical purification of 

the NPs is typically required. 

Among metal NPs, gold and silver nanoparticles (AuNPs and AgNPs) are the 

most popular scaffolds. Both support surface plasmons (SPs) in the visible (Vis) and 

near-infrared regions (NIR) and although AuNPs present higher chemical stability and 

biocompatibility, AgNPs have the highest electrical and thermal conductivity among all 

metals that support SPs (Al, Cu, Au, Pd, Pt and Ag). (27)  

Chemical approaches are the most commonly employed for nanoparticles 

synthesis primarily via chemical reduction, due to the low-cost of the reactants and the 

straightforward tuning of nanoparticles properties by easily controlled synthetic routes.  

This review article will focus exclusively on the synthesis and exploitation of gold and 

silver NPs through chemical reduction approach.  

The main three elements needed for metal NPs synthesis via chemical 

reduction are (1) a metallic salt precursor, (2) a reducing agent and (3) a capping 

agent. Capping agents act as stabilizers that avoid the aggregation of NPs which 

would result in the loss of their unique physical properties. The capping agents form a 

ligand shell exposed to the environment. Hence, the ligand shell can be chemically 
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programmed in such a way to expose supramolecular receptors capable of undergoing 

recognition events, to ultimately selectively interact with the analyte, i.e. target 

molecules or ions. The typical current synthetic routes to synthesize metal NPs could 

be classified as 1) metal salt reduction and nanoparticle stabilization mediated by a 

capping agent, 2) seeded growth combined with capping stabilization, 3) green 

synthesis, and 4) surface modification of preformed nanoparticles.  

2.1. Metal salt reduction and nanoparticle stabilization mediated by a 

capping agent 

2.1.1. Aqueous media 

The first scientific report on the synthesis of colloidal AuNPs was published in 

1857 by Michael Faraday.(4) Colloidal AuNPs were synthesized by the reduction in 

aqueous media of tetrachloroauric acid (HAuCl4) using white phosphorous and carbon 

disulphide, acting as reducing and capping agent, respectively. Nowadays, although 

HAuCl4 is still the most used gold salt precursor, the reducing agent used by Faraday 

has been replaced by less toxic compounds, like ascorbic acid or citric acid. Some 

decades later, in 1951, Turkevich and co-workers reported the synthesis of Au 

nanospheres in an aqueous reduction of HAuCl4 by sodium citrate, where the citrate 

acts both as a reducing and capping agent.(28) AgNPs synthesis was first introduced 

by Lee and Meisel in 1982, (29) inspired by the Turkevich synthesis of AuNPs, using 

silver nitrate (AgNO3) instead of HAuCl4. When compared to Au, the reactivity of 

sodium citrate with the silver precursor is different, yielding rather polydisperse Ag 

nanoparticles. In order to have more precise control over the dispersity of the AgNPs, 

many factors such as temperature and acidity of the solution play an important role in 

the size and shape of the obtained AgNPs.(30) Turkevich methodology, later refined 

by many others,(31-33) is the most commonly used method to synthesize quasi-

spherical AuNPs or AgNPs with a controlled size between 10 and 40 nm by simply 

varying the ratio between citrate and the metal precursor. Although this strategy could 

also be applied for the synthesis of larger NPs (>40nm), the obtained samples are 

quite polydisperse and moreover a considerable number a non-spherical NPs are 

produced.(31) 

2.1.2. Organic media 
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Although the physisorbed shell of citrate provides colloidal stability, 

chemisorption offers greater and longer stability, in particular when a tightly packed 

self-assembled monolayer (SAM) is grown over the metal surface.(34, 35) Thiolated 

groups possess a high affinity for metal surfaces including Au and Ag, and since 1993 

thiol-derived molecules have been used to chemically stabilize metal NPs. After the 

initial attempt of Mulvaney and co-workers of stabilizing AuNPs with alkanethiols,(36) 

in 1994 Brust and Schiffrin reported the synthesis of thiol-protected AuNPs in a two-

phase system consisted of water and toluene.(37) Hydrophobic AuNPs were obtained 

by reducing gold(III) ions with a strong reducing agent, sodium borohydride (NaBH4), 

in the presence of a large excess of dodecanethiol and using tetraoctylammonium 

bromide (TOAB) as phase-transfer agent, which brings the gold(III) ions from water to 

toluene, where the NPs synthesis takes place. A variant of this methodology has been 

used for the synthesis of AgNPs by using allylmercaptane as a capping agent and 

TOAB and NaBH4 as phase-transfer and reducing agent, respectively.(38) These 

syntheses, although producing great advances in the past 25 years (39, 40), exhibit 

three main drawbacks: 1) as a result of the strong reducing conditions, only specific 

molecules containing well-defined functional groups can be used to form the coating 

SAM; 2) the use of a large excess of these molecules is quite problematic in the case 

of expensive compounds, and 3) NPs size can be controlled up to only 5 nm. In 2006, 

Stucky and co-workers reported the synthesis of thiol-protected AuNPs in one phase 

– an organic solvent such as benzene, toluene or chloroform – using a gold(I) salt as 

precursor and a mild reducing agent such as tert-butylamine-borane complex.(41) This 

synthesis enabled a greater control over the production of mono-disperse NPs and 

allowed the use of thiolated molecules exposing a functional group in the w-position to 

readily form functional coating SAMs that could not be grown by using the previously 

introduced methodology. Unfortunately, this protocol still suffers from the drawback of 

requiring a large excess of thiolated molecules and a maximum diameter of 10 nm 

NPs can be obtained if one likes to have monodisperse sizes. 

2.1.3. Alcohol media 

Polyol process is an advantageous, versatile, and low-cost method for the 

synthesis of both Au and Ag NPs on a large scale.(42, 43) A metal salt is dispersed in 

a long-chain diol such as ethylene glycol that acts both as a solvent and as a reducing 
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agent. After the reduction, the resulting particles are non-agglomerated and 

monodisperse, with a tuneable size that can span from 20 up to 200 nm. Yet, the 

produced NPs are not spherical, but rather polyhedrons or plates with stable surface 

facets. Temperature, reagent concentration and presence of trace ions seem to play 

a key role for the final NPs morphology.(42, 43) In 2013, a new synthetic method based 

on a reiteration of slow growth process and slow chemical etching has been reported, 

allowing the preparation of highly spherical AuNPs of up to 200 nm diameter (Figure 

2).(44) 

 
Figure 2. Iterative growth and etching of gold octahedra. (i-x) SEM images of gold octahedra 

and nanospheres after iterative growth and etching. (i) initial growth, (ii) 1st etching, (iii) 1st 

regrowth, (iv) 2nd etching, (v) 2nd regrowth, (vi) 3rd etching, (vii) 3rd regrowth, (viii) 4th etching, 

(ix) 4th regrowth, (x) 5th etching. Average particle sizes, indicated below each image, refer to 

edge length for octahedra and diameters for spheres. White scale bars indicate a lateral size 

of 200 nm. Adapted with permission from reference (44). Copyright 2013 American Chemical 

Society. 

 
2.2. Seeded growth combined with capping stabilization 
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For the synthesis of uniform and large spherical as well as non-spherical NPs, 

seeded growth strategies have been proved to be one among the most efficient 

protocols to be pursued. The seeded growth method comprises two steps: the 

synthesis of a batch of NPs and its overgrowth by its addition to a “growth” solution 

containing a metal salt precursor (commonly HAuCl4 or AgNO3), and capping and 

reducing agents. Size, shape and surface properties are controlled by several 

parameters including the amount and nature of the capping and reducing agent, their 

molar ratio to the metal salt precursor, etc. Natan and co-workers pioneered in 1998 

the use of seeded growth method to synthesize Au nanospheres up to 100 nm in 

diameter.(45-47) The strategy is based on the overgrowth of 12 nm Au seeds using 

citrate or hydroxylamine as a reducing agent. However, both reducing agents 

possessed drawbacks; while the obtained NPs were rather elongated with citrate, a 

considerable population of rod-shaped NPs was obtained by using hydroxylamine as 

a reducing agent. Following the strategy developed by Natan and co-workers, a great 

number of seeded growth methods have been developed for the synthesis of uniform 

and large Au nanospheres.(48-54) For instance, Murphy and co-workers (48) 

proposed a step-by-step seed-mediated growth strategy utilizing ascorbic acid as 

reducing agent and cetyltrimethylammonium bromide (CTAB) as a capping agent. 

Interestingly, CTAB also played an important role in complexing the gold salt precursor 

and avoiding its self-nucleation by ascorbic acid reduction. Such protocols enabled the 

synthesis of gold NPs with controllable size from 5 to 40 nm using citrate stabilized 

gold NPs as seeds. Moreover, since nucleation was avoided during the growth step, 

the final particle size could be estimated through the following equation: 

! = !!""# #[%!""#"]'[%$##"]
[%$##"]

$
( )*                                       (Eq.1) 

where rseed and r are particle radius for seed and final desired particle, 

respectively, and [Mseed] and [Madded] indicate gold concentrations of seed and added 

Au3+ ions, respectively.(48)  

Similar to the method of Murphy, AgNPs with narrow size distribution had been 

prepared by seed-mediated growth using modified Frens and Lee–Meisel 

methods.(55, 56) Furthermore, other reducing and capping agents have been 

employed, such as 2-mercaptosuccinic acid, (57) hydroquinone (50, 58) or H2O2 (53) 
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making it possible to control the size of the obtained Au or Ag nanospheres up to 300 

nm in some cases. For example, Bastús and co-workers developed a multistep 

seeded growth methodology to synthesize monodisperse citrate-stabilized AuNPs 

(52) or AgNPs (14) up to ∼200 nm in both cases with narrow size distributions and 

slight deviations from sphericity. Chemical reduction of HAuCl4 or AgNO3 was 

accomplished by using respectively sodium citrate as both reducing and capping agent 

(Figure 3) for AuNPs and a mixture of sodium citrate and tannic acid as reducing agent 

for AgNPs. 

 

Figure 3. Transmission electron microscopy images of AuNPs obtained after different growth 

steps using Bastús and co-workers seeded growth methodology. Adapted with permission 

from reference (52). Copyright 2011 American Chemical Society. 

2.3. Green synthesis 

Synthesis of metal NPs by using green methods is an emerging trend in 

nanotechnology.(59, 60) It exploits the same mechanism of the Turkevich method 

yet it relies on specific initial building blocks which are a metal salt, a green solvent 

(water, ethanol or other non-toxic solvents) and a natural reducing agent. Frequently, 

most green materials that can act as reducing agents possess a stabilizing ability 

(e.g. due to the presence in the extract of different reactive groups). For the case of 

bio-reagents the possibilities of reducing agents can be endless, highlighting 

bacteria,(61) fungus,(62, 63) enzymes,(64) plants,(65-67) yeast,(68) algae (69) or 

biopolymers.(70) 
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This methodology has some advantages when compared to other physical and 

chemical methods because it is a cost effective, eco-friendly method, and can be 

easily scaled up for large scale production. Also, green synthesis does not involve use 

of high pressure, energy, temperature and toxic chemicals. However, unlike physical 

and chemical synthesis, there are still many unknown factors that should be studied 

in detail. In many cases the mechanism of production is indeed still unclear. Moreover, 

the exact amount and properties of the reducing agents should be determined in order 

to establish precise and repeatable synthetic protocols. 

 

2.4. Surface modification of pre-synthesized nanoparticles 

The functionalization of metal nanoparticles with other molecules can otherwise 

be achieved by direct covalent linkage or non-covalent interactions with pre-

synthesized nanoparticles (Figure 4). (26) This strategy enables to use a wide range 

of organic molecules as capping agents, including surfactants, macrocycles and 

biomolecules thus opening endless options to obtain selective interaction with the 

desired analytes. Towards this end, two main strategies can be pursued: ligand 

exchange reaction or secondary modification.  

2.4.1. Ligand exchange reaction 

A well-established route for the post-modification of metal nanoparticles 

consists in the use of thiol molecules because they strongly bound the metallic surface 

through a covalent bond (M-S).(36) For instance, Abd-elaal and co-workers 

synthesized AuNPs by reducing gold(III) ions with trisodium citrate, followed by its 

displacement by the desired thiolated molecules in a mild process.(71) Other 

functional ligands can covalently bond metallic surfaces such as metal carbon (M-C═) 

by using aryl diazonium as precursors,(72) metal-carbene (M═C) or metal-nitrene 

(M═N) with diazo derivatives (73) and metal-acetylide/-vinylidene via acetylene 

derivatives.(74) 

Surface modification of metal NPs can also be accomplished with amines or 

ammonium ions, negatively charged carboxylate groups, and phosphines. For 

instance, Perez-Juste, Pastoriza-Santos and co-workers performed a ligand exchange 

reaction between a pillar[5]arene macrocycle with five quaternary ammonium groups 
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at both rims and the stabilizing agent of the as-prepared NPs. They applied this 

approach to plasmonic nanoparticles either negatively charged, stabilized by citrate 

ions (Au spheres), or positively charged, stabilized by cetyltrimethylammonium 

bromide (Au and Au@Ag nanorods) demonstrating the high versatility of this 

strategy.(75) 

2.4.2. Secondary modification 

Secondary modification is also commonly employed when a reaction is performed 

between the new functional molecule and the capping agents of the metallic 

nanoparticles. The secondary reaction can be accomplished by using chemical 

coupling,(76, 77) employing dynamic covalent bonds,(78, 79) polymerization,(80, 81) 

electrostatic interaction and interaction between biomolecules(82, 83). For example, 

metal nanoparticles functionalized with carboxylic acid-terminated thiol ligands readily 

form amide linkages with other molecules through EDC-NHS coupling.(76) 

Both strategies have advantages and limitations. Ligand exchange reaction 

relies on the displacement of the initial capping agents of the NPs by other ones 

possessing a higher affinity (usually through the formation of a covalent bond). 

Although this functionalization gives rise to a highly stable NPs, it is limited to 

molecules with the appropriate functional groups, such as thiols. Secondary 

modification represents a highly versatile strategy for the functionalization of the NPs 

with the receptor of interest. However, receptors with proper functional groups to react 

with the capping agent of the NPs are needed. A combination of both strategies could 

also be used in many cases to further increase the versatility of post-synthetic 

functionalization. 
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Figure 4. Schematic illustration of representative anchor moieties, stabilizing spacers, 

tethering groups, and conjugation groups for functionalising noble nanoparticles. NHC= N-

heterocyclic carbenes, NHS= N-hydroxysuccinimide, EDC = 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride. Reproduced from Ref. (26) with permission 

from the Royal Society of Chemistry. 

2.5. Assembly methodologies 

Distinct methods can be used to deposit metal NPs to form networks on 

solid surfaces yielding assemblies that exhibit different properties (e.g. 

structure, morphology and size) and hence different sensing capabilities. 

I. Casting methods enable the production of thick and relatively disordered 

films of metal NPs.(84-86) A solution of metal NPs is spread onto a solid 

substrate by a casting methodology (drop cast or spin coating). When the 

solvent is evaporated it triggers long-range dispersion forces between the 

NPs or between the NPs and the substrate causing the NPs to self-

organize into mono- or multilayer structures. The separation between the 

NPs can be controlled by the size of the capping agent but may be also 

modified after the casting process by either ligand substitution reaction or 

the annealing of NPs. 

II. Langmuir methods are usually employed to prepare a monolayer of 

ordered metal NPs.(87, 88) Frequently, a solution of metal NPs stabilized 
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with hydrophobic capping agents is casted on the surface of an aqueous 

solution. Due to the surface tension of water, the hydrophobic NPs tend 

to form a monolayer film at the air-water interface. Such film can be slowly 

compressed and transferred onto a solid substrate. Such a method could 

be repeated to produce multilayer arrays of close-packed NPs. A great 

benefit of the Langmuir approach is that it offers precise control over the 

film thickness and interparticle distance. 

III. Casting assisted by cross-linking method relies on the combination of 

metal NPs with linker molecules yielding the assembly in solution.(89, 90) 

Such network is transferred to a solid substrate by dipping the latter into 

the liquid. Film thickness is usually controlled via the immersion time of 

the solid substrate into the reaction mixture. 

IV. Layer-by-Layer (LbL) assembly represents the most versatile 

methodology for the formation of 3D assemblies of metal NPs onto solid 

substrates. It consists in the alternate immersion of a solid substrate into 

metal NPs and linker solutions. (91-93) By making use of this strategy a 

wide variety of interactions may be explored such as electrostatic, 

covalent bonding or hydrogen bonding and hence a broad array of linker 

molecules can be employed. 

