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RNowadays water, food and medicinal qualities have been allied with the social development index. Some heavy
metals and toxicants are notorious and contaminating water as well as the food chain with high toxicity and
carcinogenicity. The promising avenues of research involve the use of nanoscale metal particles in the detection
and remediation process, due to their vast array of useful properties possessed by the nanoparticles. The
plasmonic nanomaterials have become good candidates to improve water, food, environment and medicinal
quality. Nanotechnology has rendered various nanomaterials of Au, Ag, Cu and core–shell nanocomposites
which can be synthesized by simple techniques and could become affordable due to their better efficiency
compared to their bulk counterparts. Such reactive plasmonic nanomaterials have been used not only to detect
heavy metal ions like Cd2+, Pb2+, Hg2+, and As3+ but also for the removal of the toxic metal ions from
water samples. We have also synthesized spherical core–shell nanocomposites of silica–gold (SiO2@Au) using
~30 nm gold nanoparticles with silica cores of ~420 nm size which behave as an excellent sensor for detection
ofmetal ions at trace level. The presented critical review focuses on the currentwater remediation nanomaterials
that have been used to detect and remove heavy metal ions from water samples in addition to detecting and
determining various chemical species of biological interest in diverse areas and samples. This review emphasizes
the recentworks reported in the literature on nanomaterials used in the environmental detection and remediation
and various other uses while presenting the summary of the ‘state of the art’ in the same areas.

© 2014 Published by Elsevier B.V.
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1. Introduction

The potentials of nanotechnology innovations are overpowering.
Nanoscience and nanotechnology inspired images of ‘science fiction’
with the word invoking visions of technological wonders such as
nocomposite based new generation water remediation materials and
0.1016/j.microc.2014.04.001
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atoms and molecules joining together to create materials with extraor-
dinary physical and chemical properties, which can mimic all of the
things developed by nature in millions of years. This great deal of opti-
mism and global enthusiasm about ‘small’ encourages developing a lot
of nanosensors which are used for detection of heavy metal ions in
drinking water. Heavy metals in the water are an ongoing problem for
the ecosystem [1–3]. Exposure to heavymetals, even at trace level, is be-
lieved to be a risk for human beings. Thus, how to effectively and deeply
remove undesirable metals from water systems is still a very important
and challenging task for analytical and environmental researchers. The
growing use of engineered nanoparticles (NPs) and nanomaterials
(NMs) for water purification has raised concerns for human exposure
which stems from the absence of specific technologies aimed at the re-
moval of heavy metal ions from the water and the safety of the new
NPs and NMs that may be used by the water industry [4–6]. The results
of studies on the nano-based water treatment applications are mainly
divided into three categories as (i) nanoscale materials for water filtra-
tion (e.g., nanostructured membranes) [7–9] (ii) nanoscale materials
for water remediation (e.g., zeolite, carbon nanotubes, magnetic
nanomaterials, semiconductor photocatalysts and nanoscale zerovalent
iron particles) [10–14] and (iii) nanoscale materials for water purifica-
tion (e.g., bioactive nanoparticles for water disinfection) [15–18].

Thus the size and shape dependent nonlinear optical properties of
NMs have shown their potential applications especially in biological
and chemical sensing as well as in the area of water purification
[16–19]. This leads to the fact that nanotechnology offers the possibility
of an efficient removal of inorganic and organic pollutants as well as
germs [15–18]. Thus NPs and NMs have been used for detection and re-
moval of chemical species includingmetals (e.g. cadmium, copper, lead,
mercury, nickel, zinc), nutrients (e.g. phosphate, ammonia, nitrate and
nitrite), cyanide, organics, algae (e.g. cyanobacterial toxins) viruses,
bacteria, parasites and antibiotics [16]. The rapid growth of the field is
mainly due to the technological promise of the nanomaterials like NPs
and nanocomposites (NCs) [16–19]. Few excellent reviews have been
published on nanomaterials and their applications but with emphasis
on a particular area of research [3,5,7,13,15,18–20]. However, most of
them do not designate the state of the art collectively on different
areas as comprehensively as the one presented in the present review.
The aim of the present review is mainly to summarize and evaluate
the achievements in the development of metal NPs and core–shell
NCs focusing on the following major sections (i) fabrication of metal
nanoparticles and core–shell nanocomposites (ii) metal nanoparticles
as plasmonic nanosensor (iii) core–shell nanocomposites as plasmonic
nanosensors (iv) removal of heavy metal ions from aqueous systems
(v) other applications of nanosensors (vi) detection of organic pol-
lutants (vii) detection of analytes related to magnetic diagnostics
and (viii) detection of pathogens, toxins, drug residues, vitamins,
etc. This reviewmainly focused on recent advances on the applications
of nanoparticles and core–shell nanocomposites while understanding
the science of nanomaterials. It also discusses the development of
nanomaterials i.e. metal nanoparticles and core–shell nanocomposites
based on various techniques.
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2. Fabrication ofmetal nanoparticles and core–shell nanocomposites

Production of nanoparticles requires understanding the fundamen-
tals of nanoscale chemistry and physics, aswell as themethods to stabi-
lize them. Broadly speaking, there are two approaches to nanoparticle
production: Top-down approach and bottom-up approach. The former
approach makes a material decrease its size from large to nanoscale
whereas the later one produces NMs starting from the atomic level.
Typically a reducing agent in chemical reduction method is used to
convert the dissolved metal ions to NPs which are subsequently
stabilized by an appropriate capping agent. Table 1 shows some of
the methods that have been used to synthesize metal NPs.
Please cite this article as: S. Thatai, et al., Nanoparticles and core–shell na
analytical techniques: A review, Microchem. J. (2014), http://dx.doi.org/1
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Nanoparticles can be categorized based on single/multiple materials
into core–shell or nanocomposite particles. In general, it can be said that
simple NPs are made from a single material but as the name indicates,
composite and core–shell particles are composed of two or more
materials. The core–shell typeNPs can be broadly defined as comprising
a core (inner material) and a shell (outer layer material). These can
consist of a wide range of different combinations in close interaction,
including inorganic/inorganic, inorganic/organic, organic/inorganic
and organic/organic materials. Table 2 shows the summary of some of
themethods employed for the fabrication of core–shell nanocomposites.

3. Metal nanoparticles as plasmonic nanosensor

Nanotechnology is the creation and utilization of materials and
devices at the level of atoms, molecules, clusters, supramolecular struc-
tures and the exploitation of their unique properties at the nanoscale.
It has introduced these novel NMs includingmetal NPs into our environ-
ment. The NPs possess excellent features which offer great opportuni-
ties in the transformation of waste water to normal drinking water.
Fig. 1 shows the representation of conceptual improvements to water.
These concerns are based on the assumption that NPs are highly mobile
in porousmedia because of their small size and even high reactivity due
to the large surface to volume ratio. The high surface area to mass ratio
greatly enhances the adsorption capacities of nanoadsorbent materials.
Due to the simplicity, high sensitivity and ease of measurement,
colorimetric sensors have been gaining increased attention in recent
years [84–88]. In our continued efforts to develop a nanosensor a seed
mediated method using cetyltrimethylammonium bromide (CTAB) as
surfactant has been developed to synthesize gold nanorods (Au NRs)
which behave as an excellent nanosensor with limit of detection of
Fe3+ ions in aqueous media [85]. One of the most rising achievements
is the detection limit which is found to be 100 ppb for Fe3+ ions while
the whole procedure takes not more than 10 min [85].

The severity of pure drinkingwater scarcity has to be looked at from
two aspects:first, the quantity of availablewater and second, the quality
of drinking water. With the rapid development of industries, such as
metal plating facilities, mining operations, fertilizer industries, tanneries,
batteries, paper industries and pesticides, etc., heavy metals containing
wastewater are directly or indirectly discharged into the environment
increasingly, especially in developing countries [3]. The category-wise
distribution of water contaminants regulated by the United State
Environmental Protection Agency (USEPA) and future contaminants
are shown in Fig. 2 [89].

