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A B S T R A C T   

Over the past few years, water quality monitoring has swiftly emerged as a thrust area for most of the developing 
nations. Despite its renewable essence, incessant industrialization and urbanization have depleted the natural 
water resources, culminating in adverse impact on potable water quality. As a consequence, reliable technologies 
with utmost sensitivity and accurate predictions vis-à-vis authentic qualitative standards are urgently needed. 
Herein, interest in using gold nanoparticles (Au NPs) biosensors to gauge the qualitative profile of water re
sources has been quite significant. Major fascinations for Au NPs biosensing driven water quality monitoring are 
steadfast preparation methodologies, well-understood mechanisms for size-shape modulation and inert sensi
tivity manifested remarkable functionalization abilities. The size-shape modulated functionalization advances for 
Au NPs are the dynamic outcomes of their quantum effects, anchored via single or multidimensional quantum 
confinements (QCs). Morphologies as vibrant as rod, spherical, cylindrical, shells and combinatorial regime have 
been the backbone aspects of Au NPs based biosensors. With such insights, the present article focuses on last 
decade noted advances aimed at Au NPs biosensors assessed water quality. The studies discussed herewith were 
retrieved from Pubmed using the keywords, “Gold Nanoparticle Biosensors for Water Quality Monitoring”. The 
knowledge shared herein could consolidate the fabrication of future Au nanomaterials based sensing technolo
gies vis-à-vis functionalization mechanisms, cost considerations, precision aspects, integrated possibilities and 
long-term cautions.   

1. Introduction 

Deteriorating potable water quality has been an emerging global 
concern, manifested via unchecked human, industrial and agricultural 
exploitations. Pollutants from diversified sources (industrial and agri
cultural) contaminate the water bodies, rendering them unsafe for 
human consumption. Layman understanding of a contaminant vis-à-vis 
qualitative screening of any water resource implies any material pre
vailing at a more than optimum extent. Broadly, water contaminants can 
be chemical and biological, the former comprising insecticides, pesti
cides, aromatic compounds, heavy metals (HMs) etc., the usual discards 
of industrial, agricultural and human activities. The mounting risk of all 

these contaminants relates to their persisting tendency with a non- 
biodegradable essence. Notable of these entities in the biological 
domain include humans, animals and microbial (fungal, bacterial and 
algal) excreta [1–3]. Emerging concern for declining water quality is 
well-inferred from the World Health Organization (WHO) recognition of 
“Safely Managed Drinking Water Services” as a global aim. Statistics 
report staggering 76 million annual cases of waterborne illness from 
United States [4]. Similarly, in Bangladesh, one of every five food 
poisoning deaths attributes to poor water quality [5]. Thereby, accurate, 
precise and reproducible detection of pollutants is the major step to
wards reclaiming freshwater resources for minimizing environmental 
and health damage [6,7]. Declining water quality on the global front is 
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aptly inferred by a mere 2.5% contribution of freshwater despite 70% of 
earth’s surface being covered with water. More timid concerns include 
~70% industrial wastes being dumped into water each year with 80% 
water pollution caused by domestic sewage. Estimates predict a stag
gering 6 billion pounds of garbage (majorly plastic) in oceans each year, 
with >4 lakh diarrhoea deaths due to polluted drinking water con
sumption. Shockingly, 368 million people use unsafe water globally 
with 80% land contributed wastes. The International Organization for 
Standardization (ISO) demarcates qualitative profile of water samples 
into I to III types, with type I being recognized as ultrapure (>18 MΩ-cm 
resistivity, σ < 0.056 μS•cm− 1, < 50 ppb total organic carbons).Corre
sponding nomenclature for drinking water are ISO24510 and ISO24511 
while for wastewater is ISO24512. In India, decline in polluted rivers 
extent from 70% in 2015 (275 out of 390) to 46% in 2022 (279 out of 
603) reflects awareness for conservation of water resources. However, 
increasing population, casualty for industrial effluent disposal has 
rendered 38.2% freshwater resources as polluted. As per 2018 Com
posite Water Management Index report, India ranks 120th amongst 122 
countries on water quality index, with ~80.6% water being contami
nated. Consensus for human consumption suited water deems (1–2) ppm 
as biological oxygen demand (BOD), (6.5–8) as optimum pH, (150–250) 
as total dissolved solids (TDS) as ideal. The physicochemical properties 
(PCPs) are more reliable than external energy driven UV spectroscopy, 
High Performance Liquid Chromatography (HPLC), Gas Chromatog
raphy (GC) [8,9]. A reliable aspect of PCPs is their temperature sensi
tivity as authentic qualitative indicators. For instance, recognition of 
E. coli strains (spreading fatal diseases) via incubation elapses 18–72 h to 
fetch reproducible results which could be done in (1–2) h using tem
perature specific density, ρ surface tension, γ and viscosity, η measure
ments [10]. 

Recent thrust into gold nanoparticles (Au NPs) with their high native 
stability and shape-size modulated quantum confinements (QCs) 
promises a well controlled, accurate and reproducible contaminants 
sensing via functionalized assays. A native inertness of Au (atomic 
number: 79, electronic configuration: [Xe] 4f14 5d10 6s1) entrusts Au 
NPs sensing advances vis-a-vis minimal cross-reaction risk with the 
corresponding analytes. Such attributes of Au NPs are the reasons for 
their portable, sensitive, automated and online feasible sensing config
urations [11]. The efficacy of a biosensor is adjudged by probe-analyte 
specificity and sensitivity of transduction system intercepted analyte- 
probe biophysical interactions. Classification of biosensors could be 
made via screened analyte or workable detection mechanism. The 
detection mechanism based classifies configurations as electrochemical, 
calorimetric, optical and acoustic, characterized via differences in 
measurable prospects of probe-analyte combinations. A fair degree of 
similarity prevails in some types, such as electrochemical biosensors 
include both amperometric and potentiometric similar to optical fibre 
and surface plasmon resonance (SPR) regimen under optical regime. 
Incorporation of nanomaterials (NMs) simplifies the classification 
criteria, via specific NM based naming such as those using rod shaped 
NMs and quantum dots (QDs) being recognized as nanowire or QD based 
biosensors [12,13]. The rationale of amalgamating NMs in biosensors 
relates with their constricted energy levels driven prompt response, QC 
manifested alterations in optical, electronic and chemical properties. A 
prompt sensing of external stimulus in NMs is attributed to their high 
surface area (SA) manifested low Ea, whereby quick response to native 
energy levels is accomplished. The miniaturized dimensions of NMs 
make the sensing assembly robust and easy to relocate. A prominent 
distinction of NMs comprising sensors accounts for multifunctional 
probe sensitivity including temperature, pressure, optical, physical 
modulations due to missing quantum effects in bulk state. Analogy of 
this comparison could be understood via shrinking size of our electronic 
integrated circuits, whereby functionality is enhanced. Explicit benefit 
(s) for Au NPs relates to their distantly located 6 s sub-shell valence 
electron, which they can easily lose to form Au+ and readily couple with 
anionic surface sensitivity. Besides, the diversity of morphologies (rod, 

spherical, stars, shells and others) makes Au NPs suitable for a wide 
range of physical phenomenon and interacting receptiveness [13–16]. 

This article focuses on recent advances on Au NPs-biosensors moni
tored water quality. A high ground state stability conferred robust 
functionalization of Au NPs is the basis of not merely the sensing ap
plications but also the targeted drug delivery where binding with spe
cific cell surface receptors is needed. Readers are suggested to acquaint 
themselves with such distinctive abilities of Au NPs from the specific 
literature sources [17–19]. The unique optical traits of Au NPs, inspired 
by integrated oscillations of surface electrons are responsible for surface 
plasmon resonance (SPR). Surface plasmons (SPs) refer to the coherent 
electronic oscillations generated via electromagnetic radiations (EMR) 
at the metal-dielectric interface. Prominent optical sensitivities of Au 
NPs are explicit functions of dielectric environment and the EMR inci
dent frequency. Herein, the SPR implication is manifested by resonance 
of oscillating SPs with incident EMRs, generating a characteristic stim
ulus at metal-dielectric interface [20,21]. The exclusive SPR frequency is 
decided by physical dimensions, morphology and chemical composition 
of NPs. For spherical regime, the resonant frequency falls within visible 
region of electromagnetic spectrum [22]. The high aspect ratio of Au 
NPs is sensitively affected by the dielectric nature of interacting vicinity 
(interfacial refractive index, RI) [23]. These features comprise physi
cochemical intricacies for analytes via interacting regimes substantiated 
surface absorption/desorption, aggregation and optical sensitivity. 
Analyte-detection corresponds to a binding extent proportionate SPR 
change of Au NPs, perceived via colorimetric changes [24,25]. Sensing 
platforms using Au NPs are optimized via enhanced localized electro
magnetic field driven SPR changes. Such enhancements (Surface- 
Enhanced Raman Scattering) considerably improve the sensing sensi
tivity, distinctly identifying each target [26]. The robust functionaliza
tion techniques vis-à-vis NPs assembly on surface engineered platforms 
such as graphene and its derivatives encompass significant precision in 
electrochemical responses [27,28]. The shape-size controlled PCPs of Au 
NPs enable a precise detection of micro/nano-scale pollutants at parts 
per billion resolutions. Keeping above aspects in mind, hereby the major 
focus is on prospective attributes of Au NPs monitored water quality. 

Fig. 1. Defining prospects of water, comprising its (a) Molecular structure with 
characteristic bond length and bond angle, (b) Temperature dependent preva
lence of water in solid, liquid and gaseous states, (c) Possible inter and intra 
molecular hydrogen bonding attributing to a cage like networking of water 
molecules, (d) Native physical, chemical and biological attributes of water. 
With a polar nature and manifold usage, water has a unique ability of dissolving 
every substance to some extent, accounting for diversified contamination risks. 
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Emphasis has been paid to limit of detection (LOD) precision, selectivity, 
structural extensions and shape-size modulated PCPs. 