Among the different methodologies, although Langmuir methods and LbL 

assembly allow for the fabrication of a film with controllable thickness, these 

methodologies are rather time-consuming. On the other hand, casting and casting 

assisted by cross-linking methods are more simple and faster methodologies but the 

final film thickness and morphology are difficult to control. 

3. Electrical properties 

Nanoparticles can be tailored with different dimensions and the latter, 

together with the chemical composition and structure, define the properties of 

these nano-objects. From the electrical point of view, the behaviour of metal 

nanoparticles is strongly correlated to the number of atoms forming the core, as 

emphasized by the equation of the Kubo gap (δ): 

! = !+
"                                                    (Eq.2) 
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where EF = Fermi energy of the material and N = Number of atoms within the 

core. 

In a nutshell, this simple equation indicates that by decreasing the number 

of atoms forming the nanoparticles’ core, the energy levels are quantized 

opening a gap thereby rendering the material insulating, as schematized in 

Figure 5.(94) According to the Kubo model, for materials like Au and Ag, if the 

nanoparticles have a diameter larger than ~ 2 nm, they behave electrically as 

the bulk material, and can be employed as nanoscopic electrical conductors 

complying to the Ohm/s law. 

 

Figure 5. Schematic diagram showing the size-dependent evolution of the energy level of 

metals. Adapted from Ref.(94) with permission from The Royal Society of Chemistry. 

 

 

3.1. Electrical sensors: Chemiresistors 

A viable strategy to efficiently exploit the advantages of such small metal 

conductors is to assemble them into networks to generate thousands of 

electrical junctions with controlled nanoscopic gaps by employing the 
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nanoparticles as electrodes and the capping agents as spacers.(95) Such bi-

component networks can be used as versatile sensing materials in 

chemiresistors devices.(96) Chemiresistor-type devices quantify the electrical 

resistance as a response to chemical or biochemical stimuli.(95, 96) A basic 

chemiresistor architecture comprises a sensing material that bridges the gap between 

interdigitated electrodes in two terminal devices. In such devices, the organic 

components attached to the particle’s surface provide stabilization of the 

structure and represent sites for the analyte absorption/binding while enabling 

sufficient electrical conductivity through the film, as illustrated in Figure 6.  

 

Figure 6. Scheme of a generic chemiresistor device based on metal nanoparticles and organic 

di-thiols. 

The electrical transport properties of metal nanoparticles films are governed by 

the different energy scales and geometrical parameters characterizing their 

architectures. In principle, the electrical resistance of a network composed of 

infinite particles can retain any value between two limit states: (1) a completely 

insulating state when all the nanoparticles are widely spaced between each 

other and (2) a metallic state when the particles are arranged in a close packed 

structure and behave as a whole bulk metal with ideally no contact resistance. 

(89) Nevertheless, the organic matrix surrounding the nanoparticles plays a key 
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role in controlling the electronic coupling between neighbouring particles but 

also some secondary parameters such as particles size, geometrical defects 

and quenched charged disorder in the arrays, and/or the substrate will also 

influence the electrical transport properties of the arrays. 

 

3.2. Electrical measurements 

In the most straightforward configuration, a bias voltage (V) is applied 

across two electrodes supported on a solid substrate and the resulting current 

(I) can be measured (Figure 7A).(97) According to Ohm’s laws, which is often 

valid for many materials type, at low voltages and for metals, current can be 

described as linearly proportional to voltage: 

# = %& = &/(                                                     (Eq.3) 

where g is the conductance and R is the resistance of the material between the 

two electrodes. 

Interdigitated array (IDA) electrodes (Figure 7B) comprise several 

electrode finger pairs, typically microns in dimension. IDA electrodes can be 

fabricated not only onto insulating rigid substrates such as Si/SiO2, glass, or 

quartz, but also onto flexible substrates such as polyethylene terephthalate 

(PET) using photolithographic patterning. The conductivity (σ) of a film 

deposited onto IDA electrodes can be calculated using the following 

equation(98), 

) = !
(#$%&)() %                                                  (Eq.4) 

where d is the spacing between electrodes, N is the number of finger 

pairs, L is the overlapping length of electrodes, h is the film thickness (less than 

that of IDA electrodes).  

The electrical conductivity of thin films composed of ligand-stabilized 

metal NPs is commonly described by thermally activated tunnelling of charge 

carriers. A widely used mathematical representation of this model is given by 

the following equation (99): 

) = )**%+,*%
-. /!01                                            (Eq.5) 
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Figure 7. Schematic of (a) a two-probe electrode configuration, and (b) IDA electrodes. (c) 

Conductivities of films of CH3(CH2)n-1S-capped 2.2 nm Au NPs at 70 (O), 30 (●), and -60 °C 

(▼) vs n. The inset is a schematic illustrating interdigitation of capping ligand chains in the NP 

films. Adapted with permission from (97). Copyright 2008 American Chemical Society. 

 

Here,	)**%+,  is the conductivity at infinite temperature, )* is the pre-

exponential constant, β is the tunnelling decay constant, δ is the interparticle 

distance and kB and T are the Boltzmann constant and the temperature 

respectively. The Arrhenius term takes into account thermal activation of charge 

carriers and can be described as: 

,. = 0.5	*# 2"#%(23,)"#4566$
                                      (Eq. 6) 

Where r is the nanoparticle radius. 

Because of its exponential dependence on Ea and δ, the conductivity of 

these films is highly sensitive to any perturbation of these parameters, including 

interaction with a targeted chemical species. 

The complexity of these systems is illustrated by investigating their 

electrical properties. Since charge carriers can move following different 

pathways and different transport mechanisms, it is not enough to perform simple 

I-V electrical measurements. It is indeed necessary to perform low temperature 

studies and using bi-component structures featuring different inter-particles 

distances. In 2013, Liao and co-workers reported a study on the electrical 

properties of gold nanoparticles films of different thickness and inter-particles 

spacing, in a temperature range ranging from 5 to 300 K (Figure 8).(100)  
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Figure 8. Temperature dependent charge transport. (a) I-V curves of interlinked 2D 

nanoparticles arrays measured at variable temperatures from 5K to 300K. (b) Zero-voltage 

conductance of the nanoparticle arrays as a function of inverse temperature for nanoparticle 

arrays with different inter-particle distances, where 1) butanethiol; 2) hexanethiol; 3) 

octanethiol; and 4) decanethiol. Adapted from Ref. (100) with permission of the Royal Society 

of Chemistry. 

From the I-V curves in Figure 8A, it is visible that the relationship between 

measured current and applied bias becomes less and less linear upon 

decreasing the temperature. When the temperature is low enough, the current 

at low bias is suppressed due to Coulomb blockade. Such phenomenon relates 

to the Coulomb charging energy of a nanoparticle, which is defined as the 

energy needed to add an excess electron onto a neutral nanoparticle.(96) 

Theoretically, in the I–V curves of nanoparticle arrays at low temperature, 

a threshold voltage should exist below which the current is completely 

suppressed.(97, 101). Figure 8B portraits the zero-voltage conductance of the 

nanoparticle arrays as a function of inverse temperature. In this case 

nanoparticle arrays are functionalized with alkanethiols exhibiting different chain 

lengths (particles diameter 9.25 nm). It reveals a strong dependence of the 

conductivity on the inter-particles distance.(100) 

Thus, applications of films fabricated from ligand stabilized metal NPs as 

resistive sensing elements have been studied intensively and pushed toward 

specific applications in several laboratories. In the following sections we are 

going to summarize the main progress that has been done in the field of metal 

nanoparticles-based chemiresistors in the last decade. 
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3.3. Metal NPs chemiresistors in gas sensing 

In 1998, Wohljen and Snow developed the first example of a metal 

nanoparticles-based chemiresistor for vapor sensing. They fabricated a device 

comprising a film of octanethiol-capped AuNPs on interdigitated electrodes and 

exposed it to various volatile compounds: toluene, tetrachloroethene, 1-

propanol and water humidity.(102) Exposure of the nanoparticles arrays to the 

target analyte molecules causes swelling of the structure, commonly leading to 

an increase of the resistance of the device.(103-106) This sensor exhibited a 

quick and reversible response towards the uptake of vapor molecules in the 

interparticle organic phase, affecting the electronic interaction between the 

nanoparticles and hence the conductivity of the film.(102) Since then, numerous 

studies have been carried out focusing on sensor performance improvement in 

terms of sensitivity and selectivity.  

 

3.3.1. Sensitivity enhancement 

Chemiresistors offer a versatile configuration which allow to modulate the 

electronic transport through the networks by controlling the nature and the 

conformation of both the metal nanoparticles and/or the organic molecular 

linkers.(107)  

The correlation between gas response-sensitivity and inter-particles 

spacing properties was studied by Lewis and co-workers (108) by using AuNPs 

capped with five different straight chain alkanethiols (containing 4-11 carbons in 

length). They observed an increase in sensitivity to hydrocarbons with the 

increasing length of the capping agent, yet they reported the opposite tendency 

for alcohols sensitivity.  

Regarding the size of the nanoparticles, in a comparative study on the 

performance of films comprising AuNPs of either 4 nm or 9 nm in diameter, 

Vossmeyer and co-workers showed that they exhibit similar sensitivities 

towards vapors.(93) Conversely, Tsoukalas and co-workers compared the 

performance of hybrid films based on polymers and 5 nm or 100 nm AuNPs they 

observed a higher sensitivity to humidity for 5 nm AuNPs when using a 5 µm 

electrode gap.(109) Mayer and co-workers compared the performance of 
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monolayer and multilayer 15 nm AuNPs stripes towards humidity (See Figure 

9).(86) While the monolayer system showed domains of loosely packed and 

closely arranged particles, the multilayer films exhibited densely packed 

structures. These morphological differences led to diverse charge transport 

regimes. For monolayer AuNPs stripes, single electron charging effects 

dominate the charge transport, resulting in non-linear I-V characteristics (Figure 

9A). On the other hand, for multilayer AuNPs stripes, linear I-V characteristics 

were observed (Figure 9B), indicating that activated tunnelling dominates the 

charge transport. Besides, the authors showed how the charge transport 

mechanism influences the sensitivity of the system for the humidity detection 

(Figure 9C-D). 

 
Figure 9. (a) Sketch of the AuNP stripe fabrication process. By controlling the parameter 

of the convective self-assembly (CSA) process, AuNP stripes composed of mono- or 

multilayers can be fabricated on the Si/SiO2 substrates. (B-C) I–V characteristics of (b) 

a monolayer AuNP stripe, and (c) a multilayer AuNP stripe. (d-e) The changes in the 

measured current of a monolayer (d) or a multilayer (e) AuNP stripe sample at a 
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constant bias as RH was switched between 5 and 50%. Adapted from reference (86) 

with permission from Wiley-VHC. 

 

Another interesting example where the morphology of the film affects not 

only the sensitivity but also the conduction mechanism through the 

nanoparticles films was provided by Haick and co-workers.(110) They 

demonstrated that continuous or perforated films of NPs exhibited different 

responses against volatile organic compounds (VOCs) and/or humid air (RH). 

They correlated the different sensitivity with the different conduction mechanism. 

In addition to metal NPs and organic molecular linkers, other key 

parameter to modulate the sensitivity of the whole system would be the device 

architecture. For example, Tsoukalas and co-workers showed that the distance 

of the IDA electrodes is inversely proportional to the sensitivity towards 

vapors.(109) On the other hand, great efforts have been done to achieve 

practical and universal applicability of these kind of sensors in terms of 

miniaturization or the use of a flexible architectures. Zellers and co-workers 

(111) and Willis and co-workers (112) demonstrated that high sensitivity toward 

vapors may be achieved by using chemosensor arrays with sensing areas down 

to 0.0025 um2.(112) Regarding the use of flexible substrates such as PET, 

Zhong and co-workers (113-115) and Vossmeyer and co-workers (93) have 

shown that the electrical characteristics of the nanoparticles films onto flexible 

substrates depends not only on its exposure to vapor molecules but also on the 

device strain properties. Although a device strain may not alter the stability of 

the NPs film it should be considered in order to obtain reliable devices with 

calibrated response. (115) Haick and co-workers have reported that the 

presence of humidity can affect the sensitivity of metal NPs chemosensors 

towards VOCs. (104) They also presented a compensation method that allows 

to analyse VOCs under variable backgrounds of 2−83% RH. 

Lu and co-workers (116) and Zellers and co-workers (117) studied the 

sensing performance of a gas chromatographic detector based on metal NPs 

chemiresistors as a function of temperature and flow rate. Both groups showed 

that these parameters are vapor-specific and should be optimized in each case. 

In the case of temperature there is a compromise between two effects; an 
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increase in temperature produces an increase in the diffusion rate, due to the 

easier permeation of gases into the films. However, the increase in kinetic 

energy also implies that VOC molecules tend to stay in the gas phase rather 

than being condensed. 

 

3.3.2. Pursuing selectivity in gas sensing 

Since the first example of metal NPs-based chemiresistors a great effort has 

been devoted to improving their performance. During the last decade, apart from 

gaining a better understanding of the parameters that may influence the sensitivity of 

these kind of systems also selectivity towards molecules of interest was considered. 

Thiol containing molecules has been initially and extensively used as both 

capping agents and receptors in metal NPs-based chemiresistors due to the huge 

affinity of thiol groups for the metallic surfaces. (85, 87, 118, 119) Although first 

chemiresistors responded indistinctively to common VOCs (e.g. acetone, ethanol, 

toluene), in the next generation of chemiresistors specific selectivity towards a given 

molecule was also pursued. Some thiol-containing molecules exhibited per se a high 

selectivity towards specific analytes such as 11-mercapto-1-undecanol towards 1-

decanol, a biologically relevant odour (87) or mercapto-hexanoic acid towards amines 

(118). Alongside, one interesting strategy to improve selectivity relies on the use ad-

hoc receptors of the molecule of interest. For instance, Fu and co-workers have used 

a thiolated molecule decorated with an urea and a tert-butyl motif in order to improve 

the selectivity of their AuNP-based chemiresistors towards acetone. (85) 

In addition to thiol-based ligands, other capping agents have been used as 

more selective receptors for organic vapors with good accuracy, such as 

biomolecules,(120) polymers,(109) dendrimers(121, 122) or molecularly 

imprinted polymers (MIPs).(123) 

In this regard, Mandler and co-workers reported the fabrication of a 

chemiresistor based on a core–shell nanospheres system made of a silver core 

coated with a MIP (Figure 10).(123) The authors showed the synergetic 

combination of the sensitivity of AgNPs together with the great selectivity of 

MIPs. As a model system they have focussed their attention to linalool, a volatile 

terpene alcohol. The layer of the MIP was thin enough (less than 20 nm) to allow 

current to flow through the NPs film. When the linalool molecules were trapped 
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onto the MIP cavities the film resistance revealed an increase being proportional 

to the linalool concentration. 

 
Figure 10. (a)Schematics of the core (AgNPs)–shell (MIP) modified IDA chemiresistor for 

linalool detection by resistance change measurements. (b) Resistance vs. time measurement, 

using AgNP@MIPs scattered on PEI modified IDA-CR. Linalool exposure and removal time 

are marked. Temperature and average humidity were 24.4 °C and 61%, respectively. Adapted 

from Ref. (123) with permission of the Royal Society of Chemistry. 
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VOCs Receptor molecules Sensitivity Interferences Reference 

Acetone 1-(tert-Butyl)-3-((11-

mercaptoundecyl)oxy)urea 

LOD: 10 

ppb 

Ethanol, benzene, 

ethylbenzene and water 

vapor 

(85) 

1-decanol 11-mercapto-1-undecanol LOD: 100 

ppb 

- (87) 

Triethylamine Mercaptohexanoic acid LOD: 500 

ppt 

Water, toluene, 1-

propanol, ethanol, 

benzylamine, 

tripropylamine, 

octylamine 

(118) 

Relative 

humidity 

Single-stranded DNA 0-100 

%R.H. 

Ethanol, methanol, 

hexane, dimethyl 

methylphosph-onate, 

and toluene 

(120) 

Relative 

humidity and 

ethanol 

Poly(2-hydroxyethyl methacrylate) LOD: 

2000ppm 

- (124) 
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Water, etanol 

and acetone 

Poly(ether-ester) dendrons of 

triazole linked mono- and 

tri(ethylene glycol)s groups 

- - (121) 

Linalool MIP based on 

methyacryloxypropyltrimethoxysilane 

LOD: 223 

ppm 

- (123) 

Relative 

humidity 

Polyvinyl alcohol 0-90 

%R.H. 

- (125) 

Relative 

humidity 

Dopamine 20-90 

%R.H. 