Though many commercial and manufactured products containing
NPs are growing and novel NPs have continually been developed, only
a few materials are currently being used. Therefore, only small subsets
of nanomaterials are currently being released or will likely be released
into the environment in the coming decades. Nanomaterials possess
excellent electrical, optical, thermal, catalytic properties and strong
mechanical strength, which offer great opportunities to fabricate NM
based sensors or devices for monitoring environmental contaminations
in air, water and soil. These include As, Au, TiO2, ZnO, SiO2 and carbon-
basedNMs like single-walled carbon nanotubes (SWCNTs),multiwalled
carbon nanotubes (MWCNTs) and fullerenes [90–93]. Thus due to their
high reactivity, NPs are transformed from their original state to synthe-
sized form through a myriad of processes, including aggregation/ag-
glomeration, redox reactions, dissolution, exchange of surface moieties
and reactions with metal ions. These dynamic transformations in turn
affect the transport and toxicity of nanoparticles in the environment,
making it critical to understand and characterize these transformations
[94]. Fig. 3 represents the mechanism mostly used for sensing of toxic
metal ions from water.

Nanomaterials still play different important roles in the design of
sensors [94–97]. For example, colorimetric sensors utilize the color
changes of nanomaterials for environmental monitoring, such as
Au and Ag NPs. Nanomaterials with large surface area and strong
nocomposite based new generation water remediation materials and
0.1016/j.microc.2014.04.001
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t1:1 Table 1
t1:2 Summary of different methods for synthesis of metal nanoparticles.

Methods Reducing agent Capping agent Ref.t1:3

Citrate reduction method Trisodium citrate Citrate ion [20]t1:4

Borohydride reduction method Sodium borohydride L-Cystein [21]t1:5

Brust–Schiffrin method Sodium borohydride Tetraoctylammonium bromide [22]t1:6

Brust biphasic method Sodium borohydride Phosphines [23]t1:7

Negishi and Tsukuda method Dithiol Meso-2,3 dimercaptosuccinic acid [24]t1:8

Calix[4]Resorcinarene method Trisodium citrate Resorcinarenes tetrathiol [25]t1:9

Suzuki and Kawaguchi method Sodium borohydride Thermo sensitive core–shell particles [26]t1:10

Schimd method Gaseous diborane Triphenyl phosphine [27]t1:11

Nanoparticle-polymer composite method Sodium borohydride Poly(N-vinyl-2-pyrrolidone) and Poly(ethylene glycol) [28]t1:12

Metal core–organic shell dendrimers method Sodium borohydride Tri and nonaferocenyl thiol dendrons [29]t1:13

One-phase super hydride reduction method Super hydride Cyclohexanethiol [30]t1:14

Two phase reduction method Tetrakis(hydroxymethyl) phosphonium chloride Dodecanethiol [31]t1:15

Thiodiglycol method Thiodiglycol Thiodiglycol [32]t1:16

Seeding growth method Sodium borohydride, Ascorbic acid Cetyl trimethylammonium bromide [33]t1:17

Biosynthetic method Extract of geranium leaves and endophytic fungus Extract of geranium leaves [34]t1:18

Standard KOH method Aqueous KOH Castor oil [35]t1:19

Biomass reactions method Dead oat stalks with acidic medium Microorganisms [36]t1:20

Emulsification solvent diffusion method Natural polymers chitosan, alginate and proteins Poloxamer [36]t1:21

Optical single-particle spectroscopy method Ascorbic acid Cetyl trimethylammonium bromide [37]t1:22

Biosynthetic method Verticillium sp. Verticillium sp. [38]t1:23

Biosynthetic method Penicillium Penicillium [39]t1:24

Sol–gel method Aniline Cetyl trimethylammonium bromide [40]t1:25

Chemical reduction method Glucose Gluconic acid [41]t1:26

Photochemical reduction UV light without use of chemicals Protein in natural rubber [42]t1:27

Chemical reduction method Poly(amidoamine) dendrimers Poly(amidoamine)dendrimers [43]t1:28

Photochemical reduction X-Ray Absence of stabilizer [44]t1:29

Chemical reduction (in situ) Polymethylmethacrylate N,N′-dimethylformamide [45]t1:30

Chemical reduction (water/oil micro emulsion) Hydrazine hydrate Bis(2-ethylhexyl)-sulfosuccinate [46]t1:31

Spray pyrolysis method Flux of carrier gas Flux of carrier gas [47]t1:32

Chemical reduction m-Hydroxy benzaldehyde Sodium dodecyl sulfate [48]t1:33

Chemical reduction (thermal) Dextrose Polyvinyl pyrrolidone [49]t1:34

Chemical reduction Sodium borohydride Dodecanoic acid [50]t1:35

Chemical reduction (polyol process) Ethylene glycol Polyvinyl pyrrolidone [51]t1:36

Electrochemical (polyol process) Electrolysis cathode: titanium anode: Pt Polyvinyl pyrrolidone [52]t1:37

Arc-discharge (physical method) DC voltage between the electrodes No capping agent [53]t1:38

Chemical reduction Sodium borohydride Surfactant (a lipopeptide biosurfactant) [54]t1:39

Biological method MKY3 (Yeast) Growth medium [55]t1:40
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Cadsorption capacity, e.g. Au NPs, carbon nanotubes (CNTs), graphene,
can be used to either efficiently capture the target markers or amplify
the signal associated with detection as clearly observed in Fig. 3.
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Table 2
Summary of different methods used for the synthesis of core–shell nanocomposites.

Method Reducing agent C

Sol–gel method Trisodium citrate A
Sol–gel method Sodium borohydride A
Hydrolysis Trisodium citrate A
Hydrolysis Sodium borohydride A
Stöber method Hydrazine A
Stöber method Sodium oleate A
Stöber method Gelatin F
Stöber method Trisodium citrate N
Sol–gel method Hydrazine F
Stöber method – C
Hydrolysis Rhodamine B aqueous solution Z
Hydrolysis Trisodium citrate C
Hydrolysis Trisodium citrate C
Hydrolysis Biological buffers C
Hydrolysis Organic fluorophores C
Hydrolysis 3-mercapto-propionic acid C
Reduction method β-Cyclodextrin A
Reduction method Trisodium citrate A
Electrochemical method Trisodium citrate A
Reduction method Sodium borohydride A
Hydrothermal method Formaldehyde Z
Oxidation method Sodium hydroxide Z
Wet chemical method Sodium borohydride F
Wet chemical method Poly(ethyleneglycol) F
Hydrothermal method Organic compounds F
Reduction method Formaldehyde F

TEOS: Tetraethylorthosilicate.

Please cite this article as: S. Thatai, et al., Nanoparticles and core–shell na
analytical techniques: A review, Microchem. J. (2014), http://dx.doi.org/1
Some nanomaterials can readily be functionalized as nanosensors or
nanodevices for ultrasensitive pollution detection, such as CNTs, silicon
nanowires (Si NWs). In other words, compared with the traditional
ore–shell Basic Reagent Ref.

u/SiO2 TEOS [56,57]
u/SiO2 TEOS [58,59]
u/SiO2 TEOS [60]
g/SiO2 Na2SiO3 [61]
g/SiO2 TEOS [62]
g/SiO2 TEOS [63]
e/SiO2 TEOS [64]
i/SiO2 TEOS [65]
e3O4/SiO2 TEOS [66]
o/SiO2 TEOS [67]
nO/SiO2 TEOS [68]
dSe/SiO2 Na2SiO3 [69]
dTe/SiO2 Na2SiO3 [69]
dSe/CdS/SiO2 Na2SiO3 [69,70]
dSe/CdS/SiO2 C4H12NaO6PSi [71]
aCO3/SiO2 Na2SiO3 [72,73]
u/Ag AgNO3 [74]
u/Co CoCl2 [75]
u/Pt Pt metal [76]
u/Pt PdCl2 [77]
nO/Ag SnCl2, AgNO3, triethanolamine [78]
n/ZnO Zn powder [79]
e3O4/Au HAuCl4 [80]
e3O4/SiO2/TiO2 TEOS [81]
e3O4/C Organic polymer [82]
e2O3/Au HAuCl4 [83]

nocomposite based new generation water remediation materials and
0.1016/j.microc.2014.04.001

http://dx.doi.org/10.1016/j.microc.2014.04.001


T

F

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

Waste
water

Water
Treatment

Drinking
Water &

Other uses

Fig. 1. Graphical representation of conceptual improvement to water.