2. Defining aspects of pure water and diversifications of 
contaminants 

In its unadulterated form, water prevails as odourless, tasteless and 
colourless liquid with a bond angle of 104.48o, 0.9584 Ȧ O–H bond 
length and an electronegativity of 3.44. Physical state of water varies 
with temperature, enabling a molecular distinction via varied intermo
lecular forces (Fig. 1). The intrinsic blueness of water is due to red light 
absorption [29]. With an ability to dissolve almost every material to a 
certain extent, water exhibits a highest density (1000 kg•m− 3) at 4 ◦C, 
prevailing in liquid state even at higher temperatures. In solid state (ice), 
the assembly of water molecules has one molecule as bonded to four 
others via intermolecular hydrogen bonding (HB), conferring strong 
cohesiveness, room temperature (RT) γ of 71.97 dynes•cm− 1 and η as 
0.8903 cP (Fig. 1b) [30–33]. Qualitative considerations on a global front 
distinguish the water resources as potable, palatable, contaminated and 
infected with surface water, oxygen depletion, nutrient, microbiolog
ical, groundwater and chemical mediated pollutions being distin
guished. Screening of water quality is accomplished through physical, 
chemical and biological assessments Table 1 comprises the WHO rec
ommendations for human usage compatible water traits, with accept
able TDS extents till 500. Human feasibility of water body could be 
adjudged by its high oxidation reduction potential (ORP), whereby 
plentiful oxygen implying a native cleansing ability via breakdown of 
waste products (contaminants, dead plants and animals) [34]. Table 2 
comprises the regulatory guidelines recommended titre of ions in 
potable water, providing the basis for screening contamination [35,36]. 

Qualitative analysis could be accomplished via physical, chemical and 
biological assessments amongst which the physical standards (electrical 
conductivity, salinity, TDS, turbidity, melting and boiling points, odour, 
colour and taste) exhibit a highest consensus (Fig. 1d) [37,38]. 

Impurities in water are broadly distinguished on the basis of their 
biological or chemical origin, wherein the former includes the invasive 
and non-indigenous microbial species dwelling in a water sample. The 
biological and chemical contaminants affecting water quality are 
distinguished via microbial pathogens, excessive pesticides use, un
managed industrial effluents, heavy metal prevalence (Fig. 2) [39–50]. 
Inceptive conceptualization of ‘biological pollutants” was proposed by 
Elliott in 1972, considering them for invasion biology, vis-à-vis bacterial, 
algal and related toxins [51]. Though microbial contamination via 
improper wastewater management remains a biological concern, it can 
be tackled via pre-treating the toxic waste streams. Readers are advised 
to consult specific literature to have a better knowledge on microbial 
contaminant’s health issues and environmental impacts [52–58]. Of 
late, microbial enzymes facilitated metallic NPs are being increasingly 
employed as remediation agents as several xenobiotics are easily 
degraded into simpler forms by microbes [59,60]. So, using recombinant 
DNA technology, the gene expressions controlling these enzymatic ac
tivities could be enhanced. Similarly, adversities of fertilizers and pes
ticides could be mitigated via nanocarrier mediated delivery [61–63]. 
Nanocarriers encompass a structural protection of delivered fertilizers 
and moderate the loading extents to counter undesired soil stress. Co- 
delivery of fertilizers with ecofriendly antioxidants safeguards them 
from oxidative damage, synergizing their antimicrobial activities with 
moderated administered quantities. Nonionic surfactants and plant 
extract capped NPs could be compatible stabilizers for such formula
tions, reducing the non-specific interactions [64]. 

3. Preparation methods for gold nanoparticles 

With an atomic number of 79, Au exhibits [Xe] 4f14 5d10 6s1 elec
tronic configuration. Owing to completely occupied energy shells, Au 
has a high ground state stability, minimizing the interfering possibility 
in sensing applications [65,66]. Preparation method for Au NPs 
(perhaps any singular metal NPs) comprises the reduction of chosen 
precursor salt, wherein zerovalent Au state (or the desired metal) is 
attained. The reduction of precursor salts could be accomplished via 
external energy (physical method), using microbial enzymes or plant 
metabolites (mostly natural polyphenols) or synthetic reducing agents 
(chemical method). The physical methods employ external energy, 
usually generate a lot of wastes and are environmentally threatening are 
the typical Top-down methodologies whereby no control in particle size 
dimensions could be exercised. Multiple methods using external energy 
as a source to reduce the metal salt precursors are known, such as laser 
beam ablation, ionic bombardment and others. Although the concerns of 
high energy dependence and enormous waste generation are resolved in 
chemical and biological methods for NPs preparation, the biological 
methods (nature friendly approaches using microbial enzymes or ex
tracts of varied plant resources) suffer from scale up compatibility as the 
plant growth varies from one to other region [67–75]. Chemical 
methods of preparing metal NPs utilize the synthetic reducing agents 
and function without drastic energy inputs, enabling remarkable control 
in optimizing the particle dimensions via their “Bottom-Up” working 
principles (Fig. 3) [76–88]. Chemical methods of NPs preparation use 
moderate energy sources such as microwave treatment, emulsification, 
sustained ultrasonication (at low frequency), or a combination of these. 
The primed approach for Au NPs preparation was proposed by Turke
vich, via varying precursor (mostly chloroauric acid, HAuCl4)-reducing 
agent (trisodium citrate, Na3C6H5O7, sodium borohydride, NaBH4 etc) 
interacting stoichiometries. 

The nanoscale attributes of prepared NPs are explicit functions of 
their size-shape modulations, wherein a smaller size corresponds to 
stronger QC mediated changes in optical, physical, chemical and 

Table 1 
Pure water standardized parameters as per WHO standards [34].  

Parameter Optimized range 

pH 6.5–8.5 
Turbidity (NTU) 1 
Total Dissolved Solids (mg•L− 1) (150–250) but accepted till 500 
Total hardness (as CaCO3, mg•L− 1) 200 
Total alkalinity (as CaCO3, mg•L− 1) 200 
Electrical conductance (μS•cm− 1) 400 

NTU: Nephelometric Turbidity Units. 

Table 2 
Native concentrations (mg•L− 1) of various ions fixed for water quality as 
per WHO standards [35,36]. The relative extents could ascertain the 
contamination extent.  

Metal Ion Ideal extents for potable water (μg•L− 1) 

Na+ 200 
Ca2+ 100 
Mg2+ 50 

K+ 20 
HCO3

− 125–350 
Cl− 250 

SO4
2− 250 

NO3
− 50 

Fe2+ 0.3 
Mn2+ 0.1–0.5 
Zn2+ 0.01–3 
Al3+ 0.2 
Pb2+ 0.01 
Cu2+ 2 
Cd2+ 0.003 
Hg2+ 6 (For inorganic Hg) 
Cr2+ < 2 
As 10 
Se 40 
U 30 
F− 1500  
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Fig. 2. (a) Major biological contaminants affecting the water quality, distinguished as bacteria, algae, and biological toxins, (b) Prominent non-biological con
taminants affecting water quality, distinguished as heavy metals, insecticides and pesticides, and non-biodegradable aromatic compounds. 

P. Malik et al.                                                                                                                                                                                                                                   



Micro and Nano Engineering 23 (2024) 100261

5

electronic properties. Smaller dimensions attribute to a low energy band 
gap, owing to which, electrons from valence band are easily transitioned 
to conduction bands, generating the exciton promptly. The working 
mechanism for controlling the size and shape of NPs, is the optimized 
precursor to reducing agent stoichiometry, wherein rod or spherical 
morphology could be obtained. Other than precursor to reducing agent 
ratio, working pH, temperature and the precursor type are the promi
nent factors affecting the pace of NPs formation. From the precursor 
viewpoint, oxides are most easily reduced while nitrates are relatively 
tough to treat. With reference to pH and temperature, the optimum re
sponses are generally retrieved for physiological pH and temperature 
albeit there may be variations for chemical methods. A number of iter
ations for size and morphology control of Au NPs via varied precursor 
and reducing agent ratios, have been comprehensively discussed in the 
publications on Turkevich’s method and its optimizations [77–79]. 

Keeping such performance regulating attributes of Au NPs in mind, 
the next section discusses about the last ten year studies on Au NPs 
biosensors monitored quality of water resources. 

4. Recent studies on gold nanoparticles monitored water quality 

As discussed in earlier sections, preferential use of Au NPs and cor
responding assemblies in biosensing (environmental and health con
cerns, majorly) is due to their high native stability, enabling multiple 
functionalization abilities. Our cautious literature search consolidated 
Au NPs as sensing probes, via (i) aggregation based singular or combined 
use, (ii) engineered electrodes as sensing platforms, (iii) functionaliza
tion with peptides, amino-acids, antibodies or manifold enzyme- 
conjugated biomolecules (DNA or RNAzymes), (iv) anchoring over 
graphene and reduced graphene assemblies, and (v) a miscellaneous 
approach (comprising integration of two or more of first four principles. 
The separate listing of graphene or graphene oxide conjugated Au NPs as 
functionalization assays is due to chemically distinct nature of graphene 
from the biological entities (proteins, antibodies and others). The sur
face versatility and tuneable energy levels of graphene makes it unique 
for engineered optoelectronic responses via numerous functionalization 
routes encompassed enhanced interactions for industrial, biological and 
energy harvesting [89,90]. 

Fig. 3. Salient aspects of prominent chemical reduction methods for preparing Au nanoparticles, varying precursor to reducing agent stoichiometry is the basis of 
altered morphology and diversified applications. 
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4.1. Aggregation facilitated singular or combinatorial assays 

This section comprises the studies monitoring water quality via sin
gular and combined (with other metal/metal oxide NPs) use of Au NPs. 
Working principle herein, uses distinct optical properties of mono
dispersed and aggregated states, the latter resulting in diminished en
ergy due to increased sizes and reduced QC. So, the screened stimulus is 
detected via changes in native SPR of Au NPs through modulated 
dispersion regimes. The observed SPR of Au NPs varies as per the 
capping agent interaction with underlying NPs. Irrespective of forma
tion mechanism, the SPR is observed corresponding to 520 nm, a vari
ation arises due to distinct dispersion interception in course of UV–Vis 
spectroscopy [91]. The morphologies and architectures of NPs are the 
riders of their sensing abilities due to varied QC extents. For instance, a 
number of studies employ combinative use of NPs whereby the partic
ipation of capping layer is reduced to bare minimal. Regarding the 
morphology specific distinctions, the rod regime is better suited for 
sensing applications due to its capability of screening multiple func
tional responses on the same surface simultaneously. For instance, car
bon nanotubes functionalized with Au NPs-anchored enzymes have been 

significantly explored as corresponding substrate detection(s) assem
blies. Such distinctions are not feasible with spherical NPs which are 
better suited for adsorption, drug loading and charge transfer driven 
transport and surface engineering needs. The core-shell architecture is a 
characteristic configuration of NPs whereby enhanced protection, 
encapsulation extent and controlled release could be achieved via sur
rounding the functional NPs with a compatible shell. The functional 
aspects of shell material include a high dispersibility, bio- 
functionalization ability and control of optical properties. The unique
ness of these NPs pertains to their core-shell organic and inorganic 
sensitivity, with sizes in the order of few μm. These heterogeneous ar
rangements are highly stable in ambient conditions (at <200 ◦C) with 
minimal oxidation in (200–400)oC. Unlike the conventional NPs, the 
specific characterizations for core-shell NPs are aberration corrected 
scanning tunnelling electron microscopy (equipped with high angle 
annular dark field detector), energy-dispersive X-ray spectrometry, 
electron energy loss spectroscopy. The shell protection in makes these 
NPs as highly useful for biomedical applications (bioimaging, drug de
livery, sensing and gene delivery) [92–93]. 