- (126) 

Relative 

humidity 

Tetra ethylene glycol 5-85 

%R.H. 

- (89) 
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3.3.3. Towards e-nose in gas sensing 

Selectivity is instrumental towards multiplex analyte detection in complex 

matrices. Although the use of ad-hoc receptors of the analyte of interest has shown 

good results in terms of selectivity, its operation in complex matrices and/or mixtures 

of different analytes may decrease the efficiency of the receptors. During the last 

decade another kind of strategy was explored, which relied on the use of electronic 

noses. Such approach is based on the mimicry of a human nose which possess 

several receptors that are not specific to just one molecule. Each receptor generates 

a different response when interacts with a certain molecule and the combination of all 

sensor’s response allows to generate a fingerprint for that molecule and its proper 

identification by the human brain. An analogous concept can be applied to metal NPs-

based chemiresistors, where arrays of NPs with different functionalities can be 

integrated into a single device and the combination of their response towards a 

molecule, together with a statistical analysis, can lead to the proper identification of a 

wide range of compounds. 

 
Figure 11. 2-D (a) and 3-D (b) PCA score plots for sensor responses to breath samples from 

healthy individuals (red circles) and lung cancer patients (black squares). Adapted from 

reference (90) with permission of Elsevier. 

Metal NPs chemiresistive e-nose approach has been successfully applied for 

the detection of different VOCs during the last decade.(84, 90, 127-129) The use of 

various receptors together with statistical analysis have been successfully employed 

by Lu and co-workers which were able to differentiate with a 96.1% of correct 

classification rate (CCR) 15 VOCs by using arrays of AuNPs and 4 different thiolated 
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ligands. (129) Moreover, Zhong and co-workers applied this strategy for breath 

sensing. (90, 128) In 2012, they fabricated a chemiresistor that was capable of 

selectively detect acetone, a marker for diabetes, in human breath samples. (128) 

More recently, they reported a nanostructured chemiresistor that was able to 

distinguish breath samples from healthy and from lung cancer patients (Figure 11).(90) 

On the other hand, Willis and co-workers reported the impressive classification, with 

99% accuracy, of 35 different tea aromas by using arrays of only 4 types of organo-

functionalized AuNPs together with a linear discriminant analysis (LDA). (84) 

 

3.3.4. Humidity sensors 

Although metal NPs gas sensing devices have been extensively reported 

for the detection of volatile organic compounds, there are still few examples of 

humidity sensing devices. In 2010, Zhang and co-workers reported the use of 

active materials consisted of films of AuNPs-polyvinyl alcohol (PVA) for the 

realization of humidity sensors. In such a device, the PVA water-absorbing shell 

was too thick to let the current flow through the devices and the electrical 

readout was based on changes in the capacitance of the system, resulting in a 

poor sensitivity of the devices, exhibiting a change < 2 nF in the range between 

0 and 90% RH.(125) An example of highly sensitive humidity sensors was 

reported by Lin and co-workers in 2014.(126) In their work, the authors exploited 

thick films of AuNPs (4-6 nm diameter) coated with a layer of dopamine (DA) as 

water-absorbing material and transducer of the amount of absorbed water. Such 

devices displayed a remarkable decrease of the recorded resistance up to 4 

orders of magnitude upon increasing the humidity from 10 to 90% because of 

the interaction between water and dopamine generating OH- ions as charge 

carriers embedded within the films. However, such a process requires time to 

equilibrate, leading to slow response speed (5 s absorption and 10 s 

desorption).(126) Recently, Samorì and co-workers reported a humidity sensor 

based on 3D networks of AuNPs covalently interconnected by oligoethylene 

glycol di-thiols (OEG) linkers (Figure 12). This system, upon exposure to 

moisture, undergoes swelling reducing the tunnelling current passing through 

the system exhibiting unprecedented high response speed (~26 ms), short 
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recovery time (~250 ms) in absence of any hysteresis effect and a linear 

response to humidity changes.(89)  

 
Figure 12. Electrical resistive humidity sensors based on AuNPs-OEG 3D porous networks. 

(a) Cartoon of the sensing process. (b) Picture of the device setup used for the sensor's 

characterization. (c) Device’s response to short pulses of humid air (RH ~ 70%) in ambient 

conditions (constant bias applied = 500 mV). Inset showing a zoom-in of the plot between 35 

and 45 s. Adapted from Ref. (89) with permission of the Royal Society of Chemistry. 

 

3.4. Chemiresistors operating in liquid media 

By following the same principle of sensing, chemiresistors based on metal 

NPs films can be also used for the realization of reliable devices operating either 

in organic or in aqueous phase. In 2007, Raguse, Chow and co-workers 

reported for the first time the use of chemiresistors for sensing organic 

molecules in aqueous solutions.(130) They presented a chemiresistor based on 

a thin film of AuNPs capped with 1-hexanethiol monolayer, which was inkjet 

printed onto a microelectrode. This sensor combined fast response time (<3 

min), reproducibility and high sensitivity (down to 0.1 ppm range) for toluene, 

dichloromethane and ethanol molecules dissolved in 1 M KCl solution.(130)  

 

3.4.1. Sensitivity enhancement 



 

30 
 

The same authors reported later that parameters such as capping agent 

(131), film morphology and ionic strength of the media (132) should be carefully 

modulated in order to maximize the sensitivity and selectivity of the AuNPs films 

to organic molecules in aqueous solutions. Besides, they also investigated the 

effect on the response time of AuNPs-based chemiresistors as a function of 

analyte, SAM/water partition coefficient, analyte-water flow speed and film 

thickness, both theoretically and experimentally.(133, 134) 

The effect of organic solvents is a key parameter that has attracted a great 

attention when sensing in liquid media since it can be the analyte of 

interest,(135) or it can influence (or hinder) the sensing of other molecules.(136) 

For example, Reissner and co-workers studied the sensing of solvents by 2D 

monolayers of AuNPs functionalized with 1-dodecanethiol. Immersion of such 

films in solvents such as ethanol or THF caused an increased interdigitation of 

the aliphatic chains with a subsequent decrease of the inter-particles distance 

and, therefore, an increase in the measured current by a factor of 36 (in ethanol) 

and 22 (in THF). Such a phenomenon is not reversible and it is accompanied 

by structural changes.(135) More recently, Chow and co-workers reported the 

modulation of the sensing performance as a function of the presence of organic 

solvent. They demonstrated, both theoretically and experimentally, that the 

solvent composition has a strong influence on the partitioning of a molecule 

across the sensor and the solvent interface.(136) 

In order to demonstrate the versatility of this kind of chemiresistors, in 

2014 Chow, Raguse and co-workers showed that nanoparticle films are capable 

of being used as chemically sensitive, active (i.e. transistor-like) 

components.(137) They described a general method to modulate the source-

drain resistance of a functionalized metal NP film in an aqueous electrolyte 

solution, through application of a gate potential in combination with hydrophobic 

gate ions. 

More recently, Zhong and co-workers developed a flexible sweat sensor 

based on a novel class of nanoparticle-nanofibrous membranes. They have 

proven its great capabilities for ion detection in solutions with dissolved salts 

and changes in the relative humidity in the atmosphere.(138) Besides, they 
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showed promising potentials for applications of the flexible nanocomposite 

scaffolds in wearable sweat sensors by detecting changes in sweating and 

perspiration of individuals before and after exercises.  

3.4.2. Pursuing selectivity when sensing in liquid media 

As for vapor sensors, selectivity has also been a crucial parameter to be 

controlled when sensing in liquid media. For example, the selectivity of AuNPs 

functionalized with mixtures of 1-hexanethiol and 4-mercaptophenol was 

investigated for toluene, hexane, dichloromethane and ethanol in aqueous 

solution.(139) 1-Hexanethiol-coated AuNPs were selective towards non-polar 

analytes whereas the selectivity was reduced upon increasing the composition 

of 4-mercaptophenol on the surface. It was also shown that the selectivity to 

ethanol could be enhanced 3-fold by using a sensor that was functionalized with 

a mixture of 60% 1-hexanethiol and 40% 4-mercaptophenol compared to a 

sensor functionalized with pure thiols only. 

 

Figure 13. (a-b) Schematic representation of the solid-state sensors consisted of a film of 

striped-patterned AuNPs. (c) Ohmic current density versus applied field, j–E, and 

dependencies for a film of striped HT/EG3 Au NPs before exposure to cations (black circles) 

and after exposure to cations (coloured circles). In the graph on the left, the conductance of 
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the films is virtually unchanged after immersion in a 1 mM solution of Zn2+ (green circles). In 

the graph on the right, immersion of the same film in a 1 mM solution of CH3Hg+ (red circles) 

results in a marked change in the conductance (note the difference in the j ranges in the two 

plots). Adapted with permission from reference (140). Copyright 2012 Nature Publishing 

Group. 

Another interesting application of such concepts consists in the 

fabrication of ion sensing devices. In 2012, Stellacci and co-workers reported 

that 3D (multi-layered) films of AuNPs were employed for the quantitative and 

selective detection of toxic CH3Hg+ ions in water with attomolar detection 

limit.(140) These outstanding sensitivities were achieved by using AuNPs 

functionalized with a mixture of hexanethiol (HT) and alkanethiols terminated 

with n = 1, 2 or 3 ethylene glycol (EG) units. This self-assembled monolayer 

covering the nanoparticles form striped-like domains that generate 

supramolecular pockets capable of selectively bind the targeted ions. Upon 

binding event, the tunnelling current through the film changes dramatically. The 

generation of a percolative path for the charge carriers to travel across the 

electrodes results in an increased current output, proportional to the number of 

ions absorbed (Figure 13). The authors showed the universality of the device, 

the selectivity of the solid-state sensor was tuned by varying the number of 

ethylene glycol units forming the ligand shell, showing that HT/EG3 mixed SAM 

can detect CH3Hg+ ions with a limit of detection (LOD) of » 1 aM, HT/EG2 mixed 

SAM can detect Cd2+ ions down to concentrations of » 1 pM, while HT/EG1 

mixed SAM can detect concentrations of » 1 mM of Zn2+ ions.(140)  

On the other hand, polar molecular bridges such as peptides can be also 

used to bind charged analytes such as ions, increasing the conductance of the 

system.(141, 142) By preparing contact electrodes using a head-to-head 

pyridine dimer, Nishino and co-workers have shown that the coordination of a 

single metal ion such as Zn2+ can lead to a facilitated electron transfer in 

sandwich-type molecular-junctions.(143) Yang and co-workers proposed an 

ultrasensitive device to detect Cu2+ ions based on a network of core-satellite 

AuNPs (45 nm and 13 nm in diameter respectively) functionalized with L-

cysteine.(144) This amino acid can bind copper ions via coordination through 

its carboxyl and amine groups. The chelation of copper ions forms AuNP/L-



 

33 
 

cysteine/Cu2+/L-cysteine/AuNP molecular junctions resulting in a significant 

increase of the tunnelling current across the network. The use of core-satellite 

AuNPs allowed the authors to produce a reproducible heterogeneity within the 

film. 

The very same hybrid structure could be employed to detect chiral 

species, by exploiting the favourable interaction between the L-cysteine and D-

carnitine.(145) It was observed that within the nanojunctions, L/D-carnitine 

could interact with the core-L-cysteine functionalized AuNPs, making the 

nanojunctions highly resistive to the tunnelling current. When L/D-carnitine is 

replaced by copper ions, the nanojunctions become more conductive. The Cu2+ 

displacement depends on the binding strength of each molecule, and since the 

interaction between heterochiral molecules (L-cysteine/D-carnitine) is stronger 

than that between homochiral molecules (L-cysteine/L-carnitine), the rate of 

displacement within the film after exposure to copper ions can be measured and 

used to perform chiral recognition. As in other chemiresistors, the change in 

resistance is amplified due to a large number of tunnelling junctions. 

The combination of the sensitivity of NPs-based chemiresistors with the 

selectivity of antibodies (Ab) would represent an excellent alliance. The simplest 

way to achieve it would be by fabricating films of NPs interconnected by Abs. 

Unfortunately, antibodies are conformationally large proteins so the film would 

be highly resistive due to a very large inter-NPs distance, such that the 

recognition of the analyte would have little or no impact on the film resistance. 

To overcome this obstacle, Gooding and co-workers designed a smart 

displacement assay within the NP film.(146) They have used gold-coated 

magnetic nanoparticles (Au@MNPs) functionalized with the analyte, 

enrofloxacin (a veterinarian antibiotic) and subsequently with anti-enrofloxacin 

IgM antibodies (Ab-Au@MNPs). The use of magnetic nanoparticles allowed the 

authors to create the NPs film by the magnetically driven assembly, without the 

need of any alkanedithiol, that is expected to have high resistance, due to the 

high distance between NPs. If these Ab-Au@MNPs are previously exposed to 

a solution containing enrofloxacin, a competition of the Ab between the free and 

the surface-bound enrofloxacin will take place. Therefore, some of the 

antibodies will detach from the Au@MNPs surface, and when the film is now 
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fabricated will give rise to a lower resistance because the smaller distance 

between NPs (Figure 14).(146) 

 

Figure 14. (a) Schematic representation of the Ab-Au@MNPs. When placing into a sample 

solution that contains enrofloxacin, some of the antibodies dissociate from the Ab-Au@MNPs 

to bind the solution free enrofloxacin. (b) Representation of the NPs film magnetically 

assembled consisted of Ab-Au@MNPs between two interdigitated electrodes. Such films have 

high resistance. After exposure to the solution sample and dissociation of antibodies, some 

particles in the NPs film can approach each other more closely, decreasing the resistance of 

the film. (c) Plot of measured resistance versus the concentration of enrofloxacin used. A 

detection limit of 0.28 fM was seen with this Au@MNP biochemiresistor sensor system. 

Adapted from reference (146) with permission from Wiley-VHC. 

Mulchandani and co-workers reported the highly selective toxic Cr4+ ion 

detection in drinking water by using a reduced graphene oxide (rGO) chemiresistor 

and 1,4-dithiothreitol (DTT) functionalized AuNPs.(147) The detection strategy is 

based on the selective binding between DTT functionalized AuNPs1 located in rGO 

conductive channels and DTT functionalized AuNPs2 in solution through the formation 

of disulfides induced by Cr4+ at acidic condition, which results in complexation of DTT 

functionalized AuNPs2 on the rGO channels producing a readily measurable resistance 

change.  