Fig. 3. Graphical representation of sensing mechanism of toxic metal ions from water.

4 S. Thatai et al. / Microchemical Journal xxx (2014) xxx–xxx
C
O

R
R
E
C

sensors, the NM based sensors exhibit many advantages, such as small
size, fast response, high sensitivity and selectivity in detection of various
chemical species

The physicochemical characteristics of the surfaces of NPs determine
the analytical applications of NPs as the sensitivity and the selectivity of
thesematerials are directly related to their surface. In this sense, surface
functionalization plays a crucial role in increasing the analytical applica-
bility of NPs. Appropriate functionalization of NPs can improve their
properties and increase their selectivity, consequently enlarging their
applications. Herein, we have reviewed the recent achievements in dif-
ferent categories of NMs, such as carbon-based materials, metallic NPs,
silicon based materials, semiconductor quantum dots (QDs) and other
NMs in fabricating sensors or devices for environmental monitoring
i.e. for heavy metal ion detection.

A very simple method for the selective colorimetric detection of
Hg2+, Ag+ and Pb2+ using label-free Au NPs and alkanethiols has
been developed by Hunh et al. [95]. This cost-effective process also
allowed the rapid and simple determination of the concentrations of
heavy metal ions in real environmental samples such as river water
and Montana soil [95]. The starch-stabilized Ag NPs synthesized via re-
duction approach behave as colorimetric sensor for easy and selective
detection as well as monitoring of Hg2+ in aqueous solutions with
5 ppb as the limit of detection [96]. Similarly, another highly sensitive
method using single plasmonic Au NP based dark-field micro spectros-
copy (DFMS) has been demonstrated for the selective detection and
quantification of Hg2+ ions [97]. This method permits detection of
Hg2+ with excellent selectivity and up to 2 ppb as the limit of detection
[97]. Another simple, practical and high throughput routine method
for determination of Hg2+ in environmental and food samples with
0.2 ppm detection limit have been reported [98,99]. A dynamic
light scattering (DLS) assay Au NPs modified with glutathione (GSH),
dithiothreitol (DTT), and cysteine (Cys) has been used for the label-
free and selective detection of As3+ with an excellent detection limit
of 3 ppt and selectivity over other analytes [100].

Highly sensitive and selective detection of Cd2+ has been reported
using Au NPs co-functionalized with 6-mercaptonicotinic acid and
L-cysteine through the formation of an Au–S bond [101]. In the pres-
ence of Cd2+ the aggregation of functionalized Au NPs occurred by
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Omeans of ametallic and interactionwhich led to visible color changes
clearly seen in this work. Similarly, an excellent peptide modified Au
NP sensor for colorimetric assay has also been developed for parallel
detection of Cd2+, Ni2+ and Co2+ based on its unique surface
plasmon resonance properties with limit of detection 0.05 μM for
Cd2+ ions, 0.3 μM for Ni2+ ions and 2 μM for Co2+ ions [102].

A new homogeneous assay using mercaptopropionic acid modified
Au NPs in the presence of 2,6-pyridinedicarboxylic acid has been
developed for the highly selective and sensitive detection of Hg2+

[103]. Visual detection of Pb2+ based on its incorporation into Au NPs
during their one step synthesis at room temperature has been carried
out using gallic acid (GA) as reducer and stabilizer with 25 nM as limit
of detection [104]. There is another nanomaterial developed showing
chemical interaction of toxic metal ions such as Hg2+, Hg+, Pb2+and
Cd2+ at various concentrations with naked and monolayer protected
Ag NPs [105]. Bio inspired colorimetric sensing systems have also been
developed to detect Hg2+ and Pb2+ down to nM concentrations using
Au NPs [106].

Ag NPs capped with mercaptoacetic acid and 2-aminoethanethiol,
which are short chain alkanethiols, were prepared by a one-step
method in aqueous solution for monitoring pH and a range of heavy
metal ions [107]. Ag NPs have also been used for highly selective detec-
tion of Hg2+ ions which is based on linear blue-shift of the λmax of Ag
NPs [108]. A label-free multiplex plasmonic sensor has been developed
to selectively determine different metal ions such as Fe3+, Hg2+, Cu2+

and Ag+ based on a single type of Au NRs [109]. Most recently,
we have developed a novel and systematic method for sensitive detec-
tion of Fe3+ ions in aqueous media at trace level using Au NRs as
nanosensors where the interaction of Fe3+ ionswith Au NRs was inves-
tigated by surface-enhanced Raman scattering (SERS) using crystal
violet (CV) molecule [85]. Silica NPs (60 nm diameter) doped with
fluorescent dyes and functionalized on the surface with thiol groups
have beenproved to be efficientfluorescent chemosensor for ratiometric
Pb2+detection [110]. A highly selective and sensitive technique for the
detection of Hg2+ using DNA-functionalized Au NPs and oligreen has
also been developed [111].

Glutathione modified Ag NPs behave as sensitive colorimetric
sensing platform for selective analysis of Co2+ ion [112]. The selective
colorimetric detection of Co2+ ion was observed with spherical plate
and rod shapes of Ag NPs [112]. Moreover, Au NPs have frequently
been used as colorimetric sensor for the detection of metal ions [95,
105,109] and especially Hg2+ [97–99,103,106,111,116], Cd2+ [101,
102], Pb2+ [104,106,113–116], Ni2+ [102], Co2+ [102], Cu2+ [116]
and arsenic [100]. Guoa et al. have developedmethods for simultaneous
colorimetric detection of Hg2+, Pb2+ and Cu2+ ions [116] using
protein-functionalized Au NPs [116]. 5,5′-Dithiobis(2-nitrobenzoic
acid) (DTNBA) modified Au NPs were prepared to explore the sensitive
and selective detection of Cr3+ ions using a colorimetric technique
nocomposite based new generation water remediation materials and
0.1016/j.microc.2014.04.001
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[117]. Li et al. have developed simple and sensitive aptamer-based
colorimetric detection of Hg2+ ions using unmodified Au NPs as
colorimetric probe [118]. By measuring color change and adsorption
ratio, the bare Au NPs can effectively differentiate the Hg2+ ions
induced conformational change of the aptamer in the presence of a
given salt with high concentration [118].

A sensitive method for visual detection of Hg2+ ions in aqueous
solution has been developed using Au NPs and thymine rich hairpin
DNA probes. The thiolated hairpin DNA probe was immobilized on
the Au NPs surface through a self-assembling method [119]. Alkyl
phosphate functionalized Au NPs were used as a colorimetric probe
for the detection of Pb2+ ions where alkyl phosphate potentially binds
as a ligand with Pb2+ ions and form solid phosphates, like Pb(HPO4)2
and Pb3(PO4)2 [120]. A simple one-pot method developed by Ho et al.,
employs L-3,4-dihydroxyphenylalanine (L-DOPA) as a reducing/capping
reagent, for the synthesis of fluorescent Au NCs which offers acceptable
sensitivity, high selectivity, and a limit of detection of 3.5 μM for the
determination of Fe3+ ions [121]. A disposable platform completely
free from noble metals for electrochemical detection of As3+ ions in
drinking water under nearly neutral condition by square wave anodic
stripping voltammetry has been developed by combining the high
absorptivity of Fe3O4 microspheres toward As3+ ions and the advan-
tages of using room temperature ionic liquid [122].

An approach for visual and ‘turn-on’ fluorescent sensing of Hg2+

ions in aqueous solutionwas based on theHg2+ induced conformation-
al change of a thyminerich single-stranded DNA (ssDNA) and the differ-
ence in electrostatic affinity between ssDNA and double stranded
single-stranded DNA (dsDNA) with Au NPs [123]. A selective and sensi-
tive molecular sensor for trivalent lanthanide (Ln3+) ions based upon a
malonamide functionalized Au NPs was developed for colorimetric
detection in water [124]. The sensor's colorimetric response towards
Ln3+ ionswas immediate, showing good sensitivity with limit of detec-
tion is ~50 nM for Eu3+ and Sm3+ ions [124]. Maizo et al. have present-
ed a new integrated paper based Cd2+ ion immune sensing system
in lateral flow format, which integrates the sample treatment process
with the analyte detection process [125]. The principle of Cd2+ ion
detection is based on competitive reaction between the cadmium–

ethylenediamietetraacetic acid bovine serum albumin–gold nanoparti-
cles (Cd−EDTA−BSA−Au NPs) which causes conjugate deposit on
the conjugation pad strip where Cd−EDTA complex formed in the
analysis sample with 0.1 to 0.4 ppb as limit of detection [125].

