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Abstract: The aim of this review is to cover advances in 
noble metal nanoparticle (MNP)-based biosensors and 
to outline the principles and main functions of MNPs in 
different classes of biosensors according to the trans-
duction methods employed. The important biorecogni-
tion elements are enzymes, antibodies, aptamers, DNA 
sequences, and whole cells. The main readouts are elec-
trochemical (amperometric and voltametric), optical 
(surface plasmon resonance, colorimetric, chemilumi-
nescence, photoelectrochemical, etc.) and piezoelectric. 
MNPs have received attention for applications in biosens-
ing due to their fascinating properties. These properties 
include a large surface area that enhances biorecognizers 
and receptor immobilization, good ability for reaction 
catalysis and electron transfer, and good biocompatibility. 
MNPs can be used alone and in combination with other 

classes of nanostructures. MNP-based sensors can lead 
to significant signal amplification, higher sensitivity, and 
great improvements in the detection and quantification of 
biomolecules and different ions. Some recent examples 
of biomolecular sensors using MNPs are given, and the 
effects of structure, shape, and other physical properties 
of noble MNPs and nanohybrids in biosensor performance 
are discussed.

Keywords: biomolecule detection; colorometric; electro-
chemical; metal nanostructures; nanobiosensor; optical; 
piezoelectric.

Highlights
 – Recent developments in noble metal nanoparticle-

based biosensors are reviewed.
 – The main roles of metal nanoparticles are immobiliz-

ing bioreceptors, mediating electron transfer, cata-
lyzing bioreactions, amplifying mass change, and 
enhancing refractive index changes.

 – Electrochemical nanobiosensors can be catego-
rized into five classes: enzymatic, nonenzymatic, 
aptamer-based, immunoassay-based, and DNA-based 
biosensors.

 – Several anisotropic nanoparticles have been used 
in surface plasmon resonance applications offering 
higher sensitivity toward refractive index changes.

1  Introduction
In recent decades, nanotechnology, for its  world-leading 
area role, has brought out miscellaneous innovative 
applications to be employed in nanomedicine and nano-
biotechnology such as drug delivery systems, biosensing 
and biodetection, finding new therapies for formidable 
diseases such as cancers, etc. [1–14].

The increasing demand for sensing a broad range of 
molecules at low concentrations with high specificity has 
motivated the development of sophisticated devices that 
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incorporate nanoscale materials, biological elements, 
and advanced materials, which are collectively called 
nanobiosensors. Many microorganisms, viruses, bacteria, 
and pathogens have similar dimensions to those of nano-
structures; therefore, the detection specificity is highly 
increased by utilizing chemically inert and biocompatible 
nanomaterials for biomedical approaches. Various toxic 
substances in food and environmental pollutants have 
also been detected and measured using nanomaterial-
based biosensors [15–19].

The main functional components of conventional bio-
sensors include a biological recognition receptor, such as 
an antibody, enzyme, nucleic acid, and whole cell; a trans-
ducer to convert the biological binding event to a detect-
able signal (electrochemical, optical, etc.); and a signal 
display or readout that indicates both the presence and 
concentration of the analyte molecule [20]. According to 
the biorecognition mechanism, biosensors can be classi-
fied into two main categories comprising biocatalytic- and 
bioaffinity-based biosensors. In the biocatalytic system, 
the bioreceptor (enzyme, whole cell, tissue, etc.) recog-
nizes the analyte and catalyzes a reaction leading to con-
sumption of the analyte, while in the bioaffinity system, 
the bioreceptor (e.g. antibody or aptamer) specifically 
binds to the analyte and an equilibrium is usually reached 
[21]. In Table 1, common types of biosensors according to 
different transduction pathways are listed and the related 
typical biological recognizing elements which are used for 
each type is defined.

In nanobiosensors, nanostructures are often incor-
porated into the biosensor by attachment to the suitably 
modified platforms. Metal nanoparticles (MNPs) have 

many advantageous properties that make them useful 
in the transducer component of biosensors. Many metal 
and metal-organic nanoparticles (NPs) have been used in 
nanobiosensors. Noble metals such as gold, silver, and 
platinum NPs have been the most popular and have been 
extensively studied. While these noble metals are chemi-
cally inert in their macroscale form, they display unique 
physiochemical features at the nanoscale [22].