AuNPs are therefore the most popular scaffolds which are highly suitable 

for being integrated in chemiresistor for sensing in liquid media. Surprisingly, to 

the best of our knowledge, only one work can be found in the literature on the 

integration of AgNPs in chemiresistor for sensing compounds in liquid media. 
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Such work was recently published by Ho and co-workers by describing a new 

AgNPs microfluidic paper-based analytical device (Ag-µPAD) chemiresistor for 

nitrite ions detection in environmental analysis. They used AgNPs to create an 

ink by photonic sintering and then they functionalized it with naphthylenediamine 

(NED) which acts as a receptor molecule. Sensing of nitrite ions is based on 

traditional a Griess reaction where in the presence of sulphanilamide(SA) there 

is a coupling reaction of the diazonium ion and the diamine to form an azo 

product and hence an increase in the resistance of the film is triggered.(148) 

The chemical sensing field would benefit of more sensitive readouts, and 

in this line, a promising approach has been recently reported by Grzybowski 

and co-workers.(149) The authors have created chemoelectronic circuits using 

ligand-stabilized AuNPs, which act as building blocks for both: analyte sensing 

and information processing. Such result was obtained by establishing the basic 

parameters that control the characteristics of AuNP-based diodes, and also, 

showing that the sensibility can be tune by varying the organic ligands that 

constituted the NP-stabilizing monolayer.  
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Analyte(s) Receptor molecules Sensitivity Interferences Reference 

CH3Hg+, Cd2+,or 

Zn2+  

Mixtures of hexanethiol and 

alkanethiols terminated with 

n=1,2, ot 3 ethylene glicol units 

LOD: 1aM, 

1pM or 

1mM  

Zn2+, K+, Na+, Cd2+, Ti+, 

Ca2+, Cu2+, Ni2+, Co2+, 

Pb2+, Ag+, CH3Zn+, Hg2+, 

Cs+, CH3Hg+, Cs+ 

(140) 

Zn2+ 4-mercaptopyridine 
LOD: 50µ 

M 
Co2+, Mn2+, Na+ (143) 

Cu2+ L-cysteine 
LOD: 2 10-

16 M 

Co2+, Cd2+, Zn2+, Ca2+, 

Cu2+, Fe2+, K+, Mg2+, 

Mn2+, Na+, Ni2+, Pb2+ 

(144) 

Cr6+ 1,4-dithiothreitol 
LOD: 0.9 

nM 

Na+, K+, Ca2+, Pb2+, Zn2+, 

Ni2+, Cr3+, Fe3+, Al3+, 

Mn2+, Hg2+ 

(147) 

NO2- 
Sulphanilamide and 

naphthylethylenediamine 

LOD: 8.5 

10-11 M, 

Linear 

ranges: 1.0 

10−8 M to 

H+, Na+, K+, Ca2+, NH4+, 

F−, Cl−, Br−, BrO3−, IO3−, 

NO3−, SO32-, SO42−, 

ClO4−, C2O42−, 

(148) 
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5.0 10−6 M 

and 1.0 

10−5 M to 

3.2 10−3 M 

CH3COO−, H2PO4−, 

glucose, and EDTA 

Toluene, 

hexane, 

dichloromethane 

and ethanol 

Mixtures of 1-hexanethiol and 4-

mercaptophenol 
- - (139) 

L and D-

carnitine 
L-cysteine and Cu2+ 

LOD: 10-14 

M 
- (145) 

Enrofloxacin 

(antibiotic) 
Anti- Enrofloxacin 

LOD: 0.28 

fM, Linear 

range: 2.8 

µM-0.28 

fM 

- (146) 
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3.4.3. Towards e-tongue sensing in liquid media 

Analogously to e-noses, during the last decade mixed SAMs of different thiols 

on AuNPs surface have been used to fabricate “electronic-tongue” (150) sensor 

arrays just by changing the ratios between the different components in the 

monolayer mixture. Following this principle, and by using discriminant analysis 

Cooper and co-workers were able to distinguish between four simple alcohols 

dissolved in water.(151) Besides, this kind of sensor arrays was also used to 

discriminate between complex mixtures of organic molecules dissolved in water 

and/or seawater.(126, 151)  

Constantino and co-workers reported the synergetic combination of an 

impedimetric electronic tongue together with surface-enhanced resonance Raman 

scattering (SERRS) detection in a single sensor.(92) The authors reported the 

fabrication of LbL films of phospholipids as biological membrane mimetic systems: 

cardiolipin (CLP) or dipalmitoyl phosphatidyl glycerol (DPPG) and/or AgNPs. This e-

tongue system was able to detect the phenothiazine methylene blue (MB) exhibited 

sensibility below nanomolar concentrations by both characterization techniques. 

In the last few years, chemiresistors have been also employed for 

healthcare diagnostics.(152, 153) It is well demonstrated that when bacteria 

grow, they produce low molecular weight (MW) VOCs which are potential 

indicators of bacterial infection. In 2015, Raguse and co-workers demonstrated 

for the first time that a chemiresistor based on AuNPs is able to discriminate 

bacterial species based on metabolic changes in liquid cultures. When the 

released metabolites enter in the thiol functionalized AuNPs film they cause a 

swell of the film and hence an increase in resistance. The profile of six AuNPs 

chemiresistors functionalized with different alkanethiols was analysed after its 

exposure to the bacterial metabolites allowing the detection and discrimination 

of four different bacterial species.(153) 

In 2015, Hubble and co-workers used an automated liquid handling 

workstation to fabricate AuNP film arrays functionalizing with 132 commercially 

available organothiol compounds.(154) By using this method, they were able to 

discriminate and quantify benzene, toluene, ethylbenzene, p-xylene, and 



 

39 
 

naphthalene (BTEXN) mixtures in water at low microgram per litre concentration 

levels by using a high-throughput screening system incorporating a flow 

injection analysis (FIA) unit. 

More recently, García-Cabezón and co-workers reported an impedimetric 

electronic tongue that was able to discriminate different red wines.(155) This 

multisensor system is formed by one PEDOT:PSS sensor and two 

nanocomposites formed by layers of PEDOT:PSS and gold nanoparticles 

(PEDOT:PSS/AuNP) or layers of PEDOT:PSS and lutetium bisphthalocyanine 

(PEDOT:PSS/LuPc2). Not only AuNPs and LuPc2 improved the electrocatalytic 

properties of the layered nanocomposites but also, together with PCA analysis 

this e-tongue system, they were able to discriminate five red wines with very 

similar characteristics. 

 

4. Optical properties 

This section aims to provide a general understanding of the world of 

plasmonic properties of metal nano-objects, with a special focus on how such 

phenomena can be exploited for the realization of chemical sensing devices.  

The optical properties of metal NPs are a consequence of the interaction 

between light and the collective oscillation of free electrons on the particle’s 

surface, also known as plasmonic phenomenon. (156) If the metal clusters are 

smaller than ~2 nm the Kubo gap is too big and the particles exhibit insulating 

behaviour. In other words, the electrons are not free to move on the cluster’s 

surface, preventing the existence of surface plasmons and, therefore, of any 

optical property. On the other hand, if the particles are too big (diameter > 104 

Å) they will behave as a bulk material, exhibiting not localized surface plasmons 

and the typical high optical reflectivity of metal bulks. For this reason, the term 

“plasmonic nanoparticle” is meant to include just nano-objects featuring a size 

between ~ 2 nm and ~ 100 nm. 

Surface Plasmons are waves that propagate along the surface of a 

conductor, usually a metal. These are essentially light waves that are trapped 
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on the surface because of their interaction with the free electrons of the 

conductor.(157) Typically, there are two different SPR modes: I) propagating 

surface plasmon (PSP) at the flat dielectric−metal interfaces; and II) localized 

surface plasmon (LSP, see Figure 15) when the plasmons are highly confined 

in the surface of the colloidal nanoparticles or other nanostructures (e.g. two 

dimensional nanostructured assemblies). As for the purpose of the present 

review we will focus only on the LSP of metal NPs. 

 

Figure 15. Schematic representation of the formation of Localized Surface Plasmons (LSPs). 

The optical properties of bulk materials are characterized by their 

dielectric functions, !!(λ), which describe the material’s response to an applied 

electric field as a function of the field’s wavelength (λ). As a general rule, !! (λ) 

is a positive real number, however for non-transparent materials the dielectric 

function will be a complex number. Metals are included in the list of materials 

for which !! (λ) is complex and can thus be expressed as:  

!!	($) = !"	($) + (!#	($)                                      (Eq. 7) 

Being !"	($)	the real and	(!#	($) the imaginary part of the dielectric function. 

When an incident electromagnetic field (i.e. light) interacts with metal 

nanoparticles, it is enhanced near to the surface of the metal nanoparticles (e.g. near 

field enhancement) and its exact magnitude can be determined by solving Maxwell’s 

equations. However, it is not always trivial and some approximations are needed, so 

one useful approximation scheme that has been widely used in the literature is the so-

called electrostatic approximation.(158) This approximation is commonly employed in 

the study of the optical properties of NPs because it works well when the dimensions 
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of the irradiated object are much smaller (at least one or two orders of magnitude) than 

the wavelength of the incident field. Under this condition it can be proved that, the 

incident electric field induces the oscillation of the free electrons at the metal surface 

creating an electric dipole p proportional to: 

) ∝ 	 $!	('))$"$!	(')*#$"
                                                  (Eq. 8) 

Where εd is the dielectric function of the surrounding medium. 

The largest value of p is achieved when !!	($)= -2!+ (resonance condition). In 

the case of metals, as !!	($) is a complex function, the magnitude of p will only be 

limited by (!#	($). As long as !"	($)= -2!+, the smaller (!#	($), the stronger will be the 

p. 

The LSPs on the particle’s surface oscillate at a certain frequency and 

can resonate with light leading to an optical extinction spectrum that has a 

maximum corresponding to the LSPR frequency, which, for the noble metals 

copper, silver, and gold, occurs in the visible and near-infrared range of the 

electromagnetic spectrum.(159) The extinction cross-section given by LSPR in 

metal nanoparticles was described for the first time in details by Mie in 1908 as 

a combination of absorption and scattering:(160, 161)  

	+,-. 	= 	+/01 −	+.2,                                             (Eq. 9) 

+/01 and +.2, can be calculated as: 

+/01 	= 	18/ 	3
' 	!+

4 #5 	 $#
($$*#$")#*$##

                                  (Eq. 10) 

+.2, 	= 	144/6 	3#'% 	!+
# 	 ($$)$")#*$##($$*#$")#*$##

                                 (Eq. 11) 

Where V is the volume of a NP. 

The one reported above is a simplified version of the Mie model that 

considers just the dipolar contributions inside the particles, considering as 

negligible all the superior orders. Such approximation is valid just for small 

spherical particles featuring a diameter < 20 nm. From this model, it implies that 
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the nanoparticles’ size, shape, surface coating, and dielectric environments as 

well as the interaction between nanoparticles and other chemical entities can 

influence the oscillations and, therefore, these events can be transformed into 

the LSPR spectral change.(162) 

4.1. Optical sensors 

This extraordinary plasmonic phenomenon have given rise to a rapidly 

developing field of optical nanosensors, where the introduction of target 

analytes or ions can induce the LSPR shift of plasmonic nanoparticles (in 

solution or deposited into a solid platform) and may be accompanied by a visual 

colour change. (163-165)  

In the initial optical plasmonic sensors the sensibility of the LSPR to 

changes in the dielectric environment (refractive index sensors) and to the 

interaction with other chemical entities (molecular sensors) was exploited. In 

these cases the colloidal stability is not compromised, and hence minor visual 

colour changes are expected. The simplest and more immediate way to exploit 

LSPR-active particles is to detect changes in the bulk refractive index of their 

environment through the shift in the LSPR wavelength band. Such 

measurements are typically performed by acquiring UV-Vis extinction spectra 

on dense nanoparticle films immobilized on a transparent substrate. As 

expected from the Drude model and from the more precise Mie approximation 

reported above, by changing the medium e.g. the solvent in which the metal 

NPs films are immersed, the LSPR peak wavelength shift linearly with the bulk 

refractive index of the medium. (166-168) For example, Akamatsu and co-

workers reported the fabrication of a sensor based on gold nanoparticles 

core−satellite nanostructures immobilized on glass substrates. They explored 

their optical properties and demonstrated its high sensing capabilities towards 

vapor and changes in the refractive index of the medium. (167) The use of metal 

nanostructure to detect changes in the bulk refractive index is extremely 

straightforward but does not fully exploit the potential given by the strong 

confinement of the near field surrounding the nanoparticles. Indeed, since the 

evanescent near field of the LSPR decays completely within a few nanometers, 

such systems are extremely powerful to probe nanoscale regions around the 
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particles. The highly localized sensing volume allows observing molecular 

interactions near the particle’s surface as a result of the modification in the local 

refractive index.(163) During the last decade, metal nanoparticles have become 

one of the most exploited scaffolds for the realization of (bio)chemical sensors. 

In particular, such an approach has been successfully applied for the direct 

detection and quantification of serum albumin,(169) antibodies,(170, 171) 

insulin(172), hormones(173), amino acids(174) and even explosives.(175)  

Another interesting application for the LSPR of metal nanoparticles consists of 

the so-called “colorimetric sensing” where detection of specific analytes triggers 

a huge visual colour changes. Chen and co-workers (176) recently classified 

plasmonic colorimetric sensors according to four categories: I) aggregation-

based sensors, II) etching-, III) growth-, and IV) nanozyme-based sensors.  

I) The most widely used sensing strategy is aggregation-based sensor 

which relies on the great LSPR wavelength shift due to the Localized Surface 

Plasmon coupling caused by the aggregation of NPs in solution. In the presence 

of the proper analyte the assembly of the NPs can be triggered by i) the 

complexation between the analyte and the capping agents of the NPs, or by ii) 

the change of capping agent length or structure on the metal NPs surface and 

hence producing the destabilization of the NPs. Both processes cause a strong 

and evident change of colour from red to blue (AuNPs) or from yellow to red 

(AgNPs). Alternatively, any binding event that breaks down a NP conglomerate 

or that avoids the assembly formation can be also a target analyte because in 

this particular case the visual colour change is the opposite as mentioned 

above. By mastering this approach it is possible to achieve limit of detection 

down to the nanomolar (Figure 16). (177) One of the greatest advantages of 

such approach is that the detection process can be performed just by mixing the 

NPs with complex matrices of different analytes in solution because if smartly 

engineered, capping agents can form complexes in a very selective way with 

the molecule of interest. The colour change can be visually detected by the 

naked eye and neither expensive nor electrically powered sophisticated 

instrumentations are required.  
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Figure 16. Schematic representation of the working principle of colorimetric chemical sensors 

based on the Localized Surface Plasmon Resonance of AuNPs. 

Differently, Samorì and co-workers reported a straightforward approach 

for the fabrication of a colorimetric humidity sensor based on 2D networks of 

gold nanoparticles, interconnected with hygroscopic organic linkers.(165) In the 

presence of humidity the hygroscopic network swells, thereby increasing the 

interparticle distance. By controlling the humidity level, it was possible to tune 

the interparticle distance to reversibly trigger plasmon coupling collectively over 

several millimeters. 

II) Generally speaking, an etching colorimetric sensor is based on 

monitoring a colour modification due to the change in shape or in size of 

nanomaterials after their exposure to an analyte containing solution. This 

strategy has been extensively applied for Au nanorods(178) but also for Au 

nanospheres.(179) A nice approach employing Au@Ag core@shell NPs in 

combination with dithiothreitol (DTT) has been develop for the detection of Hg2+ 

ions. (179) DTT molecules first absorb onto the surfaces of Ag shells via sulphur 

atoms to initiate silver sulfidation and loss their thiol proton; on the other hand, 

the thiol-adsorbed silver was oxidized to Ag+ by O2 gas (from the air) with the 

assistance of H+. Therefore, in the absence of Hg2+ ions, DTT promotes the 

etching of the Ag shell, but when Hg2+ ions are present they form complexes 

with DTT and hence avoid the silver etching. 

III) The growth colorimetric sensors are based on the influence of the 

target analyte into the NPs growth either by interacting with the NPs or the 

reducing agent. The presence of the analyte during the NPs growth will 
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determine its final size, shape and hence its optical properties. This strategy has 

been used for the sensing of metal ions,(180) small molecules,(181) proteins 

and DNA.(182) 

Although this Review focuses on nanospheres, the outstanding research 

endeavour by Stevens and co-workers using nanostars is worth being 

highlighted.(183) Such work relies on the use of Au nanostars as nanosensor, 

and by controlling the crystal growth kinetics of Ag coating onto these Au 

nanostars promoted by an enzyme (glucose oxidase, GOx) the authors are 

capable to modify the plasmonics of the system generating a measurable signal. 

Interestingly, such experiment displayed the phenomenon of inverse sensitivity 

by which the signal obtained is larger when the target molecule is less 

concentrated, being possible because of the signal-generation mechanism 

(Figure 17). 

 

Figure 17. Scheme of the proposed signal-generation mechanism by means of enzyme-

guided crystal growth. GOx generates H2O2, which reduces Ag+ ions to grow a silver coating 

around plasmonic nanosensors (gold nanostars); (i) at low concentrations of GOx the 

nucleation rate is slow, which favours the growth of a conformal silver coating that induces a 

large blueshift in the LSPR of the nanosensors; (II) when GOx is present at high 

concentrations, the fast crystal growth conditions stimulate the nucleation of silver 

nanocrystals and less silver is deposit on the nanosensors, therefore generating a smaller 

variation of the LSPR. Adapted with permission from reference (183) Copyright 2012 Nature 

Publishing Group. 
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IV) A more recent kind of plasmonic colorimetric biosensor is based on 

the lately discovered enzyme-mimetic activity of AuNPs. AuNPs possess 

peroxide-like activity because they can catalyse the oxidation of a chromophore 

(3,3’,5,5’-tetramethylbenzidine, TMB) in the presence of H2O2.(184) This 

enzyme-like behaviour is enhanced in the presence of Hg2+ ions due to the 

formation of Au-Hg amalgam on the AuNPs surface. Therefore, this system can 

be used to detect Hg2+ ions with high specificity. 