Au NP probe has been developed for the detection of Pb2+ ions in
aqueous solution, based on the fact that Pb2+ ions accelerate the
leaching rate of Au NPs by thiosulfate (S2O3

2−) and 2-mercaptoethanol
(2-ME). The 2-ME/S2O3

2− Au NP probe is highly sensitive and selective
with 1000 fold toward Pb2+ ions over other metal ions, with a linear
detection range 2.5 nM to10 μM [126]. A ‘blue-to-red’ colorimetric
method for sensing of Hg2+ ions and Ag+ ions based on stabilization
of Au NPs by redox formed metal coating in the presence of ascorbic
acid has been developed. This method selectively detects Hg2+ and
Ag+ ions with 5 nM and 10 nM as limit of detection respectively in
pure water [127]. A novel platform for effective ‘turn-on’ fluorescent
sensing of Pb2+ ions in aqueous solution was developed based on Au
NP functionalized graphene. With the optimum conditions chosen, the
relative fluorescence intensity showed a detection limit of 10 nM
[128]. For optical sensing of environmentally hazardous Hg2+ ions at
ppb levels, a very rapid green photochemical route has been developed
for the synthesis of polyhedral Ag nanostructures using enzyme-
cofactor reduced nicotinamide adenine dinucleotide (NADH) [129].
Most recently Sanchez et al. have demonstrated the use of modified
mesoporous silica nanoparticles as a selective chromogenic sensor for
Hg2+ recognition [130]. On the other hand Yin and co-workers have
reported a highly selective and sensitive label-free fluorescent method
to detect Hg2+ ions in aqueous solution using DNA molecular machine-
based Ag nanoclusters (Ag NCs) with a detection limit of 0.08 nM was
obtained [131]. In continued efforts towards detection of hazardous
Please cite this article as: S. Thatai, et al., Nanoparticles and core–shell na
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Hg2+,Ma et al. have reported a quantitative colorimetric sensing strategy
utilizing cysteamine modified gold nanoparticles (CA–Au NPs) with de-
tection limit of 30 nM [132]. These workers have clearly demonstrated
the colorimetric change in CA–Au NP solution using [Hg2+] in the
range of 0.01 to 1.0 mM and is reproduced in Fig. 4 [132]. Anand et al.
have reported another sensitive, selective and label-free optical method
for the detection of Hg2+ ions utilizing cyano ligand functionalized
gold nanorods (Au NRs) based on the surface plasmon resonance (SPR)
of the Au NRs with very low detection limit of 1 ppb [133]. Similarly,
many such nanoparticles have been synthesized and used for the
detection of different toxic metal ions in water [134–137]. Besides the
work on metal nanoparticles, core–shell nanocomposites have also
been reviewed and presented in the next section.

4. Core–shell nanocomposites as plasmonic nanosensors

The electrostatic attraction between negatively charged core
and positively charged metal ions results in the anchoring of metal
nanoparticles on silica core. The core–shell NCs thus obtained have
been verified using various techniques. Fig. 5 shows representative
examples of Field Emission Scanning Electron Microscope (FESEM)
images of SiO2 NPs and SiO2@Au core–shell NCs [138]. Multi-shell
particles with alternate layers of dielectric and metal shells have been
synthesized and studied for their interesting optical and analytical
properties by many researchers [138–142].

Some novel bi-functional materials have been developed, which
show the properties arising from the core as well as the shell. In recent
years, many novel applications of these metallic core–shell NCs have
emerged especially as optical sensors with good sensitivity and optical
response. Thus, metallic nanostructures with unique optical properties
have emerged as a very powerful tool for sensing applications.
An advantage of using NCs is that they are nontoxic, can be modified
for better aqueous solubility, compatibility and recognition proper-
ties. Therefore, metal core–shell nanocomposites have been proved
to be highly active material and are used for targeted toxic metal
ion detection as well as removal.

Core–shell structured nanocomposite material with Fe3O4 NPs
with super paramagnetic behavior as core and amorphous silica as
shell modified with pyrene based sensing probes was prepared for the
detection, adsorption as well as removal of Hg2+ ions in water [139].
Multifunctional microsphere with a fluorescent mesoporous silica
shell and a magnetic core (Fe3O4) has successfully been fabricated
using sol–gel method where CTAB was used as surfactants [140].
The developed material was examined for environmental protection
applications to sense, adsorb and remove Hg2+ ions in aqueous media
[140]. To enhance the efficiency of core–shell structured nanocompos-
ite, Fe3O4@Ag has been fabricated as surface-enhanced Raman spectros-
copy (SERS) substrate to analyze Cr6+ ions in the environmental
samples [141]. A fluorimetric and colorimetric Hg2+ ion sensor based
on Au@SiO2 core–shell NCs has been developed and demonstrated
where porphyrin derivative was attached to Au@SiO2 by covalent
bondswhichhas strongfluorescent properties. This sensor has excellent
selectivity and sensitivity over othermetal ions and has detection limits
nocomposite based new generation water remediation materials and
0.1016/j.microc.2014.04.001
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Fig. 5. (a) Field Emission Scanning Electron Microscope image of SiO2 NP and (b) FESEM image of speckled SiO2@Au core–shell nanocomposites where the insert in (b) shows the
magnified image of SiO2@Au core–shell nanocomposites [138].
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below the maximum contamination level of 1.2 ppb for Hg2+ ions in
drinking water [142].

Silica NPs are very robust, so they have frequently been used for
functionalization of magnetic core. A new fluorescence receptor based
on boron-dipyrromethene (BODIPY)-immobilized silica nanoparticles
(BODIPY-SiO2) shows a high affinity and selectivity for Pb2+ ions over
competing metal ions in water. This study has led to the development
of a portable chemo-sensor for Pb+2 [143]. It was found that BODIPY-
SiO2 film detects Pb2+ ions at pH 7.4 with a sensitivity of 3.2 nM
[143]. A facile approach has been developed by Chen et al. to produce
a dye-doped core–shell nanoparticle chemosensor for detecting Cu2+

ions in aqueous media [144]. The fluorogenic based nitrobenzofuran
functionalized Ni@SiO2 core–shell magnetic nanoparticles have also
been prepared by sol–gel grafting reactions that exhibited high affinity
and selectivity for Cu2+ ion in drinking water and human blood [145].
The potential for using amino-functionalized Fe3O4@SiO2 magnetic NC
nanoadsorbent exhibited high adsorption affinity for aqueous Cu2+,
Pb2+, and Cd2+ ions, resulting from complexion of the metal ions
by surface amino groups and has successfully been used for removal
of thesemetal ions from aqueous samples [146]. A hierarchicalmesopo-
rous zeolite nanocomposite using 20 nm crystalline domains of zeolite
as ‘building bricks’ has been synthesized by one-step synthetic ap-
proach which proved to be an excellent probe for selective detection
and removal of Hg2+ from waste aqueous solution [147]. Ag/core–
shell nanospheres synthesized by a hydrothermal method were used
as templates for fabricating silver nanoparticle-decorated silver/carbon
(Ag/C/AgNPs) nanosphereswhich help in the detection of Hg2+ ions up
to 50 nM [148]. A novel shell technique has been applied byHuang et al.
to prepare controllable core–shell Au NPs in which shell consists of
U
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have excellent selectivity for the detection of Ag+ ions [149].