Herein, we will solely focus on nanobiosensors with 
noble MNP component and the advantages it offers in 
terms of sensitivity and selectivity. More comprehensive 
considerations on biosensors, recent advances, and poten-
tial future applications are available elsewhere [23–26].

In this review, the functions of various noble MNPs 
with various anisotropies (spherical, nanohole, triangu-
lar, etc.) and in distinct forms of nanowire arrays, nano-
tube arrays, bimetallic alloys, core-shell structures, etc., 
will be discussed. Each form of these MNPs exhibits 
interesting surface and interface features, which signifi-
cantly improves the biocompatibility and transduction of 
the biosensor in comparison to the same process in the 
absence of these MNPs.

The roles of these MNPs can be defined according to 
the physical or electrochemical changes that occur after 
binding the biomolecular analyte and the immobilized 
receptor-target on the surface of the MNPs. Based upon 
their specific properties, NPs can act as immobilizing plat-
forms [27–31], accelerate electron transfer [32, 33], catalyze 
the reaction of chemiluminecents with their substrates 
[34–37], amplify changes in mass [38, 39] and enhance 
refractive index (RI) changes [40, 41]. For instance, in 
addition to immobilizing the bioreceptors, MNPs can act 

Table 1: Biosensor types, relevant transduction pathway, common techniques employed for each transduction pathways, and prevalent 
biorecognizing agents for each type.

Biosensor according to 
transducer type

  Type of change detected   Biological recognizer 
element

  Common techniques

Electrochemical   Redox reaction/electrical 
conductivity as a 
result of change in ion 
concentration

  Enzyme
Antibody
Aptamer
DNA
Microbial cells

  Amperometric
Potentiometric
Conductometric

Piezoelectric   Resonant frequency of 
crystals due to change 
in mass

  Antibody
Nucleic acid (DNA, 
RNA)

  Crystal resonance frequency
Surface transverse wave
Surface acoustic wave

Optical (optoelectric) 
biosensors

  Fluorescence/absorbance 
and other optical 
properties

  Enzyme
Antibody
Nucleic acids
Aptamer
Microbial cells

  SPR
Fiber optics
Light addressable potentiometric
Colorimetric

Calorimetric biosensors   Temperature changes   Enzymes   Thermistors
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as “electron wires” in electrochemical biosensors, which 
allow electrons produced in bioreactions to be trans-
ported to sensing electrodes or convert other physiochem-
ical changes to measurable signals that are proportional 
to the analyte concentration [32]. A general schematic pre-
senting some applications of noble MNPs in conjugation 
with biological recognition elements and a linear pathway 
describing biosensing process of a specific analyte, from 
recognition of the analyte by receptor, transduction of 
the change resulted from binding event, its conversion to 
measurable signal, signal processing, and finally signal 
display is demonstrated in Figure 1.

2   The functions of MNPs in various 
biosensor types

2.1   Electrochemical nanobiosensors

The use of electrochemical transduction in nanobiosensors 
usually relies on amperometry or voltammetry techniques. 
Voltammetric measurements are made by applying a range 
of electric potentials and recording the occurring current 
(that results from a redox reaction) to determine the peak 
value. On the other hand, amperometry is performed by 
fixing the potential at a suitable value (which is characteris-
tic of the analyte) and recording the current changes versus 
time [33]. MNPs are used as labels to improve the sensitivity 
and enhance analytical signal detection in electrochemical 
biosensors. Ding et  al. [42] have defined four approaches 