Exploiting such remarkable attributes of core-shell morphology, a 

Fig. 4. (a) Metal ion detection and colorimetric response optimization steps for the 2019 study by Li and colleagues [95], (b) Molecular structures of (i) melamine, (ii) 
cysteine, and (iii) glutathione, with plentiful –OH, -SH and –NH2 functional groups conferring a hydrophilic sensitivity. This implies that detection of these moieties 
mandates the probe interaction via hydrogen bonding, philic-philic or philicphobic interaction forces. 
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2017 study by Dong and colleagues [94] developed Ag (core) and Au 
(shell) containing NPs which were conjugated with iridium (III) complex 
to screen cyanide presence in the water samples. The mechanism 
involved luminescence monitoring, getting quenched on (Ir(7-chloro-2- 
phenylquinoline)2(4,7-dimethoxy-1,10-phenanthroline) (complex I) 
adsorption over Au surface of Ag@Au NPs. Electrostatic interactions 
between cationic, (Ir(7-chloro-2-phenylquinoline)2(4,7-dimethoxy- 
1,10-phenanthroline) and Au shell, stabilized the assembly. The source 
of quenching was energy transfer from Ag@Au NPs to complex I via 
(300–800) nm absorption over Ag NPs. Such binding force dynamics 
engineered resonance of core-shell NPs and complex I- luminescence. 
Cyanide screening was facilitated by restoration on loss of Au shell, with 
Ag core being unable to do so. Inspection revealed a high sensitivity with 
0.036 μM LOD with null detection of 10 fold contents of erstwhile an
ions. The approach could be extended to CN− similar impurities via 
interacting with complex I. The optimized functioning of designed 
Au–Ag comprising core-shell NPs draws considerable interest wherein 
Au NPs as shell attributed to a flexible geometry and topology with low 
reactivity of Ag NPs containing core. Such an integrated assembly 
enabled thermal and oxidative stability of core NMs, making them 
suitable for biomedical, electrical and semiconducting applications. 
Thus, Au NPs as shell, conferred protection to Ag core and engineered a 
precise stimulus detection. 

Subsequent 2019 effort used a colorimetric assay comprising 
cysteine, L-glutathione and melamine as recognition entities for 
screening toxic metal ions. Binding affinities of toxic cations with these 
recognition receptors were screened via Au NPs aggregation and 
consequent colorimetric response. The optimized configuration ach
ieved significant Ti4+, Cr3+, Mn2+, Fe3+, Pb2+ and Sn4+ discrimination, 
in deionized water (DW) and real samples. Fig. 4a illustrates the 
detection procedure optimization for this study wherein, selective 
response was monitored via screening the absorption with and without 
Ti4+, Cr3+, Mn2+, Fe3+, Pb2+, Sn4+ bound state of Au NPs at 
(300–1000,5000,10,000) nM. Six parallel measurements were made for 
each cation, generating a matrix of 6 ions, 3 receptors and 6 replicates. 
Thereafter, LDA (Linear Discriminant Analysis) converted this matrix 
into canonical factors, generating 3D-plots, with 95% confidence. The 
LDA scores for each cation revealed distinct clustering and discrimina
tion. Analysis for intuitive distribution revealed a possible prominence 
in 300–10,000 nM range, exhibiting Ti4+, Cr3+, Sn4+, Mn2+, Pb2+ as 
preferentially captured by cysteine and melamine. Lower Au NPs 
absorbance differences with and without cations inferred a moderate 
receptor binding, with strongest affinity for cysteine. The discrimination 
accuracy (DA) were 75% (cysteine), 72.2% (glutathione), 72.2% (mel
amine), 94.4% (cysteine-glutathione), 91.7% (melamine-glutathione) 
and 91.7% (melamine-cysteine) and 100% (cysteine-glutathione-mel
amine), signifying a synergistic response. 

Fig. 4b depicts melamine, cysteine and glutathione structural dis
tinctions, wherein plentiful –OH, =O and –NH2 functionalities exhibit a 
hydrophilic sensitivity. While glutathione is a physiological antioxidant, 
melamine is a toxic molecule with an excessive use being prohibited by 
FDA. The quantitative performance of developed probe was monitored 
using (100− 1000) nM cationic extents, at 100 nM intervals. Maximum 
response was ascertained for 800 nM Ti4+, 800 nm Cr3+, 200 nM (each 
for) Mn2+, Pb2+, Sn4+ and 400 nM Fe3+. The sensor array demonstrated 
nM sensitivity for Ti4+, Cr3+, Mn2+, Fe3+, Pb2+, Sn4+, with (100–900) 
nM linear responses for Ti4+, Cr3+, Mn2, Pb2+, (100–800) nM for Fe3+

and (100–1000) nM for Sn4+. A linear variance of dose-response curve 
inferred stable cation-recognition receptor interactions with discrimi
nation analysis revealing (Ti4+-Mn2+), (Ti4+-Mn2+-Sn4+) and (Ti4+- 
Cr3+-Mn2+-Sn4+) for 1:9, (2:8, 3:7, 4:6, 1:1, 6:4, 7:3,8:2, 9:1), (2:2:6, 
2:6:2, 6:2:2, 4:4:2, 4:2:4, 2:4:4) and (2:2:2:3, 2:3:3:2, 2:2:2:3, 3:2:2:3, 
3:3:2:2, 3:2:3:3) stoichiometries, facilitating a 300 nM detection. Anal
ysis of real water samples from Yuyuantan Park in Beijing, revealed no 
ion detection by ICP-MS but on being spiked at 300 nM to the sensor 
array, the screened ions were distinguished. Identification for screened 

cations was also made on serum samples, revealing a unique response 
alongwith LDA assisted six samples being clustered as distinct groups 
[95]. The working principle could be used to estimate the chemically 
similar impurities (similar group elements from periodic table), illus
trating usefulness via characteristic Au NPs aggregation encompassed 
distinctive optical responses. 

The next 2019 effort was the study by Li and colleagues [96] who 
screened antibiotics contaminated water samples using metal organic 
framework (MOF) conjugated aptamer functionalized with 3,3′,5,5’tet
ramethylbenzidine (TMB)-H2O2. The assay monitored TMB catalytic 
oxidation (included as label) from colourless to blue, using aptamer as 
antibiotic recognizer, via ascertaining the variations in MOFs catalytic 
activity. Out of Fe-MIL-53, Fe-MIL-88 A and Fe-MIL-100 ligands, Fe- 
MIL-53 was chosen due to its superior topological flexibility and small 
electron transfer impedance. Working configuration comprised 
quenched MOF catalysis through antibiotic-Au NPs-aptamer conjugate 
coating on MOF outer surface, increasing the impedance via reduced 
electron transfer. Selectivity and sensitivity of the assay revealed a 
(50–200) nM linear detection with 8.1 ng•mL− 1 LOD and (106–110)% 
recovery, exhibiting suitability for chloramphenicol detection besides 
viable potential for ampicillin, tetracycline and oxytetracycline 
screening. Fig. 5 depicts TMB structure wherein –NH2 substituted 
phenyl rings manifest a hydrophilic likability with an electrophilic 
proximity of π-conjugation rich phenyl rings. Development of such 
probes argued variability for a feasibility to screen hydrophilic con
taminants. One concern shared by the authors though, points to 8.1 
ng•mL− 1 LOD, unable to screen fewer extents. A feasible extension of 
the work could be the SPR variations of Au NPs alone and their 
compatibility with Ag, Cu, Co, Mn for consolidated probe configuration 
to screen water-borne pathogens. 

Next in line is a 2021 study wherein Au NPs functioned as segmented 
bridge for growing Ag shell and gather together the Au-Fe3O4 NPs with a 
dumb-bell morphology exhibiting a magnetic sensitivity. The assembly 
was optimized to screen aflatoxin via modulating the transverse relax
ation time of examined water molecules. The Ag@Au-Fe3O4 nanoscale 
assembly was controlled via H2O2 which on horseradish peroxidase 
degradation, reduced Ag+ to Ag0, accompanied with transformation of 
dispersed Au-Fe3O4 NPs to Ag@Au-Fe3O4 aggregated entities. Detection 
sensitivity of assay was 3.81 pg•mL− 1, on par with competitive immu
noreactions, improving the ELISA and HPLC screening by 21 and 9 folds 
[97]. 

A nearly similar but recent study used Au@MnO2 core-shell 
morphology to screen E. coli contamination via accessing β-galactosi
dase action on single particle enumeration via colour code distinction. 
Presence of E. coli in tested water stream hydrolyzed p-aminophenyl β-D- 
galactopyranoside to p-aminophenol (AP) via endogenous β-galactosi
dase. Detection was confirmed via MnO2 shell-AP reaction, resulting in 
blue shift of localized SPR (bright yellow to green colour change) with 

Fig. 5. Molecular structure of 3,3′,5,5’tetramethylbenzidine (TMB), the –NH2 
substituted phenyl rings confer a moderate interaction with Au NPs function
alized MOF framework. No steric hindrance in the –NH2 groups vicinity argues 
well for their probing involvement. The (50–200) nM linear detection range 
with 8.1 ng•mL− 1 LOD and (106–110)% recovery rate in 2019 study by Li and 
colleagues, creating interest for possible structural similarities with screened 
ampicillin, tetracycline and oxytetracycline [96]. 
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concomitant Mn+2 formation. The assay exhibited an LOD of 15 
CFU•mL− 1 over a (100–2900) CFU•mL− 1 dynamic range, enabling an 
ultrasensitive and economic E. coli screening in river water. The robust 
configuration with dynamic working feasibility of the probe demon
strated the assembly as ultrasensitive, low cost measure to screen other 
than E. coli bacterial contaminations in river water and food samples 

[98]. Comparative analysis of last two studies [97,98] conceptualizes a 
wide anticipation of Au NPs comprising biosensors, via compatibility 
with Fe3O4 as well as MnO2 and providing ultrasensitive detection of 
distinct contaminants. Such prospects illustrate the multifunctional 
analytical perceptivity of Au NPs with immense scope of modulated 
energy levels. 