BymixingAuNPs 13 nm in diameterwithAl2O3 particles 50–200 μm
in diameter, a newAuNPs–Al2O3 adsorbent species was easily prepared
by Lo et al. [150]. The developed nanoadsorbent was tested for selective
removal of Hg2+ and MeHg+ ions from water samples [150]. Au–Ag
core–shell nanoparticles have been synthesized using synthetic fluores-
cent dipeptide β-Ala-Trp (β-Ala: β-alanine and Trp: L-tryptophan) in
water at pH 6.94 at room temperature which can ultra-sensitively
detect toxic Hg2+ ions up to 9 nM [151]. The magnetic Fe3O4@SiO2NPs
functionalized with 8-chloroacetylaminoquinoline have been syn-
thesizedwhich acts as a fluorescent sensor for detection and removal
of Zn2+ from water samples [152]. Magnetite silica core–shell
nanoparticles (Fe3O4–SiO2) were also synthesized and evaluated as
a nanoadsorbent for removing Zn2+ from aqueous solutions [153].
We have also synthesized speckled SiO2@Au core–shell nanocom-
posites which act as very simple, inexpensive and efficient sensor
for colorimetric detection of Cd2+ and Pb2+ ions with the detec-
tion limit 0.1 ppm and 0.01 ppm respectively (to be communicated
in 2014). Fig. 6 shows the colorimetric change when Cd2+ ions were
present in different concentrations (bottles 1–6). The solution color
of SiO2@Au turns dark red with 0.1 ppm Cd2+ ion addition (bottle
no. 2). With addition of 1 ppm [Cd2+] the color turns even darker
(bottle no. 3) and with 2 ppm addition the solution becomes colorless
(bottle no. 4). This continues with the addition of 5 and 10 ppm
[Cd2+]. The changes in color due to Cd2+ ions were accompanied by
changes in the SPR spectra. Even a high degree of aggregation was
observed after taking Scanning Electron Microscope (SEM) images of
samples prepared as shown in Fig. 7. Our study concluded that SiO2@
800
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nance (SPR) spectra in presence of different concentrations of Cd2+ ions.
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with 0.1 ppm Cd2+ ions.
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Au core–shell NCs are having 0.1 ppm sensitivity but Au NPs have
2 ppm sensitivity for Cd2+ ions. Thus core–shell particles are at least
20 times more sensitive as compared to the Au NPs.

A simple and sensitive electrochemical assay strategy of stripping
voltammetry for detection of Hg2+ ions was developed based on
the synergistic effect between ionic liquid functionalized graphene
oxide (GO-IL) and Au NPs. The limit of detection was estimated to
be 0.03 nM [154]. Based on the Rhodamine B thiolactone (RBT) func-
tionalized NaYF4:15%Yb3+,5%Er3+ nanocomposites, an ultrasensitive,
selective, and rapid up conversion luminescence resonance energy
transfer (UC-LRET) sensor has been developed by Li and Wang for the
detection of Hg2+ in water [155]. This UC-LRET recognition of Hg2+ is
finished within 1 min while other cations have no influence on the
detection of Hg2+. This newly developed sensor has demonstrated
high selectivity toward the Hg2+ and enables ultrasensitive and rapid
detection of Hg2+ in water in the range of 5 nM to 10 μM with the
limit of detection 3.7 nM. This sensor can be used for a naked-eye detec-
tion of Hg2+ [155]. The characteristics of various core–shell nanocom-
posites and nanoparticles as plasmonic nanosensors developed by
different researchers for the detection and determination of various
analytes are summarized in Table 3.

5. Removal of heavy metal ions from aqueous systems

Besides detection and determination, removal of heavy metal ions
from natural or waste water samples is another important issue of pub-
lic interest. Due to the adverse effects on environmental and human
health caused by toxic metal ions their removal has attracted consider-
able attention of researchers. The development and enhancement of
sorbent materials into nanoporous structures have shown significant
improvement in their performance towards metal removal when com-
pared to conventional sorbent systems. Thus newly generated NPs and
core–shell NCs with a large surface area have great advantage and are
suitable for the removal of heavy metal ions from aqueous solutions.
Due to some unique features, the NPs have proven themselves as
excellent adsorbents for heavy metals [202,203,205–233].

One of the primary advantages of using NMs is demonstrated by
the affinity of these materials for binding toxic heavy metals that
can easily be changed to alter the reactivity of the resultant NPs. The
specific ligands have been reported and chosen to provide a route to
tune the affinity and heavy metal specificity towards novel class of
NP-based heavy metal sorbents [202]. Yantasee et al. have shown that
superparamagnetic Fe3O4 NPs with a surface functionalization of
dimercaptosuccinic acid (DMSA) are an effective sorbent material for
toxic soft metals such as Hg, Ag, Pb, Cd and Tl which effectively bind
to the DMSA ligands and for As, which binds to the Fe3O4 lattices
[202]. Magnetic hydroxyapatite NPs adsorbents were synthesized by
Feng et al. and used for the adsorptive removal of Cd2+ and Zn2+ ions
from aqueous solution [203]. Even low cost adsorbents obtained from
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plant wastes such as rice husks, spent grain, sawdust, sugarcane
bagasse, fruit wastes, weeds etc. show good adsorption capacities
for Cd2+, Cu2+, Pb2+, Zn2+ and Ni2+ ions as well as toxic fluoride ion
[204]. A method for rapid removal and ultrasensitive fluorescent detec-
tion of heavy metal ions using poly-(5-sulfo-1-aminoanthraquinone)
NPs has been reported by Huang et al. along with facile synthesis of
the sorbents [205]. Removal behavior of Cd2+ and Cr6+ ions from
aqueous solutions using surface modified sand has been reported by
Lee et al. [206].

Mahaptra et al. synthesized alumina nanofibers using an
electrospinning method for the removal of Cr6+ and F− toxic ions
from an aqueous system using electrospun Al2O3 nanofibers [207].
A new class of starch-bridged magnetite NPs has been reported by
An et al. for the removal of arsenate (As5+) and maximum uptake
was observed within a pH range of 4–6 where capacity coefficient
was determined to be 248mg/g at pH5.0 [208]. Prucek et al. have report-
ed the first example of arsenite and arsenate (AsO3

3− and AsO4
3− ions)

removal from water by incorporating arsenic into the structure of
nanocrystalline Fe2O3. They have specifically shown the capability to
trap arsenic into the crystal structure of γ-Fe2O3 NPs that are in situ
formed during treatment of arsenic-bearing water with ferrate(VI)
[209]. Removal of Hg2+ ions have been achieved from polluted water
using citrate coated Au NPs as smart scavengers [210]. A novel
carbon composite electrode modified with bismuth oxide NPs and
the ionic liquid n-octylpyridiniumhexafluorophosphate was fabri-
cated and used to simultaneously determine cadmium and lead
levels [211]. A critical review by Zhao et al. has clearly demonstrated
that some natural and artificial materials, such as clay minerals,
biosorbents, carbon nanomaterials, metal oxides, have been used as
adsorbents in the removal of different heavy metal ions, such as
Ni2+, Cu2+, Pb2+, Cd2+, Cs+, Eu3+, Th4+ and Cr6+ ions from large
volumes of aqueous solutions [212]. A novel 1,8-naphthalimide-
functionalized Fe3O4@SiO2 core–shell magnetic fluorescent nanoparti-
cle (MFNP) for simultaneous selective and sensitive detection and ad-
sorption of Hg2+ ions was designed and synthesized [213]. Synthesis
and characterization of high-performance, super paramagnetic Fe2O3

NP-based heavymetal sorbents have been reportedwhich demonstrate
excellent affinity for the separation of heavy metals from natural water
systems [214]. [Fe(CN)6]4− decorated mesoporous gelatin films, acting
as colorimetric sensors and sorbents for heavy metal ions, were pre-
pared by incorporating [Fe(CN)6]4− ions into the mesoporous gelatin
films through electrostatic interaction [215]. Gelatin–Prussian blue
(GPB) and GPB analogue composite filmswere successfully synthesized
by immersing the [Fe(CN)6]4− decorated gelatin films into aqueous
solutions of metal ions, such as Fe3+, Cu2+, Co2+, Pb2+ and Cd2+

ions. Gelatin films demonstrated colorimetric sensor abilities for detect-
ing the corresponding metal ions by the naked eye with sufficient
sensitivity at 1 ppm level and a quite short response time of 5min [215].