for using MNPs as labels in electrochemical biosensors: (1) 
using MNPs to increase the loading of electroactive species; 
(2) MNPs that function as ultra microelectrode arrays for 
the electrolysis of large amounts of substrate; (3) to cata-
lyze the electrochemical deposition of detectable species; 
and (4) to mediate the deposition of electrocatalysts. There 
are some drawbacks associated with using noble MNPs as 
labels in electrochemical biosensors. One major limitation 
for the first approach is the need for a subsequent step of 
dissolving labels off the electrode surface by strong oxi-
dizing reagent, to make them detectable by voltammetric 
techniques. This step is not cost effective for commercial 
laboratories with high throughput assays. Other approaches 
may suffer from a mass transport issue, which is due to the 
nonspecific adsorption of labels in high concentration and 
because of incompatibility between the adsorption iso-
therm plot of the analyte and the calibration curve of the 
biosensor, which occurs due to the shift of linear calibra-
tion curve toward the lower concentration region compared 
to the linear region of the adsorption isotherm. In the first 
approach, the analytical signal is proportional to the extent 
of coverage of labels on the electrode surface, as well as the 
surface coverage of the analyte.

2.1.1   Enzymatic electrochemical biosensors

The history of biosensors dates back to 1962, when Clark 
proposed the first enzymatic glucose sensing device 
by incorporating the glucose oxidase enzyme (GOD) 
into an oxygen electrode [43]. Ever since, many efforts 
have been made to improve the original basic glucose 

Figure 1: The role of noble MNPs in various types of biosensors.
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enzymatic-biosensor and to develop it in order to apply it 
to other biologically important molecules.

An enzymatic reaction can be coupled with electro-
chemical detection by two common approaches: mediator-
based electron transfer and direct electron transfer. In the 
first approach, both the analyte (first substrate) and the 
mediator (second substrate) are transformed (by reduc-
tion and oxidation), and eventually, the electrons interact 
with the electrode surface. In the second approach, the 
enzyme transforms the substrate into the product and 
transfers the electrons directly to the electrode [44].

Glucose biosensors, due to their applications in diag-
nosis and management of diabetes, are of great impor-
tance, and novel electrochemical glucose nanobiosensors 
have been proposed using different modifications that 
have been applied to electrodes and nanostructures. 
Nanoscale metallic materials have been employed in 
amperometric nanobiosensors. In a report published by 
Cui et  al. [45], an amperometric glucose detector based 
on gold nanowire arrays (AuNWA) with glucose oxidase 
(GOx) as a bioreceptor, was developed. The electrochemi-
cal properties were studied at different scan rates using 
cyclic voltammetry with a redox system. Amperometric 
detection of glucose was performed by taking advantage 
of the oxidation reaction of glucose that produced H2O2, 
which subsequently got transferred to the AuNWA surface, 
where its oxidation potential gave a current directly pro-
portional to the glucose concentration. The low detection 
limit reported for glucose in this study was attributed to 
the high electroactivity of AuNWA (six times larger than 
a normal gold electrode). In another study, glucose was 
detected using a modified platinum electrode composed 
of GO immobilized on platinum NPs (diameter 10–30 nm) 
deposited on a polyvinylferrocenium perchlorate matrix. 
The amperometric results showed a signal related to elec-
tron transfer from H2O2 as a byproduct of the enzymatic 
reaction. Furthermore, a signal enhancement was also 
obtained using a voltammetric measurement system with 
Pt NPs that was due to the electrocatalytic effects of these 
NPs [27].

A synergistic effect by employing two different kinds 
of noble MNPs as an electrochemical biosensor was 
investigated, and they proved an enhancement in elec-
tron transfer. It was demonstrated that Pd-Co alloy NPs 
embedded in carbon nanofibers demonstrated superior 
analytical ability toward hydrogen peroxide and also 
nitrite sensing. This synergistic effect was evident in a 
lower overpotential and considerably higher reduction 
currents for H2O2 and an increased oxidation peak and 
decreased overpotential in nitrite cyclic voltammograms 
[46]. In another study [28], Rh NPs and Au NPs were used 

in the construction of an amperometric glucose biosensor. 
Rh NP-modified Pt electrode provided a large surface area, 
with many active sites offering improved electrocatalytic 
activity. On the other hand, Au NPs, being located in close 
proximity to the active regions of the enzyme, readily cat-
alyzed the oxidation reaction of peroxide molecules and 
enhanced the sensitivity of the glucose sensor.