Compared with natural enzymes, artificial AuNP enzymes have several 

advantages, such as high stability against denaturing, easy synthesis, and facile 

storage. AuNPs with different surface modifications have not only peroxidase-

like activity but also glucose oxidase,(185) superoxidase dismutase(186) and 

catalase-like activity.(187) 

 

4.1.1. Colorimetric ion sensors 

All of the above-mentioned characteristics made metal NPs sensor 

particularly appealing for the in-situ detection of toxic metal ions in water 

samples. One of the first examples in this field was reported by Chen and co-

workers with the selective detection of micromolar concentration of K+ ions in 

complex matrices including Li+, Cs+, NH4+, Mg2+, Ca2+ and excess of Na+ using 

AuNPs functionalized with 15-crown-5 moieties.(188)  

For heavy metals, which pose significant public health hazards, the 

tolerated concentrations of their cations in water are significantly lower and the 

systems must be properly engineered to meet the requirements. In 2009, Ray 

and co-workers developed a colorimetric sensor to detect the presence of As3+ 

ions in groundwater with a detection limit of 5 ppb by using glutathione, 

dithiothreitol, and cysteine, exploiting the strong affinity of the targeted ions with 

sulphur-containing groups.(189) This sensitivity was improved in 2014 by Zhou 

and co-workers reaching a detection limit of 1.26 ppb using ad-hoc aptamers to 

induce the aggregation of AuNPs in the presence of As3+.(190) 
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Along this line, Chen and co-workers reported a colorimetric detection 

system able to perform mercury speciation analysis.(191) They used two main 

components to develop the sensing system: citrate-stabilized AuNPs and the 

ligand diethyldithiocarbamate (DDTC) which form a stable complex with Cu2+ 

ions. In the presence of mercury ions, they replaced the copper ions from the 

DDTC complex-forming new Hg-DDTC complexes that have free sulfur atoms. 

These sulfur atoms can replace the citrate molecules from the surface of the 

AuNPs leading to the NPs aggregation. The additional use of 

ethylenediaminetetraacetic acid (EDTA) as masking agent permitted the 

detection of three organic mercury species (methyl, ethyl and phenyl mercury) 

in the presence of inorganic Hg2+ ions. More recently, Liu and co-workers 

achieved a picomolar sensitivity in Hg2+ ions detection by using oligonucleotides 

modified AuNPs.(192) These A NPs were fixed on a glass slide and can bound 

to free AuNPs in the solution in the presence of Hg2+ because of oligonucleotide 

hybridization. The hybridation of DNA strands is mediated by the presence of 

Hg2+ ions and followed by using dark-field microscopy (Figure 18). 

 

Figure 18. Scheme of Hg2+ sensor at the single-particle level with darkfield microscopy. 

Adapted with permission from reference (192). Copyright 2016 American Chemical Society. 

A different sensing strategy of Hg2+ ions where picomolar sensitivity is 

also achieved was developed by Chakraborty and co-workers.(193) In this work 

the authors synthesized AgNP functionalized with different 

mercaptobenzoheterocyclic compounds. Hg2+ ions have a double role: i) it can 

interact with thiol-derivated ligands triggering its detachment of the metallic 

surface and hence leaving patches of exposed surface of silver; and ii) it can 

undergo a redox reaction involving Ag(0) and Hg2+ which leads to formation of 
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a Ag-Hg nanoally. Both together these mechanisms lead to the nanoparticles 

aggregation. 

During the last decade many similar approaches have been reported for 

the detection of not only Hg2+,(194) but also other cations (see Table 3) such as 

K+, As3+, Pb2+, Cu2+, Cr3+/Cr6+,Cd2+, Ca2+, Ba2+, Co2+, Mg2+, Ag+, Fe3+, Zn2+, Al3+ 

and for different anions such as NO2-, F-, CN-, PFAS, OCl-, I-, SO32-, S2-or SO42-

.  
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Ion Receptor molecules Sensitivity Interferences 
Type of 

colorimetric 
detection 

Reference 

K+ 

Crown ether 

LOD: 7.6 μM, 

linear range: 7.6 

μM−0.14 mM 

Li+, Na+, Cs+, 

Mg2+, Ca2+ , 

NH4+ 

Aggregation-

based 
(188) 

Aptamer 

LOD of 71.6 pM, 

linear range: 

60–120 nM 

Li+, Na+, Mg2+, 

Ca2+, Fe3+, Cu+, 

Zn2 + 

Aggregation-

based 
(195) 

Crown ether 

LOD of 5.24 

µM, linear 

range: 0–200 

μM 

Li+, Na+, Mg2+, 

Ca2+, Ba2+, 

Mn2+, Fe3+, 

Co2+, Ni2+, Cu2+, 

Zn2+, Al3+, Pb2+, 

NH4+, PO43−, 

SO42−, CO32- 

Aggregation-

based 
(196) 
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As3+/ AsO3
3-

/AsO4
3- 

Glutathione(GSH), DTT, and 

cysteine (Cys) 

LOD: 3 ppt, 

linear range: 0 

ppt to 450 ppt 

Fe2+, Cu2+, 

Zn2+, Hg2+, Pb2+ 

Aggregation-

based 
(189) 

Aptamer and a cationic polymer LOD: 5.3 ppb 

Mg2+, Ca2+, 

Mn2+, Fe2+, 

Fe3+, Ni2+, 

Cu2+,Ag+, Zn2+, 

Cd2+, Hg2+, 

Pb2+, As5+ 

Aggregation-

based 
(197) 

Tetradecyl (trihexyl) phosphonium 

chloride ionic liquid 
LOD: 7.5 μg L−1 

Na+, K+, Mg2+, 

Ca2+, Cr3+, 

Mn2+, Fe3+, Ni2+, 

Zn2+, Cd2+, 

Hg2+, Al3+, Pb2+, 

SO42-, CO32-, 

PO43-, NO2-, 

SiO32 

Aggregation-

based 
(198) 
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Lauryl sulphate (LS) 

LOD: 2 μgL−1, 

linear range: 5–

500 μg L−1 

Na+, K+, Mg2+, 

Ca2+, Ba2+, Cr3+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Hg2+, Al3+, 

Pb2+ 

Aggregation-

based 
(199) 

Citrate 

LOD: 1.8 ppb, 

linear range: 4-

100 ppb 

Na+, K+, Mg2+, 

Ca2+, Cr3+, 

Mn2+, Fe2+, 

Fe3+, Ni2+, Cu2+, 

Zn2+, Cd2+, 

Hg2+, Pb2+ 

Aggregation-

based 
(200) 

GSH, DTT and Asparagine (Asn) 

LOD: 0.36 ppb, 

linear range: 

0.4-20 ppb 

Na+, K+, Mg2+, 

Ca2+, Ba2+, Cr3+, 

Fe2+, Fe3+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Hg2+, Al3+, 

Pb2+ 

Aggregation-

based 
(201) 
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Poly(ethylene glycol) methyl 

etherthiol (mPEG-SH) and meso-

2,3-dimercaptosuccinic acid 

(DMSA) 

LOD: ∼1.0 ppb, 

linear range: 

0.001−10 ppm 

Na+, K+, Ca2+, 

Cr3+, Fe3+, Cu2+, 

Cd2+, Hg2+, Pb2+ 

Aggregation-

based 
(202) 

Mercapto-4-methyl-5-thiazoleacetic 

acid and europium 

LOD: ≤10.0 

ppb, linear 

range: 0.001-10 

ppm 

Na+, K+, Mg2+, 

Ca2+, Cr3+, Fe3+, 

Cu2+, Cd2+, 

Hg2+, Pb2+, F- 

Aggregation-

based 
(203) 

Hg2+ 

DDTC 

LOD: 10 nM, 

linear range: 

0.01 to 1.5 μM 

Mg2+, Ba2+, 

Mn2+, Co2+, Ag+, 

Zn2+, Cd2+, Pb2+ 

Aggregation-

based 
(191) 

Cys 

LOD: 2.6 nM, 

linear range: 

0.001–1 μM 

Ca2+, Mn2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Al3+, Pb2+ 

Aggregation-

based 
(204) 

8-hydroxyquinolines and oxalates 

LOD: 10 nM, 

linear range: 10 

nM to 100 mM 

Na+, K+, Mg2+, 

Ca2+, Ba2+, Cr3+, 

Cr6+, Fe3+, Co2+, 

Ni2+, Cu2+, Zn2+, 

Aggregation-

based 
(205) 
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Cd2+, Al3+, Pb2+, 

Cl-, NO3-, SO42-, 

PO43- 

Lysine (Lys) 

LOD: 2.9 nM, 

linear range: 1 

nM to 1 μM 

Na+, K+, Ca2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Ag+, Zn2+, 

Cd2+, Al3+, Pb2+ 

Aggregation-

based 
(206) 

Oligonucleotides 

LOD: 50 nM, 

linear range: 

25−750 nM 

Ca2+, Cr3+, 

Mn2+, Co2+, 

Ni2+, Cu2+, Zn2+, 

Cd2+, Al3+, Pb2+ 

Aggregation-

based 
(207) 

Oligonucleotides 

LOD: 1.4 pM, 

linear range: 

0.005−25.0 nM 

K+, Ca2+, Mn2+, 

Fe2+, Co2+, Ni2+, 

Ag+, Zn2+, Cd2+, 

Al3+, Pb2+ 

Aggregation-

based 
(192) 

Glutamine and histidine 

LOD: 0.90 μM, 

linear range: 

1.0–500 μM 

Na+, K+, Mg2+, 

Ca2+, Cr3+, 

Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, 

Aggregation-

based 
(208) 
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Cu2+, Zn2+, 

Cd2+, Al3+, Pb2+ 

Catalytic reaction of 3,3′,5,5′-

tetramethylbenzidine (TMB) and 

H2O2 

LOD: 30 μg L−1, 

linear range: 0.1 

and 200 ng 

Na+, Ca2+, Mn2+, 

Fe2+, Fe3+, 

Co2+, Ni2+, Cu2+, 

Ag+, Zn2+, Cd2+, 

Pb2+, As3+, 

Sb3+, Bi3+ 

Enzyme-

mimetic-

based 

(209) 

Catalytic reaction of 3,3′,5,5′-

tetramethylbenzidine (TMB) and 

H2O2 

LOD: 0.07nM, 

linear range: 

0.1–5 nM 

Zr4+, Cr3+, Cr6+, 

Fe2+, Co2+, 

Cd2+, Sn4+, 

Pb2+, La3+, Ce3+ 

Enzyme-

mimetic-

based 

(184) 

Chitosan and 2,6-

pyridinedicarboxylic acid (PDA) 

Linear range: 

300 nM to 5 μM 

Li+, Na+, K+, 

Mg2+, Ca2+, 

Sr2+, Fe2+, Fe3+, 

Co2+, Ni2+, Cu2+, 

Ag+, Zn2+, Cd2+, 

Al3+, Pb2+ 

Aggregation-

based 
(210) 
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Citrate and iodide 

LOD: 0.037 nM, 

linear range: 0.1 

nM to 70 nM 

Sr2+, Cr2+, 

Mn2+,Fe3+, Co2+, 

Ni2+, Zn2+, Cd2+, 

Sn4+, Pb2+ 

Aggregation-

based 
(211) 

Citrate and multi-sulfhydryl 

functionalized hyperbranched 

polyethylenimine (SH-HPEI) 

LOD: 8.76 nM, 

linear range: 

8.76 nM to 

0.127 mM 

Na+, Cs+, Mg2+, 

Sr2+, Ba2+, 

Mn2+, Co2+, 

Ni2+, Ag+, Cu2+, 

Cd2+ 

Aggregation-

based 
(212) 

2-Mercaptobenzoxazole, 2-

mercaptobenzimidazole, 2-

mercaptobenzothiazole 

LOD: 1.8 ppt 

/9.2 pM, linear 

range: 0-88 ppt 

Na+, Mg2+, Ba2+, 

Mn2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Al3+, Pb2+ 

Aggregation-

based 
(193) 

Thioglycolic acid 

LOD: 1nM, 

linear range: 

1.2–10.0 nM 

Mg2+, Ca2+, 

Cr3+, Mn2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Al3+, Sn2+, 

Aggregation-

based 
(213) 
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Pb2+, As3+, As5+, 

Sb3+, Sb5+ 

Agar 

LOD: 78 nM, 

linear range:1.0 

× 10−7 to 1.0 × 

10−6 M 

K+, Mg2+, Ca2+, 

Ba2+, Cr3+, 

Mn2+, Co2+, 

Ni2+, Cu2+, Ag+, 

Zn2+, Cd2+ 

Etching-

based 
(179) 

Aptamer 

LOD: 0.2 ppb, 

linear range: 1–

5000 nM 

K+, Mg2+, Mn2+, 

Fe3+, Ni2+, Cu2+, 

Zn2+, Cd2+, Al3+, 

Pb2+, As3+ 

Aggregation-

based 
(214) 

Chitosan 

LOD: 0.275 nM, 

linear range: 0–

500 nM 

Li+, Na+, K+, 

Mg2+, Ca2+, 

Cr3+, Mn2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Ag+, Zn2+, 

Cd2+, Pb2+, As3+ 

Aggregation-

based 
(215) 
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Pb2+ 

GSH 

LOD: 100 nM, 

linear range: 0.1 

to 50 μM 

Mg2+, Ca2+, 

Ba2+, Cr3+, 

Mn2+, Fe2+, 

Co2+, Ni2+, Cu2+, 

Zn2+, Cd2+, Hg2+ 

Aggregation-

based 
(216) 

Gallic acid 

LOD: 10 nM, 

linear range: 

10–1000 nM 

Li+, Na+, K+, 

Mg2+, Ca2+, 

Sr2+, Ba2+, 

Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Au3+, 

Zn2+, Cd2+, Hg2+ 

Aggregation-

based 
(217) 

Thiosulfate (S2O32−) and 4- 

mercaptobutanol (4-MB) 

LOD: 0.2 nM, 

linear range: 

0.5-10 nM 

Li+, Na+, K+, 

Mg2+, Ca2+, 

Sr2+, Ba2+, Cr3+, 

Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, 

Pd2+, Pt2+, Cu2+, 

Ag+, Au3+, Zn2+, 

Cd2+, Hg2+ 

Aggregation-

based 
(218) 
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GSH and pentapeptide (CALNN) 

LOD: 2.9 fmol 

per cell, linear 

range: 2.9 to 

37.7 fmol per 

cell 

Na+, K+, Mg2+, 

Ca2+, Ba2+, 

Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Hg2+, Al3+ 

Aggregation-

based 
(219) 

Dithiocarbamate derivative of 4′-

aminobenzo-18-crown-6 

LOD: 50 nM, 

linear range:  

0.1 to 75 μM 

Na+, K+, Mg2+, 

Ca2+, Ba2+, Cr3+, 

Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Hg2+, Al3+ 

Aggregation-

based 
(220) 

GSH 

LOD: 0.05 nM, 

linear range:  

2.40–48.26 nM 

Mg2+, Ca2+, 

Cr2+, Mn2+, 

Fe2+, Ni2+, Cd2+, 

Hg2+ 

Aggregation-

based 
(221) 

DNA strands 

LOD: 3.4 nM, 

linear range: 0-

100 nM 

Mg2+, Ca2+, 

Mn2+, Fe3+, 

Aggregation-

based 
(222) 
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Co2+, Ni2+, Cu2+, 

Zn2+, Cd2+ 

DNA strands 

LOD: 2 

nmol/L/0.4 ppb, 

linear range: 2 

to 1000 nmol/L 

(about 0.4–200 

ppb) 

Mg2+, Mn2+, 

Co2+, Ni2+, Cu2+, 

Zn2+, Cd2+, Hg2+ 

Aggregation-

based 
(223) 

Maleic acid 

LOD: 0.5 μg 

L−1, linear 

range: 0.0–10.0 

mgL-1 

Mg2+, Mn2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Hg2+, As3+ 

Aggregation-

based 
(224) 

DNA strand 

LOD: 20 pM, 

linear range: 

0.05 to 5 nM 

Mg2+, Ca2+, 

Fe2+, Co2+, 

Cu2+, Zn2+, 

Hg2+, Sn2+ 

Aggregation-

based 
(225) 
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GSH 

LOD: 13 nM, 

linear range: 

0.03−2μM 

Li+, Na+, K+, 

Ca2+, Fe3+, 

Cu2+, Ag+, Zn2+, 

Cd2+, Hg2+, Ce+, 

CH3NH3+, 

CH(NH2)2+, F−, 

Cl−, Br−, I−, Ac− 

Aggregation-

based 
(226) 

Valine (Val) 

LOD: 30.5 μM, 

linear range: 0-

100 ppm 

Ba2+, Cr3+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Hg2+, 

Pb2+, As3+, Sb3+ 

Aggregation-

based 
(227) 

Aptamer 

LOD: 98.7 pM, 

linear range: 

0.01 nM to 1 μM 

Ca2+, Ni2+, Cu2+, 

Zn2+, Cd2+, Hg2+ 

Aggregation-

based 
(228) 