Fig. 6. (a) Optimization of probe assembly via N,N′-(3-dimethylaminopropyl ethylcarbodiimide hydrochloride) EDC-NHS (N-hydroxysuccinimide) assisted chemical 
reaction and the subsequent validation via cyclic voltammetry and electrical impedance spectroscopy for the 2016 study by Zhu and colleagues [101], (b) Charac
teristic hydrophilic and hydrophobic functionalities of (i) Malachite green (MG), (ii) Leucomalachite green (LMG), (iii) 1,4-phenylenediamine (PDA) and (iv) Bovine 
serum albumin (BSA), pertaining to the discussion of 2016 study by Zhu and associates. The matching of distributive hydrophilicities amongst PDA, BSA and MG, LMG 
offer enhanced understanding of probe design for distinctive MG and LMG recognition. 

P. Malik et al.                                                                                                                                                                                                                                   



Micro and Nano Engineering 23 (2024) 100261

9

Another worthwhile effort from 2021 optimized a surface-enhanced 
Raman Scattering (SERS) coupled wavenumber selection chemical 
signal monitored approach for screening Hg+2 in aqueous environment. 
Optimized probe configuration involved Au@Ag core-shell NPs which 
were used as SERS substrates while rhodamine 6G (R6G) was included 
as Hg+2 signaling probe. The Au NPs were prepared via 30 min unin
terrupted stirring of 50 mL, 0.25 mM HAuCl4 and 750 μL, 1% 
C6H5Na3O7•2H2O mixture at boiling conditions. Henceforth, 2 mL, 1% 
C6H5Na3O7•2H2O was added again to the reaction mixture. Finally, to 
develop Ag NPs shell, 9 mL, 1 mM AgNO3 was injected at the rate of two 
drops per minute, followed by another 30 min stirring to obtain Au@Ag 
NPs. Physical indication of NPs formation was red wine to orange-yellow 
conversion. Characterization of as formed NPs corroborated their 
nanoscale traits, with 28.51 nm as average hydrodynamic diameters 
(using DLS), a spherical morphology (via TEM) and an SPR peak within 
(388–498) nm alongside a face-centred cubic, crystalline texture. The 
Hg+2 screening by optimized probe was accomplished via quenching of 
R6G strong SERS signal due to its interaction with Au@Ag NPs, resulting 
in progressive replacement of Ag+ by the bound Hg+2. Enhanced extents 
of bound Hg+2 within (103− 10− 2) μg•g− 1 resulted in disorganized Ag 
shell morphology in the TEM micrographs of the probe, revealing an 
aggregated state. Correspondingly, a blue shift in UV–Vis SPR peak of Ag 
shell of Au@Ag NPs was noticed, reducing Hg+2 to Hg0 on the Ag shell 
surface of Au@Ag NPs, following Hg+2-citrate ion of Au@Ag NPs 
complex formation. The SERS coupled sensing revealed a good efficacy 
over the SPR methodology, developing 0.9745 and 0.9773 as correlation 

coefficients within (102− 10− 3) μg•g− 1. Specificity analysis of probe for 
1 μg•g− 1 Hg+2 with and without 100 μg•g− 1 Ba+2, Ca+2, Cd+2, Co+2, 
Cu+2, Fe+2, Fe+3, Mg+2, Mn+2, Ni+2, Pb+2 and Zn+2 revealed Hg+2 

acceptable SERS signal, inferring a good sensitivity. The recovery 
(88.45–94.73)% and (3.28–5.76)% coefficient of variations revealed a 
suitability of optimized SERS modulation for Hg2+ screening in aqueous 
conditions [99]. 

Summarizing the findings of singular or combined state Au NPs 
prevalence mediated SPR varied sensing responses, reveals a high 
sensitivity, reproducibility and specificity of various contaminants in 
examined water samples. There seems a possibility of still higher accu
racies being accomplished via optimum combinatorial approaches 
whereby detection precision and reproducibility could be improvised. 
The accuracy of responses is sharply affected by the respective prepa
ration methods of NPs with a higher reliability of chemical approaches. 

4.2. Use of Au nanoparticles modified electrodes as sensing platforms 

This section comprises the studies where Au nanothin layers func
tionalized electrodes (electrochemical detection) have been used as 
sensing platforms. A high electrical conductivity of Au augments its 
electrochemical abilities, paving way for accurate and precise stimulus 
detection [100]. Added incentive herewith is the robust size-shape 
modulation of Au NPs whereby detection platform geometry could be 
modulated. Herein, many studies have demonstrated thin film mono
dispersed textures of Au NPs in combination with other elements (such 

Fig. 7. (a) Schematic representation ofpH, dilution factor and H2O2extent driven detection methodology using Au nanorods conjugated with hollow SnO2-SiC 
spherical nanochains on chitosan pre-coated glassy carbon electrode, (b) Molecular structures of (i) acryalamide and (ii) 4-mercaptophenylacetic acid, and (iii) 
diclofeanc, with –NH, Cl, and –COOH and pi-conjugation conferring phenyl rings confer a distributed philicphobic receptivity. The structures pertain to the screened 
impurities in food and water samples in the 2018 study by Wu and colleagues [102]. 
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as zirconium, vanadium etc.) for improved responses. A serious chal
lenge in such probe configuration is the rigorous characterization vis- 
à-vis stimulus nature and intensity. The working principle screens the 
probe electrical and optoelectronic response in varying environments. 
Ahead is the discussion of post 2015 studies in this regard. 

The 2016 attempt by Zhu and associates [101] reported a sensitive 
electrochemical impedance spectroscopy (EIS) assay for malachite green 
(MG) and leucomalachite green (LMG) detection using bovine serum 
albumin-functionalized Au nanocluster (BSA-Au NC) Ab composite film 
conjugated immunosensor. The investigators modified GCE with 1,4- 
phenylenediamine (PDA, for –NH2 group), to obtain a stable surface 
suited for covalent binding. Fig. 6a summarizes the optimized probe 
configuration via EDC (N,N′-(3-dimethylaminopropyl ethylcarbodiimide 
hydrochloride))-NHS (N-hydroxysuccinimide) conjugation and its vali
dation via cyclic voltammetry (CV) and EIS scrutiny. Analysis revealed 
an agreement for circuit model over the scanned frequencies with 
negligible resistance Rs (95 Ω) and impedance variations Zw (1.45 m 
Mho) for each impedance scan, inferring no electrode surface modifi
cation. Owing to this, Ret was chosen for interfacial properties, incre
ment in which deciphered electrically insulated LMG and Ab 
interactions. The analysis efficacy varied with incubation time and so
lution pH, examined via Ab-modified electrode immersion in LMG so
lution (10 ng•mL− 1) at (6–8.5) pH for (10–60) min. For calibration 
curve and interaction specificity, the EIS response to LMG concentra
tions was investigated at 5 mV, (0.1 Hz-100 KHz) and 0.29 V. The Ret 
increased with increasing LMG extents, supported by relative resistance 
and calibration curve linearity within (0.1–10.0) ng•mL− 1. With a 0.03 
ng•mL− 1 LOD, the Ret change was steady at >10 ng•mL− 1 LMG. The EIS 
repeatability for 10 ng•mL− 1 LMG with five assessments deciphered a 
5.6% relative standard deviation (RSD) at 4 ◦C. Till 2 weeks, no signif
icant reduction was noticed and impedance remained 90% of initial 
extent. Commercial feasibility was determined via EIS and ELISA in
spections of (1–5) ng•mL− 1 LMG spiked farm water samples. Analysis 
revealed good recoveries and EIS precision on comparative assessments 
with ELISA and Mass spectroscopy estimations, demonstrating suit
ability for aqueous MG and LMG screening. Fig. 6b depicts MG (i), LMG 
(ii), 1,4-PDA (iii) and BSA (iv) structural distinctions, wherein hydro
philic proximity favours 1,4-PDA coated BSA-Au NC constituted elec
trodes. The hydrophilicity of BSA argues well for its functionalization 
with Au-BSA NCs. Distinct binding accuracies with detection thresholds 
for MG and LMG were due to higher LMG hydrophilicity as it is 
substituted with five deuterium atoms. The structural distinctions of 
LMG and MG also provide a clue for the LOD dissimilarities as exposed 
hydrophilicity of LMG seems readily accessible by Au-BSA NC hydro
philic sensitivity. These attributes could be conceptualized for probe 
configurations via structure-activity-relationships modulations. 

Subsequent attempt on Au NPs monitored water quality used high 
SA, hollow SnO2-SiC spherical nanochains and Au nanorods (NRs), 
anchored on a chitosan pre-coated GCE for acrylamide (AA) screening in 
water and food samples. The 50 nm long, 20 nm wide Au NRs were 
prepared via seed mediated mechanism, using HAuCl4 as precursor, 
NaBH4 as reducing agent and CTAB as capping agent. The coating an
tigen, AA-4-mercaptophenylacetic acid-ovalbumin conjugate (AA-4- 
MPA-OVA) was immobilized on electrode while AA-4-MPA specific 
polyclonal Ab was conjugated to Au NR as primary antibody (AuNR- 
Ab1). The Horseradish peroxidase labelled anti-rabbit Ab goat was 
conjugated to Au NRs as secondary antibody (HRP-AuNR-Ab2). Sensing 
configuration involved dropping 5 μL, 0.2% chitosan solution over the 
electrode and RT drying. Subsequently, 0.5 mg SnO2-SiC HSNC was 
monodispersed in 1 mL DW followed by its 5 μL-deposition on chitosan 
coated electrode, and a second RT drying. Thereafter, electrochemical 
deposition was done in 4 mL, 0.5 mM HAuCl4 via (− 0.3 to 0.3) V ranged 
CV for 5 cycles at 50 mV•s− 1. Fig. 7(a) summarizes the detection 
methodology optimization for validated pH, dilution factor and H2O2 
extents. Real analysis on drinking water, coffee and potato chips 
revealed (45.9 ± 2.7) ng•kg− 1 as LOD for (187 ± 12.3) ng•kg− 1 to (104 

± 8.2) μg•kg− 1 linear range. The AA content was ascertained as 1000 
fold higher for coffee and potato chip, ruling out LOD quantification. 
Distinguishing aspects comprised stability monitoring via 4 ◦C periodic 
current response time assessments, revealing 97.3, 93.6, 90.7% initial 
current retaining on one, three and six weeks. Likewise, electrode 
regeneration monitoring revealed (15–50)% reduced output with no re- 
use feasibility, due to varied pH triggered electrode surface tampering. 
The AA recoveries ranged (86–115)% with (6.4–8.6)% variation co
efficients, and (86.5–112), (4.3–9)% extents for coffee and potato chips. 
Selectivity analysis for AA-4-MPA revealed no cross-reactivity to 4-MPA, 
4-aminothiophenol, AA, methacrylamide, methyl acrylate and acrylic 
acid [102]. The –CO-NH2, –COOH, -HS functionalities of AA and 4-MPA 
exhibit compatibility whereby 4-MPA as electrode coating agent 
attributed well for immobilized Au NRs, vide interfacing thiol linkage 
(Fig. 7(b)). A pertinent concern herewith is the inadvertent AA use in 
childcare products (talc, soaps etc.), accounting for its recent suspension 
by US-FDA. 