Reduced graphene oxide (RGO) is a highly conduc-
tive material and is especially suitable for enzyme-based 
biosensors because of its biocompatibility [47]. RGO has 
been used as a conductive platform with large surface 
area for nanometal stabilization [48]. Despite its advan-
tages, RGO sheets can become aggregated and cause poor 
dispersion of particles attached to it. To avoid this, some 
materials like polypyrrole have been used as a modifier to 
enhance the functionality of the surface and anchor gold 
NPs (AuNPs) for amperometric glucose sensing [49]. A 
novel RGO-modified glucose sensor was developed using 
a Pd-Pt alloy. The study revealed that this electrode had a 
lower detection limit, greater sensitivity, and better range 
of linearity compared with each nanometal (Pt and Pt) 
used individually in the same biosensor [50].

Many hybrid materials and nanocomposite structures 
consisted of MNPs, combined with particular conductive 
polymers and a modified electrode, have been designed 
for electrochemical glucose sensing. One recent example 
is an amperometric glucose sensor made of poly (dial-
lyldimethylammonium chloride)-capped AuNPs attached 
to functionalized graphene (G)/multiwalled carbon nano-
tubes (MWCNTs) forming a nanocomposite [51]. The posi-
tively charged AnNPs electrostatically adsorbed to the 
negatively charged G/MWCNTs, forming a nanocomposite 
material. Different characterization techniques revealed 
that the combination was capable of immobilizing more 
enzyme molecules, leading to fast and direct electron 
transfer between enzyme redox sites and the electrode.

Silver NPs (AgNPs) are more affordable than AuNPs 
and have also been used in the construction of nanocom-
posite-based biosensors. An amperometric nanocompos-
ite biosensor based on TiO2 nanotube arrays modified with 
AgNPs exhibited a satisfactory response toward glucose 
sensing with a high sensitivity of 1151.98 μA mm−1 cm−2 and 
a wide linear range of 50–15.5 mm [52].

Core-shell NPs are an interesting class of hybrid plat-
forms, which have been employed to tailor or tune their 
properties by changing the identity of the nanomaterial 
or altering the core-to-shell ratio. The functions of the 
core material like dispersibility, consumption rate, chemi-
cal reactivity or thermal stability, etc., can be controlled 
through using suitable shell coatings. For instance, colloi-
dal carbon was used as a coating on AgNPs to enhance the 
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biocompatibility of the potentially toxic AgNPs when used 
for immobilized graphene oxide (GO), while still getting the 
benefit of direct electron transfer between the redox centers 
of GO, through the particles and reaching the electrode [53, 
54].

Attempts have been made to develop efficient biosen-
sors for biomolecules other than glucose. A hierarchical 
nanocomposite based on RGO MWCNTs with a unique 
three-dimensional (3D) structure and Pt NPs with excel-
lent electrocatalytic property was used to construct a sensi-
tive and selective myoglobin-specific biosensor with a low 
detection limit of 6 pM [55]. Moreover, a novel dopamine 
amperometric nanobiosensor based on a nanohybrid con-
sisted of ethylenediaminetetraacetic acid (EDTA), GO, and 
AuNPs was developed and applied to detect dopamine 
released from living cells [56]. Lactate is another important 
biomolecule and has been widely investigated through 
various analytical approaches. Recently, novel nanobiosen-
sors were fabricated based on lactate oxidase and MNP or 
nanohybrids to monitor lactate levels for medical diagnos-
tic applications [57–59] and assessment of food quality [60].

There have been a few reports of cation and anion 
sensing electrochemical enzymatic biosensors with incor-
poration of noble MNPs. Anion sensing amperometric 
biosensor was developed by Wang et al. [61] for determi-
nation of superoxide anion with copper-zinc superoxide 
dismutase immobilized on AuNP-chitosan-ionic liquid 
biocomposite film, which demonstrated a low detection 
limit of 1.7 nm and high sensitivity toward superoxide 
anion. Phosphate anion levels in waste waters have been 
monitored for environmental protection purposes through 
electrochemical enzymatic biosensors in the absence of 

noble MNPs by incorporation of single or several enzyme 
systems, i.e. pyruvate oxidase and electrochemically meas-
uring the dissolved oxygen or other alternative enzyme 
systems such as nucleoside phosphatase and xhantine 
oxidase, which generate hydrogen peroxide as a result of 
enzymatic reaction with phosphate anions [62]. Mercury 
cation, another prominent environmental pollutant, has 
been measured by poteniometric biosensor with urease 
enzyme and AuNPs as immobilization platform [16].