A fast and efficient way for the removal of Hg(II) ions from
contaminated surface waters by modified magnetic Fe2O3 NPs with
2-mercaptobenzothiazole has been introduced by Parham et al.
[216]. The authors have demonstrated that modified magnetic
Fe2O3 NPs with 2-mercaptobenzothiazole (MBT) form strong complex
with Hg(II) ion which leads to its removal. Further Wei et al. synthe-
sized tellurium nanotubes for detection as well as removal of Hg2+

ions with good efficiency [217]. Singh et al. have developed another
facile soft-chemical approach for the fabrication of Fe3O4 embedded
ZnO magnetic semiconductor nanocomposites (Fe3O4–ZnO MSNCs)
which has a strong tendency for the simultaneous removal of Ni2+,
Cd2+, Co2+, Cu2+, Pb2+, Hg2+ and As3+ from wastewater. This strong
tendency for the simultaneous removal of several metal ions has been
explained in terms of the porous network structure, surface polarity
and high surface area of Fe3O4–ZnO MSNCs [218].

Removal of Cd2+ ions from water using TiO2 NPs modified with
thiolacetic acid (TLA)wheremore than 90%of Cd2+ ionswere removed.
Thismethod involved both adsorption and reduction processes onto the
nocomposite based new generation water remediation materials and
0.1016/j.microc.2014.04.001
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t3:1 Table 3
t3:2 Summary of various core–shell nanocomposites and nanoparticles as plasmonic nanosensors developed by different researchers for the detection and determination of various analytes.

Method and analyte Nanomaterial used Detection limit Ref.t3:3

Sensitive SERS detection of As3+ ions in aqueous media using glutathione
functionalized Ag NPs

Ag NPs 0.76 ppb [156]t3:4

Detection of Hg2+ ions stabilized with a dithiadiaza ligand Au NPs 35 nM [157]t3:5

Colorimetric method for the determination of Pb2+ ions using a
guanine-rich oligonucleotide

Au NPs 12.5 nM [158]t3:6

Colorimetric sensors for the detection of Co2+ ions using
dopamine dithiocarbamate

Ag NPs 14 μM [159]t3:7

Colorimetric sensing of Hg2+ ions Ag NPs 0.5 nM [160]t3:8

Detecting heavy multiple metal ions based on 2-mercaptoisonicotinic acid
functionalized Au NPs

Au NPs Hg2+: 34 nM Pb2+: 100 nM [161]t3:9

Selective detection of Cd2+ ions by chemically modified Al2O3 NPs Al2O3 NPs 0.14 μg/L [162]t3:10

Sensitive detection of Hg2+ ions by Au NPs enhanced
fluorescence polarization

Au NPs 0.2 ppb [163]t3:11

Sensitive and selective detection of Cd2+ ions By SERS-active NPs Au NPs 25 μM [164]t3:12

Au NPs based sensing of Pb2+ ions Au NPs 2.4 nM [165]t3:13

Detection of Hg2+ ions by starch-stabilized NPs Ag NPs 5 ppb [166]t3:14

Simple and sensitive detection method for Cr6+ ions using glutathione-capped
QDs as fluorescent probes

CdTe QDs 0.008 μg/L [167]t3:15

Colorimetric sensors for the detection of Co2+ ions based on the modified NPs Au NPs 5 × 10−10 M [168]t3:16

Rapid simultaneous sensing method for Pb2+ ions and cysteine by
dithiocarbamate-capped NPs as a resonance light scattering probe

Ag NPs 4 nM [169]t3:17

Nanoparticles assembled by aptamers and crystal violet for As3+ ions detection Aptamers-assembled NMs 0.2 ppb [170]t3:18

Colorimetric detection of Pb2+ ions by sodium thiosulfate and
hexadecyltrimethyl ammonium bromide modified NPs

Au NPs 0.1 μM [171]t3:19

Colorimetric detection method of Mn2+ ions based on tripolyphosphate
modified NPs

Ag NPs 0.1 μM [172]t3:20

SERS selective detection of Hg2+ ions using Au NPs/graphene heterojunctions Au NPs 0.1 nM [173]t3:21

Colorimetric sensing strategy for Hg2+ and Ag+ ions by fluorescent
Ag nanoclusters

Au nanoclusters Hg2+: 5 nM Ag+: 10 nM [174]t3:22

Fluorescence probe selective detection of Hg2+ ions based on functional SBA-15 Modified SiO2 10−6 M [175]t3:23

Detection of Hg2+ and F− ions by fluorescence switching
of Au-cluster–CdTe QD NCs

Au@CdTe QD nanocomposite Hg2+: 9 nM F−: 117 nM [176]t3:24

Colorimetric detection of trace Cr6+ ions based on the redox etching
of Ag(core)–Au(shell) NPs

Ag@Au core shell NPs 10−7 M [177]t3:25

Fluorescent chemosensor for highly selective detection for Zn2+ ions based on
inorganic–organic hybrid magnetic core/shell NPs

Fe3O4@SiO2 core shell NPs 10−4 M [178]t3:26

Sensing of mercury and methyl mercury ions using
aminonaphthalimide-functionalized core/shell magnetic NPs

Fe3O4@SiO2 magnetic NPs 100 ppb [179]t3:27

Sensitive sensing of Cu2+ ions using layer-by-layer assembled core/shell
microspheres as separable luminescent probe

Fe3O4@C@CdTe
core/shell microspheres

1–10 μM [180]t3:28

Detection of Hg2+, Pb2+ and Cu2+ ions using mesoporous core/shell
nanostructures with ultrasensitive fluorescence response

CdTe/ZnO@SiO2

core/shell nanostructures
Hg2+: b10−8 M Pb2+: b10−5 M Cu2+: b10−6 M [181]t3:29

Detection of Hg2+ ions using thermally reduced graphene oxide decorated
with NPs

Au NPs 2.5 × 10−8 M [182]t3:30

Colorimetric detection of Hg2+ in aqueous mediausing DNA-functionalized NPs Au NPs 100 nM [183]t3:31

Selective and sensitive detection of Cu2+ ions using polyamine-functionalized
carbon QDs as fluorescent probes

Carbon QDs 6 nM [184]t3:32

NP-based miniaturized nanomaterial surface energy transfer probe for
ultrasensitive detection of mercury

Au NPs 2 ppt [185]t3:33

High-efficiency upconversion luminescent sensing and bioimaging of Hg2+ by
chromophoric Ru complex-assembled nanophosphors

Ru complex-assembled
nanophosphors

1.95 ppb [186]t3:34

Chemical interactions with Hg2+, Cd2+ and Pb2+ ions with unsupported and
supported Ag7 and Ag8 clusters

Ag7 and Ag8 clusters Cd2+: 50 ppm Hg2+: 100 ppm Pb2+: 100 ppm [187]t3:35

Selective detection of Hg2+ ions using nonlinear optical properties of Au NPs Au NPs 5 ppb [188]t3:36

Biomediated Ag NPs for the highly selective Cu2+ ions sensor Ag NPs 10−4 nM [189]t3:37

Sensitive and selective colorimetric detection of Cd2+ ions using Au NPS
modified with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole

Au NPs 30 nM [190]t3:38

Novel potentiometric sensor for the determination of Cd2+ based
nanocomposite including multiwalled carbon nanotubes (MWCNTs)

MWCNTs 7.5 × 10−9 M [191]t3:39

Rapid and label-free colorimetric assay of As3+ based on unmodified NPs and
a phytochelatin-like peptide

Au NPs 20 nM [192]t3:40

Enhanced sensitivity of a direct SERS technique for Hg2+ detection based on
the interaction between Ag NPs and Hg2+ ions

Ag NPs 90 pM [193]t3:41

Colorimetric method for determining Pb2+ using non-precious-metal NPs Non-precious-metal NPs 0.2 ppm [194]t3:42

Selective colorimetric sensing of Hg2+, Pb2+ and Zn2+ by green-synthesized
Ag NPs over a wide pH range 2-11

Ag NPs 1 μM [195]t3:43

Ultrasensitive detection of toxic cations including CH3Hg+ through changes in
the tunneling current across films of striped NPs

Different NPs aM (attomolar) range [196]t3:44

Indirect determination of Hg2+ ions by inhibition of a glucose biosensor based
on ZnO nanorods (NRs)

ZnO NRs 0.5 nM [197]t3:45

Detection of Hg2+ ions by means of Au–Ag core–shell NRs Au–Ag core–shell NRs 1 pM [198]t3:46