A recent investigation by Iqbal and colleagues [103] used DNA 
aptamer conjugated magnetic beads to quantify the C. parvum oocysts, 
frequent contaminants in potable water. A sensitive 3′-biotinylated R4–6 
aptamer was used as secondary ligand for immobilizing streptavidin 
coated magnetic beads. The ligand bound magnetic bead assembly was 
then included within Au NPs modified screen printed carbon electrode 
(SPCE). The detection efficacy for C. parvum oocysts inferred specificity 
using square wave voltammetry with no Giardia duodenalis cysts bind
ing, another ubiquitous water-borne pathogen. The sensing LOD was 
ascertained as 50 units with steadfast C. parvum oocyst detection in raw 
lake and river water. The study also screened a combination of Au NPs 
coated carbon electrode and aptasensor functionalized magnetic beads 
for deleterious aqueous contaminants, revealing significance via mani
fold Au NPs morphologies. The subsequent attempt was a 2019 study by 
Costa-Rama and colleagues [104], wherein a paper-based platform was 
used to screen diclofenac (DCF, an anti-inflammatory drug) in contam
inated water samples. Carbon-ink paper was used as working electrode 
and two metallic wires, linked via Au connectors functioned as reference 
and counter electrodes. Porous paper membrane aided the sample pre- 
concentration apart from its de-coupling and detection, accomplishing 
a 60 folds enhanced sensitivity and 8000 fold lower LOD over the DCF 
pre-concentration on the working electrodes. The detectable adsorption 
attributed to (0.10–5) μM and (5–100) μM linear detection. Feasibility 
for DCF contamination in spiked tap water samples revealed a 70 nM 
LOD with 5% RSD accuracy. Structural versatility of probe aided in in
tegrated assembly of eight electrochemical cells, with -NH, Cl, and 
-COOH functionalities inferring an aqueous persistence besides 
π-conjugation supported electrophilic receptivity (Fig. 7biii). The 
cationic probes efficiently immobilized and detached the drug. It is 
essential hereby to understand the mitigating philicphobic sensitivities 
in such assays, necessitating a modulation of philicphobic force gradi
ents is needed, could be accomplished via computational techniques 
ascertained most stabilized combination with least binding energy. 

A latest attempt herein used Au NPs-PPy (polypyrrole)-Ti3C2Tx (ti
tanium carbide) nanocomposite, prepared via robust layer by layer self- 
assembly. Probe analysis using XPS and XRD revealed Ti3C2Tx (a natural 
2D material consisting of layered nitrides) significance in the formation 
and alignment of PPy (an organic polymer derived from pyrrole oxida
tive polymerization) besides Au NPs growth. Screening of composite 
texture revealed enhanced stability with improved electrochemical 
performance wherein Au NPs conferred the ability to form covalent 
bonds with biomaterials via Au–S linkage. Sensing response of opti
mized assembly for Pb+2 detection revealed a 5•10− 14- 1•10− 8 M linear 
working range with 1•10− 14 M LOD. Besides the probe exhibited good 
selectivity and sensitivity for Pb+2 screening in environmental fluids 
(Nong Fu spring and tap water) [105]. Another significant effort from 
2023 itself demonstrated an integrated nanoscale configuration of an 
electrochemical biosensor wherein functional probe design comprised a 
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carbon nanotubes-Au NPs and E. coli-polyclonal Ab and BSA engineered 
glassy carbon electrode (GCE), immersed in 0.1 M phosphate buffered 
saline (pH = 7). The sensor worked via acetaminophen (a non-opoid 
analgesic and antipyretic drug used to treat pain and fever) conjuga
tion, detecting E. coli aqueous contamination via conductivity and cur
rent variations. Precision of the working assay was screened using 
square-wave, differential pulse and cyclic voltammetry, deciphering 
an LOD of 3.02 CFU•mL− 1 E. coli detection in 3 min with reasonable 
accuracy, specificity, repeatability and reproducibility. Since E. coli is a 
frequent invader of food and drinking water, the demonstrated sensor 
configuration provides vital clues to integrate nanostructures for their 
synergistic bio-electronic response [106]. Thus, a generalized assess
ment of the studies in this section infers that Au NPs coating over the 
GCE surface either as nanothin films or via nanocomposite texture, 
efficiently screens aqueous contaminants with low response times. 
Indeed, probe functioning do requires a rigorous optimization as is the 
electrode stability for repeatable accuracies. 

4.3. Biomolecules functionalized Au nanoparticles as water quality 
monitoring probes 

This section comprises biomolecules (such as antibodies, enzymes, 
peptides, aptamers, engineered oligonucleotides etc.) functionalized Au 
NPs as water quality sensing probes. Select ligands or surface pre- 

treatments used via Au NPs functionalization herein comprise alkane 
thiol conjugation, Ab linking via avidin-biotin mutual interception, 
biocompatible peptide-dye conjugation and combinatorial regimen with 
other conducting/semi-conducting materials. Functionalization method 
needs a rigorous monitoring to ensure minimal interactions failing 
which, the probe’s working efficacy could be tampered with. 

The first major post 2015 effort herein used oligonucleotide func
tionalized Au NPs for rapid and specific Staphylococcus aureus (S. aureus) 
detection using a colorimetric mechanism. The probe configuration 
involved functionalization of a chemically modified 11-mer sequence 
onto the Au NPs via chemical conjugation. Analysis revealed Au NPs 
aggregation in response to S. aureus detection (as supernatants). The 
designed Au NPs-oligonucleotide assembly exhibited a biological suit
ability in creek and ocean water besides being storable as lyophilized 
powder, suggesting transportation and packaging robustness. Another 
advantage comprised the bacterial enzyme detection proximity (besides 
S. aureus) through modifications in oligonucletide array and coated NPs 
morphology. It is pertinent to mention here that S. aureus is a Gram- 
positive bacterium with a spherical morphology familiarly prevailing 
in the upper respiratory tract and on skin. The bacterium is positive for 
catalase and NO3

− reduction, ruling out a mandatory need of oxygen for 
growth. Opportune pathogenic expressions are widely manifested as 
common cause of skin infections (abscesses), respiratory infections 
(sinusitis) and food poisoning. Major cause of such pathogenic 

Fig. 8. Representative aspects of (a) Lateral flow test strip (SA-LFTS), (Wang and colleagues 2017), (i) Cu+2 detection based on Cu+-catalyzed click chemistry, (ii) 
Visual detection of generated click-ligated ssDNA product, SA-LFTS includes an additional amplification pad (compared with traditional LFTS) that confers higher 
sensitivity [108]. The streptavidin-biotin interaction at the test line allows an easier implementation of the test, and (iii) The test and control lines of SA-LFTS assay 
after flow with Cu+2 addition. Au NPs are captured via streptavidin-biotin interaction and ssDNA hybridization. 
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expressions is the virulence factor generation, including protein toxins 
and cell-surface proteins binding for inactivating the antibodies [107]. 

Progressing to 2017, the first notable attempt by Wang and colleagues 
[108] demonstrated a signal-amplified lateral flow test strip (SA-LFTS) 
for Cu+2 aqueous screening using click chemistry based Cu+ hybridi
zation of ssDNA. The alkyne and azide modified ssDNA perceived Cu+2 

via Cu+ aided cycloaddition vis-à-vis alkyne and azide groups modified 
ssDNA, chemical ligation. The ssDNA-Au NPs hybridization resulted in 
high sensitivity with naked eye visualization of test strip ligated ssDNA. 
Primitive SA-LFTS features comprised DNA-A (azide group) and bio
tinylated DNA-B (alkyl group) as Cu+2 recognition reagents. Assay 
worked through azide cycloaddition and alkyne functionalized ssDNA to 

generate a click ligated, ssDNA chain (like, DNA-A-DNA-B). This ssDNA 
was biotinylated and applied to the test strip (Fig. 8(i & ii)). The reaction 
commenced with ssDNA-DNA-Au NPs probe I hybridization on strip 
detection pad (partially complementary to DNA-A). Upon test line 
migration of this complex, it was captured by strepdivin-biotin complex 
via Au NPs binding. The Au NPs binding with DNA-C was deciphered as 
red band on control line, confirming a proper functioning of test strip. 
Thereafter, DNA-Au NPs probe II was hybridized with DNA-Au NPs 
probe I on the amplification pad, resulting in Au NPs test line accumu
lation. Monitoring the test line colour change validated Cu+2 existence, 
based on which the quantitative screening was optimized using portable 
strip reader recorded relative intensity. Fig. 8(iii) illustrates the 

Fig. 9. Structural proximities of a) sodium ascorbate (SA), and (b)-(i) tris-(hydroxypropyltriazolylmethyl) amine (THPTA) and (ii) overlapping hydrophobic and 
hydrophilic domains in THPTA structure. While SA facilitated the reduction in the Cu+ catalyzedazide-alkyne cycloaddition and chemical ligation of alkyne and azide 
modified ssDNA, the intent of adding THPTA was to stabilize water-soluble copper(I) ligand exclusively used in copper(I)-catalyzed alkyne-azide cycloaddition. 

Fig. 10. Optimized procedure for 10-mercaptodecyl-1-iminodiacetic acid (MDIA) synthesis and its functionalization with Au nanoparticles, for the 2017 study by 
Chai and colleagues [110]. 
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optimized probe configurations, wherein sodium ascrorbate moderated 
Cu+ catalyzed azide-alkyne cycloaddition and subsequent ligation of 
alkyne-azide modified ssDNA. The optical response for sodium ascorbate 
variations revealed 800 μM as adequate extent which was similarly 
ascertained as 1 mM for tris-(hydroxypropyltriazolylmethyl) amine 
(THPTA, for enhanced Cu+ binding) with a pH of 7 (highest relative 
intensity). Functional assay retrieved an LOD of 4.2 nM, ~four orders 
lower than US Environmental Protection Agency (EPA) prescribed 20 
μM. Specificity for Cu+2 was monitored via test line colour intensity and 
Mg+2, Hg+2, Pb+2, Ca+2, Cd+2, Zn+2, Fe+3, Na+) responses. Except 100 
nm Cu+2, no ion developed a bright red band. Practical feasibility was 
studied using (20, 200 nM, 2 μM) Cu+2 spiked municipal and river 
water, retrieving (92.30–106.52)% recoveries, confirmed by inductively 
coupled Mass Spectroscopy (ICP-MS). 