Cu2+ DA 

LOD: 0.05 μM, 

linear 

range:0.05–

8μM /3.2–512 

ppb 

Li+, Na+, K+, 

Mg2+, Ca2+, 

Sr2+, Ba2+, Cr6+, 

Fe2+, Fe3+, 

Co2+, Ni2+, Zn2+, 

Growth-

based 
(229) 
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Cd2+, Hg2+, Al3+, 

Pb2+ 

S2O32- 

LOD: 1.0 nM, 

linear range: 5–

800 nM 

Li+, Na+, K+, 

Mg2+, Ca2+, 

Cr3+, Mn2+, 

Co2+, Ni2+, Ag+, 

Zn2+, Cd2+, 

Hg2+, Al3+, Pb2+ 

Etching-

based 
(230) 

Homocysteine and DTT 

LOD: 7.8 nM or 

0.5 μg L−1, 

linear range: 

7.8–62.8 μM 

Na+, K+, Mg2+, 

Ca2+, Mn2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Hg2+, 

Pb2+, As3+ 

Aggregation-

based 
(231) 

CTAB and S2O32- 

LOD: 2.7 nM, 

linear range: 7-

50 nM 

Li+, Na+, K+, 

Mg2+, Cr3+, 

Mn2+, Fe3+, 

Co2+, Ni2+, Ag+, 

Zn2+, Cd2+, 

Hg2+, Al3+, Pb2+, 

Etching-

based 
(232) 
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As5+, 

NO3−,SO42−, 

ClO4−, NO2− 

L-cys 

LOD: 2.23 μM, 

linear range: 

30-90 μM 

Mg2+, Ca2+, 

Mn2+, Zn2+ 

Aggregation-

based 
(233) 

DA 

LOD: 9.8 nM, 

linear range: 

0.02-1.5 μM 

Na+, Mg2+, Ca2+, 

Cr3+, Cr6+, Fe3+, 

Co2+, Ni2+, Zn2+, 

Cd2+, Hg2+, Pb2+ 

Aggregation-

based 
(234) 

Cr3+/ Cr6+ 
Dithiocarbamate-modified N-benzyl-

4-(pyridin-4-ylmethyl)aniline ligand 

(BP-DTC) 

LOD: 31 ppb, 

linear ranges: 

0– 4× 10−1 M 

and 4–8 × 10−1 

M 

Mo5+, W6+, 

Mn2+, Fe3+, 

Co2+, Ni2+, Pt4+, 

Cu2+, Zn2+, 

Hg2+, Pb2+, 

Cr2O72− 

Aggregation-

based 
(235) 
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Meso-2,3-Dimercaptosuccinic acid 

LOD: 10 nM, 

linear ranges: 

10-500 nM 

Mg2+, Ca2+, 

Ba2+, Cr3+, 

Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Zn2+, 

Cd2+, Hg2+, Al3+, 

Pb2+, Cr2O72− 

Aggregation-

based 
(236) 

Gallic acid 

LOD: 0.05 μM, 

linear ranges: 

0.1 to 1.5 μM 

Na+, K+, Mg2+, 

Ca2+, Ba2+, Cr3+, 

Cr6+, Mn2+, 

Fe2+, Fe3+, 

Co2+, Ni2+, Cu2+, 

Zn2+, Cd2+, 

Hg2+, Al3+, Pb2+, 

PO43−, SO42−, 

NO3−, CO32- 

Aggregation-

based 
(237) 

Mecaptosuccinic acid 

LOD: 0.04 μM, 

linear range: 0.6 

to 1.4 μM 

Mg2+, Ca2+, Ba2+, 

Mn2+, Fe3+, 

Co3+, Ni2+, Cu2+, 

Ag+, Zn2+, Cd2+, 

Aggregation-

based 
(238) 
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Hg2+, Al3+, Pb2+, 

Cr2O72- 

Citrate 

LOD: 0.4 nM, 

linear range: 

0.001−0.009 μM 

Li+, Na+, Mg2+, 

Ca2+, Ba2+, Cr3+, 

Mn2+, Fe3+, 

Co3+, Ni2+, Cu2+, 

Cd2+, Al3+, Ga3+, 

Ge4+, Sn2+, As3+, 

F-, Cl-, Br-, I-, 

NO3-, NO2-, SO42-

, ClO4-, PO43-, 

CH3CO2-, 

C3H5O(COO)33−, 

C6H5(COO)− 

Aggregation-

based 
(239) 

Cd2+ 
4-amino-3-hydrazino-5-mercapto-

1,2,4-triazole 

LOD: 30 nM, 

linear range: 60-

480 nM 

Na+, Mg2+, Ca2+, 

Mn2+, Fe2+, Fe3+, 

Co2+, Ni2+, Cu2+, 

Ag+, Zn2+, 

Cd2+,Hg2+, Al3+, 

Pb2+ 

Aggregation-

based 
(240) 
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GSH 

LOD: 10 μM, 

linear range: 0-50 

μM 

Mg2+, Ca2+, Mn2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Ag+, Zn2+, 

Cd2+, Hg2+, Al3+, 

Pb2+ 

Aggregation-

based 
(241) 

Di-(1H-pyrrol-2-yl)methanethione 

LOD: 16.6 nM, 

linear range: 0.5–

16 μM 

Mg2+, Ca2+, Cr3+, 

Mn2+, Fe2+, Fe3+, 

Co2+, Ni2+, Cu2+, 

Ag+, Zn2+, Cd2+, 

Hg2+, Al3+, Pb2+ 

Aggregation-

based 
(242) 

Chitosan dithiocarbamate 

LOD: 63 nM, 

linear range: 50–

500 μM 

Na+, K+, Mg2+, 

Ca2+, Cr3+, Mn2+, 

Fe2+, Fe3+, Co3+, 

Ni2+, Cu2+, Cd2+, 

Hg2+, Al3+ ,Pb3+ 

Aggregation-

based 
(243) 

Ethyl 1-(2-(3′,4′-dihydroxyphenyl)-2-

oxoethyl)-1H-1,2,3-triazole-4-

carboxylate (ETC) 

LOD: 3.02 μM, 

linear range: 0-80 

μM 

Na+, K+, Mg2+, 

Ca2+, Cr3+, Zn2+, 

Hg2+, Al3+ ,Pb3+ 

Aggregation-

based 
(244) 
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Ca2+ 
1-thiohexyl carboxylic acid and 1-

thiohexyl b-D-lactopyranoside 
LOD: 1.9 μM 

Na+, K+, Mg2+, 

Ca2+, Fe3+, Cu2+, 

Zn2+ 

Aggregation-

based 
(245) 

Ba2+ 
2-Sulfanylethanesulfonate (MSA) 

and 11-mercaptoundecanoic acid 

(MUA) 

LOD: 1.25 μM, 

linear range: 2-16 

μM 

K+, Rb+, Cs+, 

Mg2+, Ca2+, Ti4+, 

Zr4+, Mn2+, Fe3+, 

Co2+, Ni2+, Cu2+, 

Ag+, Zn2+, Cd2+, 

Pb2+, Al3+, As3+ 

Aggregation-

based 
(246) 

Co2+ Calix[4]arene 

LOD: 1.5 

nM/24ppb, 

linear range: 

0.06-22 μM 

Li+, Na+, K+, Cs+, 

Mg2+, Ca2+, Sr2+, 

Ba2+, Co3+, Ni2+, 

Cd2+, Zn2+, Hg2+, 

Pb2+ 

Aggregation-

based 
(247) 

Mg2+ Tryptophan (Trp) 

LOD: 0.2 μM, 

linear range: 0.1 

to 0.45 μM 

Li+, K+, Mg2+, 

Ca2+, Cr3+, Mn2+, 

Co3+, Cd2+, Zn3+, 

Hg3+, Pb3+, As3+ 

Aggregation-

based 
(248) 
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Ag+ 

Tris(hydroxymethyl)aminomethane(tris) 

LOD: 0.41 μM, 

linear range: 1-9 

μM 

K+, Ca2+, Mn2+, 

Fe2+, Co2+, Ni2+, 

Cu2+, Ag+, Zn2+, 

Cd2+, Hg2+, Pb2+, 

Ce2+ 

Aggregation-

based 
(249) 

Peptide 

LOD: 7.4 nM, 

linear range: 

10-1000 nM 

Li+, Na+, K+, 

Mg2+, Ca2+, Cr3+, 

Mn2+, Fe3+, Co2+, 

Ni2+, Cu2+, Zn2+, 

Pb2+, F-, Cl-, 

AcO-, NO2-, NO3-, 

CO32-, SO42- 

Aggregation-

based 
(250) 

Adenosine and creatinine 

LOD: 7.3 nM, 

linear range: 

0.1–0.9 μM 

Na+, K+, Mg2+, 

Ca2+, Ba2+, Cr3+, 

Mn2+, Fe3+, Co2+, 

Ni2+, Cu2+, Zn2+, 

Hg2+, Pb2+, F-, Cl-

, Br-, NO3-, HCO3-

, SO42-, 

CH3COO−, ClO4−, 

Aggregation-

based 
(251) 
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SO32−, SCN−, 

S2O32−, HPO42−, 

PO43− 

Fe3+ 

P-aminobenzoic acid 

LOD: 5.83 μM, 

linear range: 

10–400 μM 

Na+, K+, Mg2+, 

Mn2+, Fe2+, Co2+, 

Ni2+, Cu2+, Zn2+, 

Cd2+, Hg2+, Al3+, 

Pb2+ 

Aggregation-

based 
(252) 

Thiourea 

LOD: 0.85 μM, 

linear range: 1.0 

to 37 μM 

Na+, K+, Mg2+, 

Ca2+, Mn2+, Co2+, 

Ni2+, Cu2+, Ag+, 

Zn2+, Al3+, Ge4+, 

Sn2+, Pb2+, Ce3+ 

Etching-

based 
(253) 

Acetyl salicylic acid (ASA) 

LOD: 0.051 μM, 

linear range: 0.3-

2.1 μM 

Cr3+, Fe2+, Co2+, 

Ni2+, Zn2+, Cd2+, 

Hg2+, Pb2+, As3+ 

Aggregation-

based 
(254) 
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Zn2+ Sodium borohydride 

LOD: 0.36 μM, 

linear range: 0-

7.6 μM 

Li+, Na+, Mg2+, 

Ca2+, Ba2+, Ti4+, 

Cr3+, Mn2+, Fe3+, 

Cu2+, Cd2+, Hg2+, 

Ga2+, Ge2+, Pb2+, 

As3+, F-, Cl-, Br-, 

I-, NO2-, NO3-, 

SO42-, PO43- 

Aggregation-

based 
(255) 

Al3+ 

Schiff base obtained from 2-hydroxy 1-

naphthaldehyde and 2-

aminoethanethiol 

LOD: 0.29 μM, 

linear range: 9-23 

μM 

Mg2+, Ba2+, Cr3+, 

Mn2+, Fe3+, Co2+, 

Ni2+, Cu2+, Ag+, 

Zn2+, Cd2+, Hg2+, 

Pb2+ 

Aggregation-

based 
(256) 

Ascorbic acid 

LOD: 12.5 ppb, 

linear range: 

100-350 ppb 

Li+, Mn2+, Fe3+, 

Co3+, Ni2+, Zn2+, 

Hg2+, Sn2+, Pb2+, 

F-, Cl-, Br-, I-, 

NO3-, SO42-, 

PO43-, 

Aggregation-

based 
(257) 
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Mentha 

LOD: 1 nM, linear 

range: 0.1-200 

nM 

Ca2+, Cr3+, Cr6+, 

Mn2+, Fe3+, Co2+, 

Ni2+, Cu2+, Zn2, 

Cd2+, Hg2+, Al3+, 

Pb2+ 

Aggregation-

based 
(258) 

DA 

LOD: 0.81 μM, 

linear range: 1-

3.5 μM 

Mg2+, Ca2+, Ba2+, 

Cr3+, Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, 

Cu2+, Ag+, Zn2, 

Cd2+, Hg2+, Pb2+ 

Aggregation-

based 
(259) 

Al3+ and F- Polyacrylate 

LOD: 2 μM and 

18 μM, linear 

range: 50-150 

μM and 30-200 

μM 

Mg2+, Ca2+, Sr2+, 

Ba2+, Cr3+, Fe3+, 

Co2+, Ni2+, Cu2+, 

Zn2+, Cd2+, Hg2+, 

Al3+, Pb2+, F-, Cl-, 

Br-, I-, CN-, SO42-, 

AcO-, NO3-, NO2-, 

SCN-, N3-, 

Aggregation-

based 
(260) 
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[Cr2O7]2-, PCl3-, 

H2PO4- 

M3+ (Al3+, Cr3+, 
Fe3+) 

1:1 ratio of sodium 10-

mercaptodecanesulfonic acid and (10-

mercaptodecyl) trimethylammonium 

bromide 

LOD: 2 μM 

(Fe3+),10 μM 

(Al3+) and 18 μM 

(Cr3+), linear 

range: 1-50 μM 

(Fe3+) 

Na+, K+, Mg2+, 

Ca2+, Ba2+, Fe2+, 

Co2+, Cu2+, Ag+, 

Zn2+, Cd2+, Hg2+, 

Sn2+, Pb2+ 

Aggregation-

based 
(261) 

NO2
- 4-aminobenzenthiol, (4-ABT) 

LOD: 10.8 μM, 

linear range: 

5.42-174 μM 

F-, Br-, CO32- , 

HCO3-, CH3COO-

, C2O42-, HPO42-, 

H2PO4-, SO42-, 

NO3- 

Aggregation-

based 
(262) 

F- 

N, N′-Bis(4-[tert-

butyl(dimethyl)silyloxy]benzyl(4-

phenyl)sulfane)-3,6,9- 

trioxaundecanedicarboxamide 

LOD: 120 μM, 

linear range: 120 

μM - 1.5mM 

Cl-, Br-,I-, 

CH3COO-, 

HPO42-, H2PO4-, 

SO42-, NO3-, CN-, 

N3- 

Aggregation-

based 
(263) 
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3-aminopropyltrimethoxysilane 

LOD: 0.45 μM, 

linear range: 0.5-

7 μM 

Cl-, Br-,I-, SCN-, 

BO33-, Ac-, NO3-, 

CO32-, PO43-, 

SO42- 

Aggregation-

based 
(264) 

2-thiobarbituric acid (TBA) 

LOD: 10 mM, 

linear range: 1-20 

mM 

Cl-, Br-,I-, 

CH3COO-, NO3-, 

CO32-, H2PO4- 

Aggregation-

based 
(265) 

CN- 
Fluorescein isothiocyanate (FITC) 

polysorbate20 (PS 20) 

LOD: 150 μM, 

linear range: 

150-300 μM 

Li+, K+, Mg2+, 

Ca2+, Cr3+, Mn2+, 

Fe2+, Co2+, Ni2+, 

Cu2+, Zn2+, Cd2+, 

Hg2+, Pb2+, F-, Cl-

, Br-, BrO33-, NO3-

, SO42-, ClO4-, 

CO32-, PO43-

,C6H5O73-, SO32-, 

S2O82-, CH3COO- 

Aggregation-

based 
(266) 
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Polysorbate 40 (PS 40) 

LOD: 0.16 μM, 

linear range: 0.4-

32 μM 

Na+, K+, Mg2+, 

Ca2+, Ba2+, Mn2+, 

Fe2+, Co2+, Cu2+, 

Zn2+, Cd2+, Hg2+, 

Al3+, Sn2+, F-, Cl-, 

Br-, I-, BrO33-, 

NO3-, NO2-, AcO-, 

SO42-, ClO4-, 

CO32-, HCO3-, 

PO43-, SO32-, IO3-, 

BO3- 

Etching-

based 
(267) 

OCl− DTT 

LOD: 2 μM, 

linear range: 0-

7 μM 

Mg2+, Ca2+, 

Mn2+, Fe3+, 

Cu2+, Al3+, Pb2, 

F-, Cl-, Br-, NO3-, 

SO42-, CO32- 

Aggregation-

based 
(268) 

I- 
N-([1-(2-amino-2-oxoethyl)-1H-1,2,3-

triazol-4-yl]methyl)-5-(1,2-dithiolan-3-

yl) pentanamide 

LOD: 15 nM, 

linear range: 0.5-

6 μM 

F-, Cl-, Br-, CN-, 

ClO4-, HSO4-, 

H2PO4-, HPO4-2, 

NO3-, AcO-, OH-, 

Aggregation-

based 
(269) 
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pyrophosphate 

(PPi), S2-, S2O32-, 

SCN- 

SO3
2- 

4-cyanobenzene diazonium 

tetrafluoroborate (4-CBD) 

LOD: 2 μM, 

linear range: 2-

10 μM 

K+, Ca2+, Sr2+, 

Mn2+, Fe3+, Ni2+, 

Cu2+, Ag+, Cd2+, 

Hg2+, Pb2+, F-, 

Cl-, Br-, I-, NO3-, 

CH3COO-, CO32-, 

SCN-, P2O74-, 

SO42- 

Aggregation-

based 
(270) 

S2- 
2,2′-azino-bis(3-ethyl-benzothiazoline-

6-sulfonic acid) (ABTS) 

LOD: 0.28 μM, 

linear range: 0.5-

15 μM 

F-, Cl-, Br-, I-, 

NO3-, CO32-, 

SO42, ClO4-,BrO3-

, NO2-, PO43-, 

SO32-, Ac- 

Growth-

based 
(180) 

SO4
2- Cys 

LOD: 0.16 μM, 

linear range: 

0.2-4 μM 

Na+, K+, Mg2+, 

Ca2+, Mn2+, 

Co2+, Ni2+, Cu2+, 

Aggregation-

based 
(271) 
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Zn2+, Al3+, Pb2+, 

F-, Cl-, Br-, NO3-, 

CO32-, SO42-, S2-, 

S2O32-, BrO3-, 

PO43-, ClO3-, 
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4.1.2. Colorimetric small organic molecules sensors 

In addition to inorganic ions, the same principle of detection can be also applied 

for sensing different organic molecules such as melamine, phenols, bisphenol-A, 

antibiotics, pesticides and drugs (see Table 2).(272) 

Metal NPs stabilized with different capping agents have proven to be effective 

colorimetric sensors for melamine. Among others, 1-(2-mercaptoethyl)-1,2,3,4,5,6-

hexanhydro-s-triazine-2,4,6-trione (MTT),(273) rutin and curcumin,(274) and gallic 

acid (181) can act as a linker of melamine molecules triggering the NPs assembly and 

hence a colour change from yellow to brown.  