Selective aggregation of polyanion-coated Au NRs for detecting Cu2+, Zn2+,
Cd2+, and Fe2+ ions

Functionalized Au NRs 10 mM [199]t3:47

Potentiometric Zn2+ sensor based on honeycomb-like NiO nanostructures NiO nanostructures 0.0005 mM [200]t3:48

Detection of Tl+ ions sensor based on functionalized ZnO NRs ZnO NRs 1 × 10−7–5 × 10−2 M [201]t3:49
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TLA-modified TiO2 NPs [219]. Another very effective method for the re-
moval of Cd2+ ions from aqueous solutions involves the use of anatase
NPs (8–20 nm) where the effect of crystal size and pH is also described
by Gao et al. [220]. Removal of Cd2+ ions from simulated industrial
wastewater was performed using sol–gel structured NPs of silica and
alumina [221]. 120 mg/g as maximum removal of As5+ was achieved
using kaganeite (β-FeOOH) nanocrystals [222]. Similarly, the sorption
of As3+ and As5+ ions on nanocrystalline TiO2 was observed within
60 min with maximum adsorption reported was 133.0 μM/g [223].
Kanel et al. have reported the removal of As5+ ions on 16 NPs of
metal oxides, out of which the most important were TiO2, Fe2O3, ZrO2

and NiO. The removal capacity on all these NPs was ∼98% except for
ZrO2 [224]. Other very effective, adsorption and desorption properties
of As5+ ions on nano-sized Fe2O3 coated quartz have been studied.
This study reported that 100% arsenic (1000 μg/L) has been removed
within 5.0 min [225]. Similarly, arsenic removal from aqueous solu-
tion on magnetite maghemite NPs showed 96–99% arsenic uptake
under controlled pH conditions. The maximum arsenic sorption
was 3.69 and 3.71 mg/g for As3+ and As5+ respectively at pH 2.0
[226]. This study has also reported the effect of phosphate on the
removal of arsenic.

Monodisperse chitosan bound Fe3O4 NPs were proved to be quite
efficient for the removal of Cu2+ ions at pH N 2 [227]. Similarly, gum
arabic modified magnetic nanosorbents i.e. Fe3O4 NPs were also used
for the removal of Cu2+ ion from aqueous solution with maximum
adsorption capacity of 21.5 mg/g [228]. Amino-functionalized magnetic
nanoparticles (MNPs-NH2) by covalent binding of 1, 6-hexadiamine on
the surface of Fe3O4 have also been used for the removal of Cu2+ ion
from aqueous solution [229]. While studying the adsorption kinetics
of the removal of Cu2+ ions Chen and Li reported that goethite and
hematite (nanogoethite and nanohematite) nanoparticles showed
good adsorption capacity for Cu2+ ions with maximum adsorption
capacity of 149.25 and 84.46mg/g respectively [230]. Magnetic chitosan
NPs have been used for the removal of Co2+ from aqueous solutions
where the maximum removal achieved was 27.5 mg/g within 1 min
[231]. Uheida et al. have reported that Co2+ removal using NPs of
Fe3O4 and γ-Fe2O3 where 5.8 × 10−5 and 3.7 × 10−5 mM was found
to be the maximum loading capacities respectively [232]. The magnetic
chitosan NPs have also been used for the removal of Cr6+ from aqueous
solution where adsorptive capacity is reported as 55.80 mg/g [233].

6. Other applications of nanosensors

Further to the sensing as well as removal of heavy metal ions,
nanosensors have been applied in the detection of several impor-
tant fields including pesticides, aromatic hydrocarbons, phenol,
polychlorinated biphenyls etc. including medical diagnostics such
as cancer markers, allergy markers, heart attack markers, antibodies,
drugs, environmental monitoring and food safety pathogens, toxins,
drug residues, and vitamins. It is expected that nanosensors may lead
to revolutionary applications, including early disease detection causing
faster treatments. The early and accurate detection of environmental
pollutants, contaminants, and even biological or chemical weapons
has been possible with nanosensors. Due to their potential applications
nanosensors will continue to show their impact on the improvement in
various paces of life including thehealthcare, pharmaceutical, agricultural,
food, environmental, consumer products, and defense sectors.

6.1. Detection of organic pollutants

Nanomaterials and nanoparticles have also been applied for
the detection, degradation or removal of several organic pollutants
from aqueous systems. Two pesticides, found in the surface waters of
developing countries, namely chlorpyrifos i.e. (O,O-diethyl-O-(3,5,6-
trichloro-2-pyridyl)phosphorothioate) and malathion i.e. (S-1,2-
bis(ethoxycarbonyl)ethyl O,O-dimethyl phosphorodithioate) have
Please cite this article as: S. Thatai, et al., Nanoparticles and core–shell na
analytical techniques: A review, Microchem. J. (2014), http://dx.doi.org/1
E
D
 P

R
O

O
F

visually been detected using AuNPs with 20 and 100 ppb as limit of
detection [234]. Green-synthesized Au NPs were utilized for the detec-
tion of organophosphorous pesticides that were detected by simply
mixing them with Au NPs [235]. Highly stable Ag NPs modified with
p-sulfonatocalix[n]arene (n = 4,8) were synthesized and utilized as a
novel colorimetric probe for optunalwhich allowed a rapid quantitative
assay of optunal pesticides down to 10−7 M concentration [236]. A new
format of apta-sensing composite particles for surface-enhanced Raman
spectroscopy (SERS) detection of malathion using colloidal Au NPs via
modification with 2-aminoethanethiol led to direct detection of the
target molecule at 3.3.μg/mL [237]. Ag NPs were functionalized with
the bis-acridium lucigenin as chemical assembler for the detection of
persistent organic pollutants i.e. organochlorine pesticide endosulfan
and which has been detected for the first time at trace concentrations
using SERS [238].

Degradation of RDX has also been carried out using zerovalent iron
NPs in water in the presence or absence of a stabilizer additive such as
carboxymethyl cellulose or poly-acrylic acid [239]. A new immunoassay
for continuously monitoring atrazine in water samples has been devel-
oped by Farre et al. [240]. It uses a portable biosensor platform based on
surface plasmon resonance (SPR) technology which is based on the
binding inhibition format with purified polyclonal antibodies, with the
analyte derivative covalently immobilized on Au sensor surface [240].
Mauriz et al. have also developed SPR optical immune sensor for fast
and sensitive detection of dichlorodiphenyltrichloroethane (DDT) and
related compounds in river water sample [241]. In this method DDT de-
rivativewas immobilized on a self-assembled alkanethiolatemonolayer
on the SPR sensor surface. A very novel approach was presented by
Wang et al. to improve the analytical figures of merit i.e. improve the
recovery as well as limit of detection for the analysis of monohydroxy-
polycyclic aromatic hydrocarbons (PAHs) using Au NPs [242]. The
detection limit for 6-hydroxychchrysene and 2-hydroxyfluorene
was 2 pg mL−1 and 18 pg mL−1 in urine samples respectively [242].
Zhang et al. has employed another metal-enhanced fluorescence
method for the detection of PAHs in diesel oil emulsions in artificial
sea water [243]. In this method for the detection of PAHs, an enhanced
fluorescence was obtained using Ag NPs. A very sensitive and selective
fluorescence resonance energy transfer (FRET) probe for detection of
thiols in living cells was developed by Yang et al. where Fe3O4@phenol
formaldehyde resin core–shell nanospheres loaded with Au NPs as
magnetic FRETwas used as nanoprobes [244]. Zhaohui et al. has report-
ed a highly selective colorimetric probe for the visual detection of
aromatic polyphenols such as gallic acid, tannic acidwhichwas achieved
using chitosan capped Ag NPs [245].