Fig. 9a depicts sodium ascorbate and THPTA distinctions, wherein 
oxygen, OH and Na+ functionalities of the former confer a hydrophilic 
sensitivity while the in and out O, –OH placements in the 5-membered 
ring and extended aliphatic chain manifested hydrophilicity. Similarly, 
the terminal –OH in aliphatic chain conferred philicphobic sensitivity. 
For THPTA, alternative hydrophilic and hydrophobic domains manifest 
a homogenization (Fig. 9b-i). The overlapping hydrophilic domains 
(-OH substituted pyrimidine ring) and N centred 3 alkyl chains (ACs) are 
demarcated in Fig. 9b-(ii). The THPTA inclusion in the probe assembly 
stabilized water-soluble Cu (I) ligand, widely used in Cu(I)-catalyzed 
alkyne-azide cycloaddition [109]. These logics could be extended to 
detection assays vis-à-vis moderate analyte-probe interactions. Stronger 
DNA-Au NPs hybridization with sodium citrate affirmed a best sensing, 
leaving aside PBS and Tris-HCl. 

Another significant 2017 study from Chai and colleagues [110] used 
10-mercaptodecyl-1-iminodiacetic acid (MDIA) to modify Au NPs for RT 
Cu+2 sensing from solution. Fig. 10 illustrates MDIA synthesis, its post 
synthesis characterization and Au NPs (made using Turkevich’s 
method)-functionalization Subsequent to Cu+2 binding, the MDIA@Au 
NPs absorbance decreased with a distinct 560 nm band besides a red to 
purple change. These observations were complemented by TEM micro
graphs, exhibiting Cu+2-carboxylate ligand complex formation on Au 
NPs surface with. The estimated LOD for Cu+2 was 1•10− 4 mol•L− 1, 
ascertained via colour change intensity. The 520 nm absorbance changes 
via calibration plot, revealed a linear trend for (5•10− 6 to 5•10− 4) 
mol•l− 1 Cu+2. The 3.9% RSD for five assessments inferred reproduc
ibility of the assay. The EDTA effect on MDIA@Au NPs vis-a-vis 
enhanced Cu+2 extents revealed sudden intensity increments via RT 
(610 to 520) nm blue shift, with red to purple colour change, indicating 
strong EDTA-Cu+2 interactions. The assay reusability screening revealed 
an aggregation (red to purple) on Cu+2 and EDTA addition. Continued 
EDTA addition generated red colour again, suggesting a reversible ag
gregation via metal ion chelation. The Cu+2 holding MDIA@Au NPs 
were thus, centrifuged to separate Cu+2 complex and the MDIA@Au NPs 
were dispersed in distilled water, promptly developing a red colour. 
Similar observations on equal Cu+2 addition to MDIA@Au NPs inferred 
the assay reusability. Analysis for Cu+2 detection from acidic waste 
having (30, 40, 50, 60 and 70) μM Cu+2, was done via mixing 1 mL 
concentrated MDIA@Au NPs with 9 mL acid etching solution. On 30 min 
stirring, the mixture was centrifuged to retrieve the supernatant which 
on Atomic Absorption Spectrophotometer (AAS) screening, revealed 
3051 mL•g− 1 as absorption coefficient. Thus, this study used MDIA 
functionalized Au NPs to screen Cu+2 with a feasibility to screen erst
while chelating agents other than EDTA. 

Next in line is a 2018 study, using monoclonal antibodies (MAbs) and 
6-carboxyfluoroscein labelled single stranded-thiol oligonucleotides (6- 
FAM-SH-ssDNAs) functionalized Au NPs. The study screened triazophos 
(a pesticide) via ovalabumin conjugated haptens competitive assay for 
antibodies anchored Au NPs. Functionalization with 6-FAM quenched 
the Au NPs fluorescence via inverse variance with analyte extent. 
Sensing parameters included an hour of salting whereby (166 ± 9) ss 
DNAs were loaded on Au NPs. Feasibility studies were done on water, 

rice, cucumber, cabbage and apples, revealing (0.01–20) μg•L− 1 linear 
range, 6 ng•L− 1 LOD, (85–110.3)% recovery and (9.4–17.4)% RSD. The 
assay revealed 0.9794, 0.9758, 0.9783, 0.9841, 0.9709 correlations 
with liquid chromatography-tandem mass spectrometry (LC-MS) [111]. 
Specificity studies deciphered >2000 μg•l− 1 IC50 for chlorpyrifos, 
chlorpyrifos methyl, parathion, malathion, diazonin and fenitrothion. 
The P and S double bond besides multiple N substituted 5-membered 
ring in traiazophos endow a tough biodegradation (Fig. 11a). Assay ef
ficacy could be improved via S and P double bond interception, with 3 O 
linked to P and hydrophobic sensitivity at the terminal locations. The S 
atom in P–S linkage restricts the approachability to P via its lone pair 
electrons and reduces the hydrophilic activities of the pesticide. The 
π-conjugation at the terminal location of middle O atom linked to P 
manifests a electrophilic sensitivity and could be re-engineered via 
substitution to augment the detection vis-à-vis moderate cationic probe 
sensitivity. 

The first noted attempt from 2019 used polymyxin-B conjugated Au 
NPs (PMB-Au NPs) for lipopolysaccharide (LPS) (a bacterial endotoxin) 
detection. Sensing probe comprised a U-bent fibre optic probe (UFOP), 
entrapping LPS from aqueous solutions using biomimetic self-assembled 
octadecyltrichlorosilanes (OTS) layer functionalization. Fig. 12 sum
marizes the UFOP fabrication and its characterization for sensing 
response. The OTS coating of fibre surface was engineered via incuba
tion with fixed fluoro-LPS on getting rid of excess LPS. Real time probe 
efficacy was ascertained from an improved RI sensitivity whereby a glass 
flow cell having OTS functionalized UFOPs was dipped in samples with 
varied LPS amounts. Inspection revealed an LPS RI of ~1.5 contrary to 
1.45 for bulk OTS solution, due to an additional LPS layer via displacing 
water (RI = 1.33). The LOD with OTS free UFOP was 0.1 μg•mol− 1, 
assuming 10 kDa as LPS molecular weight. 

Screening of PMB bound Au NPs at 525 nm revealed an enhanced 
absorbance, varying exponentially with LPS amount with 1 ng•mL− 1 as 
least screened LPS extent; two orders higher than direct assay 

Fig. 11. (a) Distribution of hydrophilic and hydrophobic force factors in the 
insecticide triazophos, and (b) the drug polymyxin-B. Manifold hydrophilic 
sensitivities in both compounds confer the possibility of significant hydrogen 
bonding, with the latter exhibiting significant intra and inter molecu
lar controls. 
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Fig. 12. Fabrication steps forU shaped bent fibre optic probedevelopment and its characterization for sensing response, for the 2018 study of Zhang and col
leagues [111]. 

Fig. 13. Optimization of probe design, in terms of amplification and detection procedures for DNA nanoparticles mediated zebra mussel DNA identification in 
contaminated water samples [116]. 
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[112,113]. Linear detection within (0.1–100) ng•mL− 1 with 0.97 cor
relation coefficient, supported the SEM observations. Specificity in
spection for threonine, tyrosine, lactic acid, human immunoglobulin 
(IgG), normal saline and dextrose normal saline revealed (10− 100) folds 
higher LPS extents. The response was monitored via incubation in 100 
ng•mL− 1 LPS-interferers and PMB-Au NPs, revealing least LPS 
contamination for human IgG with none signal being >15% without 

interferers. Sensitivity enhancement via catalytically assisted Ag depo
sition on Au NPs, facilitated prompt Ag+ reduction and subsequent 
nucleation [114]. Upon 3 min Ag enriching, unfolded probes exhibited a 
dose dependent signal with 36 fold higher sensitivity, 0.998 correlation 
coefficient and a (0.1–100) ng•mL− 1 linear response. The LOD was 0.4 
ng•mL− 1, better than sandwich assay regime. The Ag enhancement 
revealed a large red shift on Ag NPs deposition over the fibre surface 

Fig. 14. Optimization of probe design for D-oligonucleotide enantiomers mediated Bisphenol A detection in contaminated water samples [119].  

Fig. 15. Schematic representation of (a) sp2 hybridized pure carbon hexagonal lattice, and (b) representative chemical structure of graphene oxide. While hexagonal 
lattice depicts the large surface area of graphene the formation of graphene oxide is attributed towards enhanced interactive functionalities via conjugated O and –OH 
functionalities. Varying oxygen contents in graphene oxide formed from graphene are the basis of multiple applications. 
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[115]. Fig. 11b depicts the PMB structure, wherein O, -OH and –NH2 
groups manifest a hydrophilic sensitivity. Closer O and –NH2 placements 
besides –NH, =O, -OH,–NH2 functionalities infer a sensitivity for intra 
and inter molecular HB. A weaker hydrophobicity with only one AC 
attributed the probe-analyte interactions a stronger hydrophilic 
sensitivity. 

Next in line is a 2021 effort, wherein target DNA amplification 
mediated signal enhancement was validated via dual mode colorimetric 
naked eye and smartphone screening, for screening zebra mussel DNA. 
Of note, zebra mussel is an invasive, fingernail sized mollusk native to 
Eurasian freshwaters, named so due to zig-zagged shell stripes. Analyte 
DNA amplification was accomplished via nicking endonuclease cleavage 
of probe-complimentary target hybridization subsequent to which, 
modified probe interacts with DNA functionalized Au NPs. Fig. 13 de
picts a target DNA amplification and detection, improving the naked eye 
sensitivity by 12 folds for ~8 nM LOD in controlled conditions and 22.5 
nM in complex environment. The assay discriminated zebra mussel DNA 
sequences besides 130 fold improved sensitivity via smart-phone 
monitored environmental samples. The 0.17 nM LOD was highly rele
vant to gauge aggregation with reduced naked eye subjectivity [116]. 
Subsequent study using biomolecules functionalized Au NPs for water 
quality screening used D-oligonucleotide enantiomers for ascertaining 
bisphenol A (BPA) contamination. Of note, BPA is a prominent plastic 
monomer widely reported for its endocrine disruptive actions 
[117,118]. The study exploited aptamer binding ability of D-oligonu
cleotides enantiomers via Biolayer interferometry alongside screening 
biological stability on nucleases exposure. Fig. 14 depicts the optimized 
probe configuration as label free Au NPs colorimetric assay for BPA 
detection with 0.057 ng•mL− 1 LOD over (100 pg•mL− 1-10 mg•mL− 1) 
range [119]. Another 2022 effort from Ye and colleagues [120] demon
strated multiplex sensors with specific locus centred aptamer function
alized Au NRs facilitated Pb+2 and Hg+2 detection. The detection of 
heavy metals (Pb and Hg) was optimized via distinct responses of indi
vidual Au NRs with characteristic spectra shifts in the scattering spec
trum. Inspection of bound Pb and Hg using a spectral imaging dark field 
microscope ascertained the response of manifold single plasmonic 
nanosensors with high time resolution and precision. The LOD for the 
assay was determined via monitoring concentration specific response of 
position specific nanosensors for Hg+2 and Pb+2 containing mixtures. 
Inspection revealed 5 nM (Pb+2) and 1 nM (Hg+2) sensitivities, exhib
iting the feasibility to screen other heavy metal ions (alike periodic table 
groups). 