Wangoo and co-workers proposed a straightforward colorimetric sensing 

strategy of the insecticide malathion based on the use of aptamer specific of malathion 

and a positive polyelectrolyte; polydiallyldimethylammonium chloride (PDDA) (see 

Figure 19).(275) When no malathion is present, PDDA is free to associate with the 

aptamer and hence when this mixture is added to the AuNPs solution its stability is not 

comprised. Conversely, when malathion is present then aptamer will be complex to it 

and hence the PDDA will be free to trigger the AuNPs aggregation. 

Mao and co-workers developed a strategy to detect methamphetamine and 

cocaine through a non-aggregated Au@Ag core@shell NPs methodology. (276, 277) 

For this purpose they have employed a three component system: I) An aptamer which 

is specific for cocaine or methamphetamine II) Au@Ag NPs stabilized with a DNA 

sequence partially complementary to the aptamer, and III) magnetic beads conjugated 

with another DNA sequence partially complementary to the aptamer sequence. The 

NPs assembly is triggered by the mixture of the three components through a DNA-

DNA hybridization, forming a sandwich structure. However, due to the higher affinity 

of DNA aptamers with illicit drugs, the sandwich structure can be disassembled when 

illicit drugs are introduced into the solution. This process leads to the recovery of the 

initial absorbance of the individual Au@Ag NPs which is proportional to the 

concentrations of the illicit drugs. 

Other examples of plasmonic colorimetric sensors of small molecules can be 

found in Table 4. 
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Figure 19. (a) Schematic illustration of a colorimetric aptasensor based on gold nanoparticles 

for the detection of malathion. In the absence of malathion, the aptamer interacts only with the 

polymer and hence, the gold nanoparticles are well dispersed due to lack of sufficient amount 

of PDDA. However, in the presence of malathion, the aptamer interacts with the malathion 

and free PDDA aggregate the AuNPs, thereby leading to the colour change of the solution 

from red to blue. (b-c) Selectivity of the assay for the detection of malathion. (b) The 

absorbance spectra of AuNPs with various pesticides. The concentration of all pesticides, 

PDDA and aptamer was 2 µM, 15nM and 50nM, respectively. (c) relative response of the 

aptasensor on treatment with different pesticides. Inset shows the corresponding images. 

Adapted from reference (275) with permission of Elsevier. 
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Molecule 
Receptor 

molecules 
Sensitivity Interferences 

Type of 
colorimetric 

detection 
Reference 

Melamine 

(toxic compound) 

3,3’,5,5’-

tetramethlybenzidine 

(TMB)–H2O2 

chromogenic 

reaction 

LOD: 0.2 nM, 

linear range: 

0.001–0.8 μM 

Thymine, Lys, Glycine (Gly), 

Glucose, vitamin C, Cys, Zn2+, 

K+, Ca2+ 

Enzyme-

mimetic-

based 

(278) 

MTT 

LOD: 2 μM, 

linear range: 

2-14 μM 

Cytosine, Uracil and Thymine 
Aggregation-

based 
(273) 

Rutin and Curcumin 

LOD: 0.01 

ppm (79 nM) 

and 0.24 ppm 

(1900 nM), 

linear range: 

0.05–0.4 ppm 

and 1–4 ppm 

Urea, Nitrate, Leucine (Leu), 

Sucrose, Na+, Glucose, Cl-, K+ 

Aggregation-

based 
(274) 
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Gallic acid 

LOD: 3.609 

nM, linear 

range: 0.04-

20 μM 

Vitamin B6, L-Trp, L-Tyrosine 

(Tyr), L-Val, L-Serine (Ser), L-

isoleucine, L-Phenylalanine 

(Phe), L-Alanine (Ala), Gly, L-

Leu, urea, L-Arginine (Arg) 

Growth-

based 
(181) 

Bisphenol A (toxic 
compound) 

Aptamer and 

cationic polymer 

LOD: 1.50 

nM, linear 

range: 1.50-

500 nM 

Diethylstilbestrol (DES), 

dichlorodiphenyltrichloroethane 

(o,p'-DDT), 17β-estradiol (E2), 

progesterone (PRG), 

thiamphenicol(THI), 7-

aminocephalosporanic acid (7-

ACA), kanamycin (Kana), Gly, 

Cys, L-ascorbic acid , 

Ampicillin (AMP), dimethyl 

sulfoxide (DMSO), Cd2+, Cu2+ 

Aggregation-

based 
(279) 

Phenols (toxic 
compound) 

single-stranded DNA 

(ssDNA) 

LOD: 0.11 μM 

for catechol 

and 1.6 μM 

for 

hydroquinone, 

Mg2+,Zn2+, Fe3+, Mn2+, Cd2+, 

Cu2+, Ag+, Co2+, Lys, Ala, Val, 

Gly, Threonine (Thr) and Citric 

acid 

Aggregation-

based 
(280) 
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linear range: 

0.2–7.0 μM 

for catechol 

and 2.7–19 

μM for 

hydroquinone 

Poly- and 
perfluoroalkyl 

substances 
(PFASs) 

Poly(ethylene glycol)-

terminated (PEG-

thiols) and 

perfluoroalkyl-

terminated (F-thiols) 

alkane-thiols 

LOD: (11-24 

nM), linear 

range: ~(0.01-

35) μM 

Na+, Mg2+, Ca2+ 
Aggregation-

based 
(281) 

Kanamycin 
(antibiotic) 

4-amino-3-

hydrazino-5-

mercapto-1, 2, 4-

triazole (AHMT) 

LOD: 0.004 

μM , linear 

range: 0.005-

0.1 μM and 

0.1-20 μM 

Tetracycline, L-arg, L -aspartic 

acid, Glucose, GSH, Gly, L -

Cys, and L -Phe, Na+, K+, 

Mg2+, Ca2+ 

Aggregation-

based 
(282) 
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Pendimethalin 
(herbicide) 

Ractopamine-

dithiocarbamate 

LOD: 0.22 μM 

, linear range: 

5-500 μM 

Other pesticides (insecticides 

and fungicides) such as 

acephate, acetamiprid, 

buprofezin, cypermethrin, 

chlorpyrifos, fenvalerate, 

imidacloprid, quinalphos, 

carbendazim, cymoxanil, 

hexaconazole, mancozeb, 

metalaxyl and propiconazol , 

Metal ions (Na+, K+, Mg2+, 

Ca2+, Ba2+, Cr3+, Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, Cu2+, Zn2+, 

Cd2+, Hg2+, Al3+ and Pb2+,), 

Anions(Cl−, I−, Br−, NO3−, 

CH3COO−, SO42-, S2−, Cr2O72−) 

Aggregation-

based 
(283) 

Metsulfuron-
methyl (herbicide) 

DTTC-calix[4]arene 

LOD: 0.19 μM 

, linear range: 

1-50 μM 

Other pesticides, including 

insecticides: (triazophos, 

chlorpyrifos, temephos, 

quinalphos, cypermethrin, 

bifenthrin, buprofezin) and 

fungicides (difenoconazole, 

Aggregation-

based 
(284) 



Table 4. Summary of colorimetric Au/Ag NPs system for small molecules sensing. 

82 
 

hexaconazole, propiconazole, 

chlorothalonil and metalaxyl), 

Metal ions (Na+, K+, Mg2+, 

Ca2+, Ba2+, Cr3+, Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, Cu2+, Zn2+, 

Cd2+, Hg2+, Al3+ and Pb2+,), 

Anions(Cl−, I−, Br−, NO3−, 

CH3COO−, SO42-, S2−, Cr2O72−) 

Organophosphate 
(pesticide) 

Enzymatic 

hydrolysis reaction 

of 

acetylcholinesterase 

and Au3+ 

LOD: 0.7 ppb 

(2.4 nM), 

linear range: 

15 to 65 ppb 

and from 140 

to 1000 ppb 

Na+, K+, Mg2+, Ca2+, Fe3+, 

Cu2+, SO42-, CO32−, NO3- 

Growth-

based 
(285) 

Quinalphos 
(pesticide) 

p-nitroaniline DTTC 

LOD: 3.21 μM 

, linear range: 

10-1000 μM 

Acephate, Monocrotophos, 

Glyphosate, Chlorpyfos, 

Triazophos, Dichlorvos, 

Quinalphos 

Aggregation-

based 
(286) 
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Malathion 
(insecticide) 

Aptamer and 

cationic polymer 

LOD: 0.06 

pM, linear 

range: 0.5-

1000 pM 

Atrazine, chlorosulfuron, 2,4 D, 

diuron, phorate 

Aggregation-

based 
(275) 

Cyhalothrin 
(insecticide) 

4-Amino-3-

mercaptobenzoic 

acid 

LOD: 0.75 μM 

, linear range: 

0.25 μM to 0.1 

mM 

Pyrethrins, fenvalerate, 

permethrin, cyhalothrin, 

baythroid,beta-cypermethrin, 

deltamethrin, cypermethrin 

Aggregation-

based 
(287) 

Clenbuterol (drug) 

Melamine 

LOD: 2.8 × 

10−11 M , 

linear range: 

of 2.8 × 10−10 

to 2.8 × 10−7 

M and 2.8 × 

10−7 to 1.4 × 

10−6 M 

DL-epinephrine, Phe, Trp, Ala, 

Uric acid, Gly, Glycerol, 

Glucose, Mg2+, Ca2+, Na+ 

Aggregation-

based 
(288) 

Cys LOD: 50 nM 

Ala, phe, glycerol, vitamin, thr 

,urea, cys, glucose, gly, Na+, 

K+, Ca2+ 

Aggregation-

based 
(289) 
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Methamphetamine 
and cocaine 

(drug) 
Aptamers 

LOD: 0.1 nM 

(for meth); 0.5 

nM (for coc) , 

linear range: 

of 0.5-200 nM 

(for meth); 1-

150 nM (for 

coc) 

Ketamine (KET), 

norketamine(NK), morphine 

(MOR), cocaine (COC), 

cathinone (CAT), 

methcathinone (MCAT), 3-

trifluoromethyphenylpiperazine 

(BZP), and 4,4′- two amino two 

phenyl methane (MDA) 

Aggregation-

based 
(276, 277) 
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4.1.3. Colorimetric biosensors 

 Alongside chemical sensors and by following the same principle, 

plasmonic colorimetric biosensors have been developed for a wide range of 

molecules such as vitamins, glucose, aniline, amino acids, peptides, proteins or 

DNA (see Table 5). 

A glucose sensor can be fabricated based on the Ag etching from Au@Ag 

core@shell NPs by H2O2.(290) This well-known strategy is based on the production of 

H2O2 from the glucose oxidation (in the presence of glucose oxidase and dioxygen) 

which is proportional to the glucose concentration.  

On the other hand, AgNPs stabilized with 4.4-bipyridine (4-DPD) were used 

by Li and co-workers to detect tryptophan in a micromolar range. (291) Tryptophan 

can interact with the pyridine ring of 4-DPD via π-π interactions, and meanwhile 

carboxyl acid of tryptophan can also form hydrogen bonds with pyridine, which results 

in 4-DPD-functionalized AgNPs aggregation and the colour change from yellow to red. 

Another example of amino acid sensing was reported by Hong Qun Luo and co-

workers where they developed a colorimetric growth sensor of arginine (Figure 

20).(182) In this work, carbon quantum dots (CQDs) are employed as reducing 

and stabilizing agent of AuNPs. In the presence of arginine, the complexation 
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between Au salt and CQDs cannot be formed and hence the final growth of the 

AuNPs is affected. 

 

Figure 20. Schematic illustration for the detection of Arg by CQDs and HAuCl4 with 

both colorimetric and fluorometric readout. Adapted from ref (182) with permission of 

Elsevier. 
 

 DNA colorimetric biosensors has been also accomplished by using 

AuNPs functionalized with DNA,(292) dextrin, (293) or aptamers.(294) 
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Biomolecule 
Receptor 

molecules 
Sensitivity Interferences 

Type of 

colorimetric 

detection 

Referenc

e 

Vitamin B1 GSH 

LOD: 50 

nM, linear 

range: of 4-

12 μM 

Vitamin B2, B3, B5, B6, B7,B9 B12 and C, 

Amino acids(Cys, Trp, Tyr), GSH, Glucose, 

Hg2+, Cd2+, Cu2+, Zn2+ 

Aggregation

-based 
(295) 

Glucose 

Poly( L -

histidine) and 

GOx enzyme 

LOD: 0.5 × 

10− 6 M, 

linear 

range: of ∼ 

0.5 × 10− 6 

M to 0.02 × 

10− 3 M 

Fructose, Lactose, Sucrose 
Etching-

based 
(290) 

Aniline 
Diazonium salt 

(DS) 

LOD: 0.5 

μM , linear 

range:5-60 

μM 

Amino acids(Arg, Aspartic acid (Asp), 

Glutamic acid (Glu), Gly, Histidine (His), Lys, 

Ser, Thr, Trp), cations(Na+, K+,Mg2+, 

Ca2+,Mn2+,Zn2+), anions (CO32−, NO3−, 

HCO3−, HPO42−, PO43− and SO42−) 

Aggregation

-based 
(296) 
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Methionine 

(Met) (amino 

acid) 

Aptamer and 

bio-dots 

LOD: 3.7 

nM , linear 

range:5-

350 nM 

Amino acids (Ala, Arg, Asn, Cys, Glutamine 

(Gln), Gly, GSH, Hcy, His, Leu, Lys, Phe, 

Proline (Pro), Val, Thr, Trp, Ser) 

Aggregation

-based 
(297) 

Melamine 

LOD: 24.5 

nM, linear 

range: 0-1 

μM 

Amino acids (Ala, Arg, Asn, Asp, Cys, Glu, 

Gln, Gly, His, Isoleucine (Ile), Leu, Lys, Phe, 

Pro, Val, Thr, Tyr, Trp, Ser), cation (Ca2+, 

Fe3+, K+, Mg2+, Na+ and NH4+), and anions 

(CO32−, HCO3−, and HPO42−) 

Aggregation

-based 
(298) 

Arg (amino 

acid) 

Carbon 

quantum dots 

LOD: 37 

nM , linear 

range: 0.1-

5 μM 

Amino acids (Asn, Asp, Cys, Gln, His, Leu, 

Lys, Met, Phe, Pro, Trp) 

Growth-

based 
(182) 

Pillar[5]arene 
LOD: 0.6 

μM 

Amino acids (Ala, Asn, Asp, Cys, Glu, Gln, 

Gly, His, Ile, Leu, Met, Phe, Pro, Val, Thr, 

Tyr, Trp, Ser) 

Aggregation

-based 
(299) 



Table 5. Summary of colorimetric Au/Ag NPs system for biomolecules sensing 

89 
 

L-cys (amino 

acid) 