6.2. Detection of analytes related to magnetic diagnostics

Sensitive and specific detection of molecular biomarkers using
nanosensors has been demonstrated to hold promise for the detection
of analytes related to medical diagnostics such as treatment of
Alzheimer's disease, cancer markers, allergy markers, heart attack
markers, antibodies, drugs, etc. [246–268]. The unique properties of
noble metal NPs have allowed for the development of new biosensing
platforms with enhanced capabilities in the specific detection of
bioanalytes. Thus in the recent past the use of NMs i.e. NPs has shown
a great impact in the area of biosensing applications. An excellent re-
view on this topic was presented by Doria et al. aimed at presenting
an overview of the general principles and up-to-date applications of
all noble metal NPs used for the development of biosensors [246]. Kim
et al. have developed the microarray-based approach to detect protein
cancer markers using Au NPs functionalized with antibodies having
detection limit as low as 300 aM (attomolar) [247]. Two molecular
sentinel nanoprobes tagged with different Raman labels were used to
detect the presence of the Erythoblastic Leukemia viral Oncogene
Homolog 2 (erbB-2) and Antigen ki-67 breast cancer biomarkers
[248]. Nazem and Mansoori have shown that nanotechnology using
nocomposite based new generation water remediation materials and
0.1016/j.microc.2014.04.001
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NMs also plays very important role in the development and improve-
ment of techniques for early diagnosis and effective treatment of
Alzheimer's disease [249].

Noble metal NPs functionalized with different biosensing molecules
such as single-stranded deoxyribonucleic acid (ssDNA), antibodies,
proteins or enzymes have shown to increase the specificity of the
analytical methods for the detection of DNA and breast cancer
biomarkers [250–252]. The Au NPs functionalized with thiol-modified
ssDNAprobes forma cross-linking network upon detection of a comple-
mentary ssDNA target [250]. Specific colorimetric detection of a gene
associated with sickle-cell anemia using fibrinogen functionalized
56 nm Au NPs and a thrombin-binding aptamer assembled on Au NPs
has been developed with the detection limit of 12 pM [251]. Au NPs
functionalized with an antibody anti-CA15-3-HRP have also been
utilized in a traditional enzyme linked immunosorbent assay to detect
a breast cancer biomarkers present in blood (i.e., CA15-3 antigen).
This has led to an improvement in the optical signal of the assay [252].

Furthermore, the use of noble metal NPs for SERS, mostly Au and Ag
NPs, has led to the development of a wide variety of new biosensors for
the detection of antibodies, proteins and other biological molecules
[250]. Vitol et al. have developed a SERS label-free biosensor based on
a glass coated with Au NPs to detect and quantify Ca2+ second messen-
ger nicotinic acid adenine dinucleotide phosphate (NAADP) in cell
extracts [253]. SERS has also been used to detect and monitor glucose
levels as glucose biosensor [254]. This has been achieved by Shafer-
Peltier et al. by adding a self-assembled monolayer of decanethiol over
an aggregated Ag NP film in order to increase glucose adsorption
which is minimal for bare-SERS-active substrate, such as roughened
silver [254]. Since their first report on the practical analytical use of
the SERS techniques for trace analysis, Vo-Dinh et al. have been involved
in the development of SERS technologies for applications in chemical
sensing and medical diagnostics [255]. In addition, SERS studies on
living cells using Au NPs have been reported [255]. Vo-Dinh et al. have
further shown SERS applications in medical diagnostic and biological
imaging for detection of specific DNA sequences such as high infected
virus (HIV). This was possible by use of Raman-active dye-labeled
DNA gene probes and nanostructured metallic substrates as SERS-
active platforms [255,256]. The surface-enhanced Raman gene
probes can be used detect DNA biotargets e.g. gene sequences,
bacteria and viral DNA [255,256]. Xu et al. have reported detection
of Hepatitis B virus antigen using a novel immunoassay based on
SERS and immunogold labeling with Ag staining enhancement [257].
The surface immobilized antibodies and immunogold NPs conjugated
to antibodies and 4-mercaptobenzoic acid act as a Raman-active probes
[257]. The detection limit for the Hepatitis B virus surface antigen
was found to be as low as 0.5 μg mL−1. Low level detection of viral
pathogens, such as feline calici virus, has been achieved by SERS using
Au NPs conjugated with a monoclonal antibody and a Raman reporter
moiety, namely 5,5′-dithiobis(succinimidyl-2-nitrobenzoate) [258].
Most recently, it has been reported that upconversion nanoparticles
(UCNPs), which convert near infrared radiation into visible light, are
promising bimodal imaging contrast agents as they provide magnetic
resonance (MR) and fluorescent-based images of cancerous tissues re-
quired during surgical resection of glioblastoma, the most aggressive
form of brain cancer [259]. However, the use of UCNPs remains chal-
lenging because of the fact that they poorly penetrate the brain–blood
barrier i.e. a barrier separating the blood from the tissues of the central
nervous system. Ni et al. have overcome this issue by synthesizing
gadolinium-doped UCNPs, coating them with poly(ethyleneglycol)
and covalently coupled them with Angiopep-2 [260].

6.3. Detection of pathogens, toxins, drug residues, vitamins

The ability to integrate metal nanoparticles into biological systems
has had the greatest impact in biology and biomedicine. Development
of nano-based biosensors has increased tremendously over the past
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few years, as demonstrated by the large number of scientific publica-
tions in this area [13,19,29]. Pathogen detection and analysis are critical
for medicine, food safety, agriculture, public health and biosecurity.
Illnesses caused by food borne diseases are a continuous threat to
public health as well as society. A recent review by Tiwari et al. has
focused on various methods of functionalization of Au NPs and their
potential applications in the field of medicine and biology [261]. Recent
developments in the areas of modification of NPs and QDs have
demonstrated the potential for the detection and quantification of path-
ogens and toxins in food samples that are harmful to human health
[262–264]. Thus Au NPs have been depicted to act as electrochemical
biosensor for the simultaneous multiple detection of the protective
antigen-A (pagA) gene [262]. A simple and stable RNA aptamer-based
colorimetric sensor for the detection and analysis of vitamin B using
Au NPs has successfully been developed by Selvakumar and Thakur
[263]. Selvakumar et al. have further attempted and developed Au NP-
based immune dipstick for the rapid detection of vitamin B12 in fruit
and energy drink samples [264]. The visible detection limit of vitamin
B12 was determined to be 1 ng mL−1 [264].

Electrochemical biosensor was designed by Norouzi et al. for the
determination of cholesterol oxidase based on MnO2 NPs andMWCNTs
[265]. Nanostructured TiO2 films have been deposited onto indium tin
oxide films by sol–gel technique to immobilize ascorbate oxidase onto
nanostructured TiO2 films which have been used for the detection of
ascorbic acid [266]. A new sensor gold electrode modified with Au NPs
has been developed and was used to measure folic acid in real samples
such as folic acid tablets, wheat flour, fortified wheat flour and spinach
[267]. Ag nanocubes functionalized with target-specific antibodies and
Raman-active tags have been reported to serve as nanoprobes for the
rapid detection of bacteria in a test-in-a-tube platform [268]. A DNA
biosensor has also been developed for the detection of ganoderma
boninense, an oil palm pathogen, utilizing newly synthesized ruthenium
[Ru(phen)2(qtpy)]2+ complex as hybridization indicator [269]. DNA
Au NP-based colorimetric competition assay has been successfully
developed by Lee et al. for the detection of cysteine [270].

7. Conclusions

Environmental protection, water pollution, food safety and human
health are major issues which need to be addressed as soon as possible.
Nanotechnology endeavored to provide “smarter”materials used in envi-
ronmental sensing and remediation for water pollution problem as well
as protecting human health from toxicmaterials. The references gathered
in the presented review have clearly concluded that enormous efforts
have been directed to develop heavy metal ion sensors and for toxicants
based on NMs and core–shell NCs. The review presented described
various types of NPs as well as core–shell NC materials which help in
the detection as well as removal of heavy metal ions from water and
determination of other chemical species of our day to day interest. The
nanomaterials have successfully been incorporated as a sensor, which
leads to significant improvement in the sensing and sensitivity perfor-
mance. Some research works have been carried out on this issue, and
still there is a need for the development of novel NMs with increased
affinity, capacity, selectivity and capability to work at column operations.
Moreover, the review of recently published reports indicated that NMs
functionalised with various molecules have successfully been used to
detect targeted species. The ultimate syntheses of NMs have enabled
the development of highly sensitive nanosensors for rapid detection of
heavy metal ions, organic pollutants, pathogens, toxins, drug residues,
vitamins etc. In the future this area will surely witness significant growth
and an increased impact on separation science and analysis.
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