4.4. Gold nanoparticles anchored graphene and reduced graphene 
assemblies 

Large SA and functionalization diversity of graphene and its de
rivatives are the reasons for their remarkable applications in catalysis, 
energy storage and conversion. Structural distinctions of graphene 
include a single, thin layer of tightly packed pure carbon atoms as 
hexagonal honeycomb lattice with sp2 hybridization and a 0.142 nm 

C–C bond length (Fig. 15a). With a thickness of ~one atom and 
(100− 300) times higher strength than steel, graphene oxide (GO) is the 
most used graphene derivative, prepared via graphite oxidation 
(Fig. 15b). Multiple applications of GO include use in electrodes, solar 
cells, polymer filler for improved tensile strength, elasticity, conduc
tivity etc. [121,122]. The studies using graphene/GO-Au NPs as probes 
for screening water quality are as discussed ahead. 

First major post 2015 study herein, examined NO3
− via absorption 

spectrum, involving Au NPs interaction with -NH2 modified GO 
(-NH2@GO), avoiding aggregation due to low NO3

− amount remaining 
untraced via conventional assay. The optimized probe configuration 
exhibited a reduced aggregation on NO3

− and modified GO interaction, 
screening NO3

− via absorption spectrum, superseding the Au NPs due to 
anionic impurities. Optimization involved no pretreatment, screening 5 
nM NO3

− in DW, much lower than 161 μM (absorption spectroscopy) 
[123]. The Au NPs used herein were prepared via citrate reduction and 
optimized via 10 min, 8000 rpm centrifugation of their 4 mL quantity on 
aqueous washing and subsequent dispersion in 0.2 mL H2O. Real 
screening was done via deliberate NO3

− contamination on 10 min 
centrifugation of river water (pH = 7) at 10,000 rpm. Finally, 20 μL, 1 
mg•mL− 1 -NH2@GO was mixed with sample (1:1) and incubated for 1 h 
at RT, before examining its UV–visible absorption. A decisive step in 
probe optimization involved ethylenediamine (EDA) modification of GO 
sheets, prior to –NH2 functionalization. The -NH2@GO mixing with Au 
NPs induced their aggregation via electrostatic interactions, nullified via 
NO3

− π-aromatic cloud interception of -NH2@GO [124]. Detection 
sensitivity (ΔR) was monitored via subtracting Rnitrate to Rblank ratios, 
where Rnitrate was 620 to 520 nm absorbance ratio of NO3

− contaminated 
samples in UV–visible spectra while Rblank was similar extent for blank 
samples. A high ΔR inferred a NO3

− contamination with a higher sensi
tivity, where (1.51–4.53) μg•mL− 1 increment enhanced ΔR. Since 6.03 
μg•mL− 1 GO decreased the ΔR, 4.53 μg•mL− 1 was chosen as optimum 
GO. The investigators noted inadequate signal distinctions for blank and 
NO3

− contaminated samples due to excessive aggregation. The optimum 
incubation for detection sensitivity was ascertained as 1 h. Polarity 
changes inferred -NH2@GO-NO3

− interactions, with − 29.4 mV ζ-poten
tial for GO being enhanced to − 18.9 mV for EDA modified GO and yet 
again decreasing to − 26.6 mV on NO3

− incubation. These surface po
larity changes for NO3

− neutralizations were supported by SEM and TEM 
inferred Au NPs aggregation for null and 50 mM NO3

− . Selectivity was 
ascertained via Cl− , Br− , I− , SO4

2− recognition, where only NO3
−

decreased absorption ratios at 620 and 520 nm (Au NPs SPR) [125]. 
Commercial feasibility was monitored via screening NO3

− contaminated 
river water, wherein 5 nM was retrieved as LOD, in river and DW [126]. 
The sensing precision could be further improved using GO derivatives 
and highly diverse morphologies for Au NPs shapes and sizes (obtained 
on altered precursor to reducing agent ratios). 

Next in line is a 2017 effort, wherein an ultrasensitive pulse-driven 
capacitance based Pb+2 recognition was accomplished via self- 
assembly driven GO monolayer to monitor the contamination of water 
samples. Intact field effect transistor (FET) comprised thermally reduced 

Fig. 16. Pictorial depiction ofsensor chip describing the functional biosensing mode for the 2017 study by Maity and colleagues [127].  
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GO channel with a defunct thin Al2O3 layer as a top gate combined with 
sputtered Au NPs conjugated glutathione (GSH) as probe. Fig. 16 sum
marizes the sensor chip configuration, working module and electronic 
properties for the probe. For real application, a miniaturized Arduino- 
based microcontroller was programmed to generate pulses, capaci
tance signal reading and continuous data recording. The Pb+2 probe- 
specificity was ascertained via its insignificant responses for Zn+2, 
Mg+2, Hg+2, Cd+2, Fe+3, Na+ and Ag+. Sensitivity was monitored via 
monitoring real time capacitance transient for Hg+2 (5–100 ppb) with 
Pb+2, revealing an insignificant relative capacitance change for Hg+2 

solution. Commercial feasibility was adjudged via water samples from 
the city of Flint, fresh tap water from Milwaukee, Lake Michigan and 
river Mailwaukee, revealing agreements with ICP analysis for Flint 
water, having 2.38 ppb Pb+2 than <0.8 ppb for others. The 180 and 30% 
capacitance transient responses for Flint water and Milwaukee tap water 
enabled a (0.4–2.38) ppb Pb+2 screening in Flint water. The assay time 
for background stabilization subsequent to Pb+2 monitoring was ascer
tained as 10 s, was much lower than FET resistance (in min) and 
inductive/optical plasma methods (in hours). Approximate linear range 
(5–20) ppb estimation for ~15 ppb extent projects probe suitability for 
drinking water [127]. Intriguingly, functionalization with doped gra
phene could improvise the accuracy via reduced interception time. The 
optimized configuration (rGO passivated by thin Al2O3 as top gate with 
GSH functionalized sputtered Au NPs) could be engineered for other 
impurities too. Besides, portable configuration could be employed in 
remote locations and moderate economies. 

Latest attempt in rGO-Au NPs screened water quality is a 2022 study 
whereby, aptamer mediated electrochemical sensing was optimized via 
surface engineering and DNA nanotechnology to monitor ampicillin 
contamination in animal products. The working electrode was modified 
in SPCE via electrochemically rGO and Au NPs enhanced electro
chemical conductivity (Fig. 17). Subsequent surface engineering via self- 
assembled tetrahedral DNA nanostructures (TDN) improved the detec
tion sensitivity, via aptamer nano-spacing immobilized over electrode 
surface. These aptamers were put in solution for target binding, and 
accessed via differential pulse voltammetry for bound ampicillin extents. 
Analysis revealed a (10 pM-1 mM) detection in <30 min with 1 pM LOD, 
~100 folds higher than without TDN functionality. Feasibility moni
toring revealed a reusable tendency on DW rinsing besides 15 day 
storage stability and reproducibility [128]. 

4.5. Miscellaneous platform configurations of Au nanoparticles as water 
sensors 

An integrated approach using microfluidics and porosity modulated 
papers as sensing platforms (microfluidic paper based provisions, 

μPADs) vis-à-vis laser printing (LP) devices feasibility for pesticide 
screening in aqueous conditions. Optimized probe configuration was 
accomplished via studies with varied paper platform porosities, textures 
and channel thickness. The Au NPs for the probe were prepared using 
citrate reduction, ensured via terminal colour change to blue. The as 
prepared NPs were thoroughly screened for their nanoscale traits, using 
DLS, UV–Vis spectroscopy and SEM. Optimized LP-μPAD configuration 
was prepared using Adobe illustrator software (V2019), wherein a laser 
printer was employed to print a hydrophobic barrier over the filter paper 
having a highest printing ability (600 DPI). Printed filter papers were 
uniformly heated in an incubator at 170 ◦C till 30 min (forming requisite 
hydrophobic barrier) to ensure optimum paper impregnation with toner 
ink. The 2023 effort from Turkey involved a thorough probe charac
terization to screen the titre of atrazine (a chlorinated triazine systemic 
herbicide used to selectively control the annual grasses and broadleaf 
weeds prior to their emergence) in water via colorimetric assessments 
using a smart-phone assisted imaging. Analysis revealed an LOD of 10.9 
μM with high repeatability and reproducibility. Thereby, the probe 
configuration in this study conceptualized a successful integration of 
laser assisted viewing across the microfluidic, capillary flow assisted 
paper channels for specific detection of pesticides. Interference studies 
revealed the pesticide screening as unaffected by added NaCl quantities 
and varied pH levels. On the whole, the study presented LP assisted 
capillary flow monitoring as effective and low-cost remedy for accessible 
water quality monitoring [129]. 

5. Summary and future directions 

We have presented a comprehensive account of Au NPs sensing 
distinctions (shape-size modulated structure-function diversity) along
with the discussion of prominent research attempts using their diversi
fied regimens for screening the contamination of water resources. The 
reason for unceremonious interest in Au NPs as sensing moieties for 
validating the upright quality of water resources is the remarkable sta
bility of Au which assists in their robust functionalization. Besides the 
steadfastness of manifold reproducible and nature friendly preparation 
methods (largely bottom-up) with a well-understood mechanism and 
physical indications are the additional impetus. The first mechanism of 
Au NPs use in biosensing relies on their monodispersed or aggregated 
state variations in SPR. Second workable strategy involves the coating of 
electrodes with Au nanothin films (due to electrically conductive nature 
of Au). Third strategy towards Au NPs use as water quality assessment 
agents involves their functionalization with biomolecules such as anti
bodies, engineered DNA or RNA fragments, proteins, carbohydrate de
rivatives and others. This configuration of Au NPs could be used for in 
vivo screening owing to a compatible functioning of the probe. Fourth 

Fig. 17. Optimized probe configuration, comprising Au NPs functionalization on the electrochemically reduced graphene oxide surface and concomitant enrichment 
by tetrahedral DNA nanostructures for ampicillin detection in aqueous environment [128]. 
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Table 3 
Summary of post 2000 studies with a brief description of probe configurations 
and major findings, complete discussion of these attempts features in the text.  