Citrate 

LOD: 3.3 

nM, linear 

range: 10-

172 nM 

Amino acids (Ala, Arg, Asn, Asp, Glu, Gln, 

Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Val, 

Thr, Tyr, Trp, Ser), 

Aggregation

-based 
(300) 

CTAB 

LOD: 0.9 

nM, linear 

range: 

0.005-25 

μM 

Amino acids (Arg, Gly, His, Lys, Phe, Pro, 

Ser), GHS, AA, urea, UA, Glc, cations 

(K+,Na+,Cr3+,Mn2+,Co2+,Ni2+,Cu2+,Zn2+,Cd2+,P

b), anions (S2-,SO42-) 

Etching-

based 
(301) 

Trp (amino 

acid) 
4,4-bipyridine 

LOD: 20 

μM, linear 

range: 75-

500 μM 

Amino acids (Cys, Leu, Phe, Pro, Val, Thr, 

Ser), pyroglutamane 

Aggregation

-based 
(291) 

GSH 

(peptide) 
Arg 

LOD: 10.9 

nM, linear 

range: 25-

375 nM 

Amino acids (Ala, Arg, Asn, Asp, Cys, Glu, 

Gln, Gly, His, Ile, Leu, Lys, Met, Phe, Pro, 

Val, Thr, Tyr, Trp, Ser) 

Aggregation

-based 
(302) 



Table 5. Summary of colorimetric Au/Ag NPs system for biomolecules sensing 

90 
 

2-Mercapto-1-

methylimidazol

e (MMI) 

LOD: 12 

nM, linear 

range: 0.1-

1 μM 

Amino acids (Ala, Arg, Asn, Asp, Cys, Glu, 

Gln, Gly, His, Ile, Leu, Lys, Met, Phe, Pro, 

Val, Thr, Tyr, Trp, Ser), GSSG, Hcy, 

cations(K+,Na+,Mg2+,Ca2+, NH4+) anions 

(PO42-) 

Aggregation

-based 
(303) 

Vascular 

endothelial 

growth factor 

(VEGF) 

(protein) 

Peptides and 

cucurbit[8]uril 

LOD: 0.2 

nM, linear 

range: 0.2-

10 nM 

Bovine serum albumin (BSA), Lysozyme, 

IGF-1, Hb 

Aggregation

-based 
(304) 

Aptamers 

LOD: 10 

ng/mL or 

370 pM of 

VEGF (∼27 

kDa), linear 

range: 10–

200 ng/mL 

BSA and positively charged interferon 

gamma (INF-γ) 

Aggregation

-based 
(305) 

Thrombin 

Aptamer and 

cationic 

polymer 

LOD: 1 pM, 

linear 
Lysozyme, Serum albumin 

Aggregation

-based 
(306) 
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range: 1 

pM- 10 nM 

Thrombin 

and DNA 

Carbon 

nanodots and 

aptamers 

LOD: 5 nM 

for target 

DNA and 

1.8 nM for 

thrombin, 

linear 

range: 0 to 

128 nM for 

target DNA 

and 0-20 

nM for 

thrombin 

Lysozyme, IgG, Human serum albumin 

(HAS) 

Growth-

based 
(307) 

Adenosine 

triphosphate 

(ATP) 

(nucleoside) 

Aptamers 

LOD: 50 

nM, linear 

range: 50–

1000 nM 

Nucleoside triphosphates (NTPs) guanosine 

triphosphate (GTP),uridine triphosphate 

(UTP), and cytidine triphosphate (CTP) 

Aggregation

-based 
(308) 
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MicroRNAs DNA 

LOD: ∼46 

fM, linear 

range: 50 

fM to 10 nM 

Similar miRNA members 
Aggregation

-based 
(106) 

DNA 

ssDNA 

LOD: 0.1 

pM, linear 

range: 

0.02-1 pM 

Non target DNA 
Aggregation

-based 
(292) 

Dextrin 

LOD: 2.9 

fM, linear 

range: 2.9-

29 fM 

Non target DNA 
Aggregation

-based 
(293) 

Coronavirus-

2 (SARS-

CoV-2) 

Antisense 

oligonucleotides 

(ASOs) 

LOD: 0.18 

ng/μL 
MERS-CoV viral RNA 

Aggregation

-based 
(309) 
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4.1.4. Colorimetric sensor arrays 

During the last decade the approach of electronic tongue has also been 

applied to colorimetric sensors arrays. (310-315) Generally speaking, optical 

sensor arrays are based on either colorimetric and/or fluorescence assays, 

where the presence of target analytes triggers different intermolecular 

interactions with the receptors which are converted into a change of absorbance 

or luminescence signals by the transducer elements. Contrary to the “lock-and-

key” sensing mode, each receptor does not necessarily have to respond 

specifically to a particular analyte but the group of responses provided by 

different sensing elements can generate a characteristic pattern that 

corresponds to each specific analyte. The two great advantages of colorimetric 

arrays are that no specific ad-hoc receptor of the analyte of interest is needed 

and also these kinds of array have the ability to discriminate between similar 

analytes within complex mixtures. 

Three fundamental elements are needed for the design of an optical 

sensor array: i) a transducer element, which in the present review are metal 

nanoparticles; ii) a receptor molecule that can interact with the analyte/s of 

interest by any of the previously described colorimetric methodologies, and iii) 

a suitable statistical methods for pattern recognition and data analysis. 

Although most of the examples have been focusing on metal ion 

detection,(311, 312, 314) this methodology has been also applied for the 

detection of proteins,(310, 316) cells,(317) biomolecules,(318) bacteria,(319) 

pesticides(320) or opioids.(321) 

For example, Denizli and co-workers presented a colorimetric sensor 

array for detection and discrimination toxic heavy metal ions (Hg2+, Cd2+, Fe3+, 

Pb2+, Al3+, Cu2+, and Cr3+) in water (Figure 21).(312) Their methodology is based 

on the use of AuNPs stabilized with MUA and five amino acids (Lys, Cys, His, 

Tyr, and Arg). These amino acids possess functional groups that can form not 

only complexes with MUA, triggering the NPs assembly, but also with metal ions 

which can either enhance or diminish the particle aggregation. The 

combinatorial colorimetric response of all channels of the sensor array enabled 

naked-eye discrimination of all of the metal ions tested even in binary and 

ternary mixtures. 
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Figure 21. (a) Schematic Representation of Proposed Metal Ions, Amino Acids, and 

AuNP Interactions: (a) No Interaction, (b) Metal Ions Induce the Aggregation of AuNPs, 

(c) Amino Acids Interact with Metal Ions and Prevent Aggregation of AuNPs; and (d) 

Metal Ions and Amino Acids Co-Contribute the Aggregation of AuNPs, (b) 

Representative photograph of the colorimetric sensor array response against 20μM of 

metal ions, (c-d) Colorimetric response of the colorimetric array against Hg2+,Cd2+, and 

Fe3+ions (20 M) and their binary and ternary mixtures. (c) Representative photograph 

and (d) hierarchical cluster analysis. Adapted with permission from reference (312). 

Copyright 2014 American Chemical Society. 

 

The LSPR shift induced by local changes in the refractive index or by 

coupling between particles above discussed are the simplest and more 

immediate approaches to exploit metal nanoparticles as active materials or 

transducers in chemical sensing but the evanescent near field surrounding 

metal nanoparticles can be also exploited to strongly amplify the optical signals 

(including, fluorescence, IR absorption, and Raman) of molecules which are 

located in close proximity to the particle’s surface. These techniques, called 

Surface-Enhanced Fluorescence (SEF),(322, 323) IR absorption (SEIRA)(324) 
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and Raman spectroscopy (SERS),(325) have shown great potential in the field 

of sensing and, in particular, SERS can allow increased sensitivity up to single-

molecule detection(326, 327) but their working principles and their detailed 

description are far beyond the scope of this review. 

 

5. Conclusions and outlooks 

In this manuscript we have reviewed the use of noble metal nanoparticles 

(AuNPs and AgNPs) in chemical sensing by focussing on two read-out 

mechanisms, i.e. electrical and optical. The use of metal NPs which are versatile 

and highly sensitive scaffolds, together with the selectivity of capping 

agents/receptors can lead to the generation of new sensing systems. Besides, 

the strong capabilities of metal NPs to fabricate chemical nose/tongue sensors 

were also demonstrated in the multiplex detection of analytes in complex 

matrices. 

Although chemiresistors dated back to 1985, the use of metal NP as a 

sensing material is much more recent, especially for sensing in liquid media. 

Chemiresistors possess great advantages such as excellent sensitivity, cost 

effectiveness, simple sensing mechanism, and facile integration (e.g. 

miniaturization and/or portability). During the last decade many efforts have 

been devoted to the optimization of the sensitivity of these kinds of promising 

devices. Above all, the high sensitivity of the metal NPs based chemiresistors 

derives from the interplay between the supramolecular recognition between 

analytes and receptors, and the electron transport though the metal NPs 

networks.  

On the other hand, the optical plasmonic sensors described in this review 

are extremely attractive due to its simplicity, cost-effectiveness, quickness, and 

unprecedent selectivity among the traditional detection methodologies. 

Moreover, colorimetric assays can be easily adaptable to smartphone devices, 

which are a potentially user-friendly, portable and powerful platform to detect, 

transduce and analyse on-line sensing information.(328) 
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Despite these major progresses, there are still some critical points for 

both electrical and optical sensors which must be addressed urgently: i) the 

sensitivity is not enough for many analytes, such as molecular biomarkers which 

are usually found in picomolar levels in healthy individuals. ii) Multiplex detection 

of different analytes in the same sample is not usually possible. iii) Large scale 

industrial production has not been explored yet for colorimetric sensors. Most of 

the sensors have been used in model simplistic systems but not in real complex 

matrixes such as human serum.  

Hence, in the near future research effort on the optical and electrical 

sensors based on metal NPs should address the following challenges: i) 

Improvement of the selectivity of the systems by exploring the sensing 

capabilities of new organic ligands (e.g. ad-hoc receptors) to be used as 

recognition elements. The use of organic ligands provides practical advantages 

due to their stability and their reduced cost in comparison with biomolecules 

such as DNA or antibodies, ii) Multiplex analyte detection. One may accomplish 

this by, for example, developing array-based systems composed of various 

recognition units, in analogy to chemical nose/tongue systems. A further 

complication may be associated to the need to develop versatile platforms for 

multiplex analyte detection which can operate with high performance both when 

detecting analytes similar in Nature (e.g. belonging to the same group) or rather 

different among them. 

As long-term goals we can envision that the field will be focus on: i) 

Performance of complex matrices. This goal can be accomplished by the 

combination of the sensing protocols with statistical analysis. Statistical 

methods should be precisely designed in order to selectively sense the target 

analyte/s despite the presence of other interferences substances. Besides, the 

combination with ultra-sensitive detection methods, such as SERS, can be 

considered to be a future direction that can greatly enhance the discrimination 

power of sensor arrays and pave the way towards the development of a new 

generation of ultra-sensitive multi-analyte assays. ii) Ultimately, advances in this 

field could help in the development of stable, portable, low-cost and user-friendly 

substrates. Adopting microfluidic systems to current AuNP-based sensing 
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methodologies may lead the way for cheap real-time monitoring systems for 

detection of analytes in complex matrices. The development of cell phone 

applications for both wireless signal readout and chemometric data analysis 

steps, miniaturization and the provision of easy-to-use point-of-care sensing kits 

are among further steps in the evolution of NP-based optical/electrical sensors. 

Overall, chemical sensors based on both optical and electrical readout holds 

great potential for applications in which the devices operation can be optimized based 

on the chosen analyte and concentration thereof, environment of detection / portability 

and integration in a real technological platform. 
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Ab: Antibodies  
ABTS: 2,2′-azino-bis(3-ethyl-benzothiazoline-6-sulfonic acid 
AHMT: 4-amino-3-hydrazino-5-mercapto-1, 2, 4-triazole 
Ala: Alanine 
AMP: Ampicillin 
Arg: Arginine 
ASA: Acetyl salicylic acid 
Asn: Asparagine 
Asp: Aspartic acid 
ATP: Adenosine triphosphate 
BP-DTC: Dithiocarbamate-modified N-benzyl-4-(pyridin-4-ylmethyl)aniline 
BSA: Bovine serum albumin 
BZP: 3-trifluoromethyphenylpiperazine 
CAT: Cathinone 
CCR: Correct classification rate 
CLP: Cardiolipin 
COC: Cocaine 
CQDs: Carbon quantum dots 
CTAB: Cetyltrimethyl ammonium bromide  
CTP: Cytidine triphosphate 
Cys: Cysteine 
DA: Dopamine 
DES: Diethylstilbestrol 
DMSA: meso-2,3-dimercaptosuccinic acid 
DMSO: Dimethyl sulfoxide 
DPPG: Dipalmitoyl phosphatidyl glycerol 
DS: Diazonium salt 
DTT: 1,4-dithiothreitol 
DTTC: Diethyldithiocarbamate 
E2: 17β-estradiol 
EDC: (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) 
EDTA: Ethylenediaminetetraacetic acid 
EG: Ethylene glycol 
ETC: Ethyl 1-(2-(3′,4′-dihydroxyphenyl)-2-oxoethyl)-1H-1,2,3-triazole-4-
carboxylate 
FIA: Flow injection analysis 
FITC: Fluorescein isothiocyanate 
Gln: Glutamine 
Glu: Glutamic acid 
Gly: Glycine 
GSH: Glutathione 
GTP: Guanosine triphosphate 
HAS: Human serum albumin  
His: Histidine 
HT: Hexanethiol 
IDA: Interdigitated array  
INF-γ: Interferon gamma 
ILE: Isoleucine 
Kana: Kanamycin 
KET: Ketamine 
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LbL: Layer-by-layer 
Leu: Leucine 
LDA: Linear discriminant analysis 
LOD: Limit of detection 
LS: Lauryl sulphate 
LSP: Localized surface plasmon 
LSPR: Localized Surface Plasmon Resonance  
Lys: Lysine 
MB: Methylene blue 
MCAT: Methcathinone 
MDA: 4,4′- two amino two phenyl methane 
Met: Methionine 
MIPs: Molecularly imprinted polymers 
MMI: 2-Mercapto-1-methylimidazole 
MNPs: Magnetic nanoparticles 
MOR: Morphine 
MSA: 2-Sulfanylethanesulfonate  
MTT: 1-(2-mercaptoethyl)-1,2,3,4,5,6-hexanhydro-s-triazine-2,4,6-trione 
MUA: 11-mercaptoundecanoic acid 
mPEG-SH: Poly(ethylene glycol) methyl etherthiol 
MW: Molecular weight 
NED: Naphthylenediamine 
NHS: N-hydroxysuccinimide 
NIR: Near-infrared 
NK: Norketamine 
NPs: Nanoparticles 
NTPs: Nucleoside triphosphates 
OEG: Oligoethylene glycol  
o,p'-DDT: Dichlorodiphenyltrichloroethane 
PDDA: polydiallyldimethylammonium chloride 
PEG: Poly(ethylene glycol) 
PET: Polyethylene terephthalate 
PFAs: Perfluoroalkyl substances 
Phe: Phenylalanine 
PPi: Pyrophosphate 
PRG: Progesterone 
PS 20: polysorbate20 
PS 40: polysorbate40 
Pro:  Proline 
PSP: Propagating surface plasmon 
PVA: Polyvinyl alcohol 
rGO: Reduced graphene oxide 
RH: Humid air 
SA: Sulphanilamide 
SAM: Self-assembled monolayer 
SEF: Surface-enhanced fluorescence 
SEIRA: Surface-enhanced IR absorption 
Ser: Serine 
SERS: Surface-enhanced Raman scattering 
SERRS: Surface-enhanced resonance Raman scattering 



 

100 
 

SP: Surface Plasmons 
ssDNA: single-stranded DNA 
TBA: 2-thiobarbituric acid 
THI: Thiamphenicol 
Thr: Threonine 
TMB: 3,3’,5,5’-tetramethlybenzidine 
TOAB: Tetraoctyl ammonium bromide 
Trp: Tryptophan 
Tyr: Tyrosine 
UTP: Uridine triphosphate 
Val: Valine 
VEGF: Vascular endothelial growth factor 
Vis: Visible 
VOCs: Volatile organic compounds 
µPAD: microfluidic paper-based analytical device 
4-ABT: 4-aminobenzenthiol 
4-CBD: 4-cyanobenzene diazonium tetrafluoroborate 
4-DPD: 4.4-bipyridine 
4-MB: 4-mercaptobutanol 
7-ACA: 7-aminocephalosporanic acid 
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