Sensed stimulus Sensing configuration 
of Au NPs 

Response 
characteristics (linear 

range, LOD and 
sensitivity) 

Reference 

Singular or combinatorial existence driven SPR changes 
Aflatoxin B1-MRS   

Dumbbell similar Au- 
Fe3O4 NPs as 

magnetic nanoprobes  

• Au NPs as core 
facilitated the 
growth of Ag shell 
and gather Au- 
Fe3O4 NPs, 
modulating 
transverse 
relaxation time of 
neighbouring water 
molecules  

• Ag(shell)-Au-Fe3O4 

core-shell NPs as 
probe were gener
ated by H2O2  

• On horseradish 
peroxidase 
degradation, H2O2 

reduces Ag+ to Ag0, 
accumulating 
dispersed Au-Fe3O4 

as Ag@Au-Fe3O4 

NPs  
• With 3.81 pg•mL− 1 

sensitivity, the 
Ag@Au-Fe3O4 NPs 
as nanoprobes  

• 21 and 9 folds 
better efficacy than 
ELISA and HPLC  

• Consistency with 
HPLC for real 
samples inferred 
accuracy for 
optimized 
configuration.          

[97] 

Escherichia coli 
contamination 

Au@MnO2 NPs in 
core-shell 

morphology having 
MnO2 as shell  

• LOD: 15 CFU•mL− 1  

• Dynamic range: 
(100–2900) 
CFU•mL− 1  

• Ultrasensitive and 
low cost E. coli 
screening in river 
water   

[98] 

Hg+2 

Au@Ag core-shell 
NPs as SERS 

substrates while 
rhodamine 6G (R6G) 
as a Hg+2 signaling 

probe  

• Hg+2 screening 
accomplished via 
quenching of R6G 
strong SERS signal 
on interaction with 
Au@Ag NPs, slowly 
replacing Ag+ by 
bound Hg+2  

• Blue shift in UV–Vis 
SPR peak of Ag 
shell of Au@Ag 
NPs, reducing Hg+2 

to Hg0 on Ag shell 
surface of Au@Ag 
NPs, on Hg+2- 
citrate ion of 
Au@Ag NPs 
complex formation  

• 0.9745 and 0.9773 
as correlation 
coefficients within 
(102–10− 3) μg•g− 1  

• (88.45–94.73)% 
recovery and 
(3.28–5.76)% as      

[99]  

Table 3 (continued ) 

Sensed stimulus Sensing configuration 
of Au NPs 

Response 
characteristics (linear 

range, LOD and 
sensitivity) 

Reference 

coefficient of 
variations 

Electrochemical Configurations 

Pb+2 

Au NPs-Ppy-Ti3C2Tx 

nanocomposite 
prepared via layered 
self assembly  

PPy is an organic 
polymer retrieved via 
oxidative 
polymerization of 
pyrrole  

• XPS and XRD 
inspections 
revealed Ti3C2Tx 

significance in PPy 
formation, 
alignment and Au 
NPs growth  

• Au NPs facilitated 
covalent linkage, 
via Au–S 
functionality  

• Response analysis 
inferred a 5•10− 14- 
1•10− 8 M linear 
working range with 
1•10− 14 M LOD  

• Good selectivity 
and sensitivity for 
Pb+2 in Nong Fu 
spring and tap 
water     

[105] 

Escherichia coli 
screening in 

pharmaceuticals 
or certain real 

samples  

• Multi-walled 
CNTs-Au NPs- 
E. coli polyclonal 
Ab-BSA optimized 
at pH = 7 using 
PBS buffer  

• Acetaminophen 
was added for 
E. coli detection via 
conductivity and 
current variations  

• E. coli identification 
was accomplished 
via square-wave, 
differential pulse 
and cyclic 
voltammetry  

• Square-wave 
voltammetry 
revealed 3.02 
CFU•mL− 1 as LOD 
3 min with 
adequate 
sensitivity, 
repeatability and 
reproducibility  

• Could be explored 
for drug safety, 
quality control, 
clinical diagnostics 
and environmental 
assessment      

[106] 

Au NPs functionalized with compatible biomolecules 

Zebra mussel DNA 
(an invasive, 

fingernail sized 
mollusk) 

Nicking 
endonuclease 

assisted Au NPs signal 
amplification  

• 12 fold higher 
naked eye 
sensitivity  

• LOD: ~8 nM in 
controlled and 22.5 
nM in complex 
environment  

• Smartphone 
improved 
sensitivity by 130 
folds with 0.17 nM 
LOD,  

• Probing 
aggregation 
tracking with 
increased accuracy 
and reduced naked 
eye subjectivity    

[116] 

Bisphenol A 
(widely reported 
for its endocrine 

disruptive 
activities) 

First ever use of 
nuclease resistant 

spiegelmer in a label- 
free Au NP based 
colorimetric assay  

• Aptamer-target 
interactions 
supported by 
chemically made 
spiegelmers were 
screened using 
biolayer 
interferometry     

[119] 

(continued on next page) 

P. Malik et al.                                                                                                                                                                                                                                   



Micro and Nano Engineering 23 (2024) 100261

19

configuration of Au NPs monitored water quality involves their func
tionalization over the surface-active graphene oxide and its related 
configurations. Functionalization holds the backbone aspects of Au NPs 
use in water quality monitoring and could be done in covalent/non- 
covalent mode to engineer the interaction potentials. Table 3 summa
rizes the post 2020 attempts for the discussed Au NPs configurations 
where the LOD differences convey the precision sensitivity of minia
turized dimensions. Distinct responses are the typical outcomes of 
characteristic size-shape modulations wherein quantum effects are 
exhibited at ease with larger SA. Future insights for similar applications 
of Au NPs could be consolidated via ascertaining a reproducible per
formance of their composite configurations alongwith improving their 
specific response. Docking simulations for integrated prevalence and 
optimized combinations with Au NPs could help predict their stability 
and a transition driven energetic excitations and de-excitations. 
Enhanced precision of characterization techniques is a crucial aspect 
of reliance for such diversified applications of Au NPs. Collaborative 
participation of chemists with material scientists and electronics expert 
could strengthen the Au NPs accuracy further with the integration of 
micro and nano electromechanical systems (NEMS and MEMS) could 
still fasten the read out mechanisms of analyte-probe interactions. 
Micromachining and surface engineering of NMs alongwith predictive in 
situ tools consolidate the constitutional energy levels for infinitesimal 
responses. 

6. Conclusions 

The native state high stability of Au NPs encompassing their mani
fold functionalization, consolidates their dynamic shape-size modulated 
PCPs. Although singular or combined use of Au NPs remains the most 
understood mechanism working via reversible aggregation, functional
ization has recently turned the attention to biomolecules coupled Au 
NPs assay. Despite sophisticated characterization via CV and EIS, better 
probe performance could be accomplished subject to computational 
assessment of combinatorial stoichiometry stability. As lifestyle changes 
and industrialization loom high, there is a need for high precision 
assisted sensing tools wherein Au NPs as the emerging frontrunners. 
Contaminations like antibiotics, pesticides and microbial colonies are 
prominent interferers in edible texture of water resources at large. 
Perhaps the scenario urgently needs co-operation between engineers 
and bio-scientists for diligent detection efficacy and time-lapse of in
teractions. Cautions must be exercised for a characterization specific size 
and functionalization abilities. These cautions must warn with results of 
earlier findings so that sustainability aspect is not tampered with. 
Likewise a rigorous tract of known response time (size-shape artefacts, 
reducing and capping agents for making Au NPs) must be adequately 
referred and update so that necessary cautions and resource conserva
tion could be strengthened in future attempts. 
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Table 3 (continued ) 

Sensed stimulus Sensing configuration 
of Au NPs 

Response 
characteristics (linear 

range, LOD and 
sensitivity) 

Reference  

• Stabilities in 
multiple biofluids 
was examined via 
exposure to 
nucleases  

• 0.057 ng•mL− 1 

LOD over (100 
pg•mL− 1 to 10 
mg•mL− 1) range.  

• Highly sensitive 
and selective 
efficacy, non- 
biodegradable plat
form for sensitive 
bisphenol A 
detection 

Pb2+ and Hg2+

Multiplexed 
nanosensors having 
locus fixation 
aptamer 
functionalized Au 
NRs  

• Home-built spectral 
imaging dark-field 
microscope 
screened thousands 
of single plasmonic 
nanosensors  

• Explicit Au NRs 
responded to Pb+2, 
Hg+2 via discrete 
SPR alterations  

• LOD: 5 nM for Pb2+

and 1 nM for Hg2+, 
exhibiting 
suitability for other 
heavy metal ions 
too     

[120] 

Au NPs functionalized Graphene oxide or its functionalized derivatives  

Antibiotic 
ampicillin 

Electrochemically 
reduced graphene 
oxide-Au NPs surface 
coated by self- 
assembled 
tetrahedral DNA 
nanostructures  

• (10 pM-1 mM) 
detection in <30 
min with 1 pM LOD  

• ~100 fold better 
than without TDN.  

• Reusable platform 
on rinsing with 
deionized water 
besides 15 day 
storage stability 
and reproducibility     

[128] 

Integrated Configurations (Not matching any of the above) 

Atrazine (a 
pesticide) 

Dual chromatic laser- 
printed microfluidic 
paper-based 
analytical device 
(μPAD)  

• LP assisted 
capillary flow as 
effective and low- 
cost remedy for 
accessible water 
quality monitoring  

• Optimized LP-μPAD 
was prepared using 
Adobe illustrator, 
wherein a LP aided 
imprint of a 
hydrophobic 
barrier over the 600 
DPI ability filter 
paper  

• Atrazine titre was 
screened using 
170 ◦C dried filter 
papers via 
colorimetric 
assessments and a 
smart-phone assis
ted imaging  

• LOD of 10.9 μM 
with high 
repeatability and 
reproducibility       

[129] 

Abbreviations: SPR: surface plasmon resonance, MRS: magnetic relaxation 
switching, MOF: metal organic framework, IgG: immunoglobulin G, NPs: 
nanoparticles, NRs: nanorods, LOD: Limit of Detection, MDIA: 10-mercapto
decyl-1-iminodiacetic acid, LPS: lipopolysaccharide, NPs: nanoparticles, PPy: 
polypyrrole, FAM: carboxyfluoroscein, GO: Graphene oxide, GSH: glutathione, 
ppb: parts per billion, LP: laser printer, rGO: reduced graphene oxide. 
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