2.1.2   Nonenzymatic electrochemical biosensors

Despite their selectivity and efficiency, enzymes suffer 
from certain drawbacks such as difficulties in immobili-
zation [63]; therefore, many studies have been conducted 
to develop enzyme-free biosensors utilizing suitable 
modified electrodes. In a recently published study, an 
inorganic nanocomposite was proposed for enzyme-free 
glucose biosensing. The SrPdO3 perovskite/AuNP-modi-
fied graphite electrode demonstrated a low detection limit 
of 10 μm and high specificity toward glucose. The nonen-
zymatic detection method relied on glucose chemisorp-
tion on the electrode surface through a dehydrogenation 
reaction giving gluconolactone and, finally, conversion of 
gluconolactone to gluconate after reaction with hydroxide 
ions in the solution [64]. Glucose biosensors are probably 
the most widely studied biosensors due to their applica-
tions in monitoring blood glucose levels for managing 
diabetes. In Table 2, some additional recently developed 
enzyme-free glucose biosensors using noble MNPs in their 
construction have been listed.

Table 2: Various noble MNP-modified materials that have been used in enzyme-free glucose biosensors.

Material   Medium   Detection 
potential (V)

  Linear range   Limit of 
detection

  Reference

PdCu/GE   N2 saturated NaOH 0.1 m  −0.4  2–18 mm   20 μm   [65]
AuNPs/GC   H2SO4 0.5 m   0.3  0.1–25 mm   0.05 mm   [66]
NiNPs/GNs   NaOH 0.1 m   0.5  5–550 μm   1.85 μm   [67]
PtNPs/TiO2 NTA   NaOH 0.1 m   −0.5  1–15 mm   0.2 μm   [68]
CuNPs/ZnO NRA   NaOH 0.1 m   0.7  5 μm–1.1 mm   0.3 μm   [40]
RGO-PMS@AuNPs-GOD/GC  PBS 0.1 m   −0.75  0.01–8 mm   2.5 μm   [69]
NiO/PtNPs/ERGO   NaOH 0.05 m   0.6  0.05–5.66 mm   0.2 μm   [70]
Cu@TiC/C   NaOH 0.1 m   0.6  1.0 μm–1.7 mm   0.2 μm   [71]
Pt-CuO/rGO   NaOH 0.1 m   0.6  0.5 μm–12 mm   0.01 μm   [72]
PtNPs/NPG   PBS 0.1 m   0.4  1.0 × 10−7 m to 2.0 × 10−5 m   7.2 × 10−8 m   [73]
CNT/Au   PBS 0.01 m   −0.28  Up to 50 mm   0.1 mm   [74]
Cu/PSi   NaOH 0.1 m   0.55  1–190 and 190–2300 μm dm−3  0.2 μm   [75]
Pt-Pd NWAs and Pt-PdNTAs   PBS 0.1 m   0.2  Up to 10 mm   0.1 mm   [76]

PBS, phosphate-buffered saline.
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2.1.3   MNPs in electrochemical immunosensors and 
aptasensors

In recent years, extensive studies have been conducted to 
produce biosensors with clinical diagnostic applications. 
Specifically, many novel electrochemical immunosensors 
have been developed by incorporating noble MNPs for 
their good amplification and electrocatalytic properties. 
In the fabrication of electrochemical  immunosensors, 
noble MNPs can be used to label either antibodies or the 
antigens in order to amplify the electrochemical response 
as a read-out of antibody-antigen binding.

While the enzyme-linked immunosorbent assay 
(ELISA) approach is a popular and precise technique 
widely applied for immunodetection of antigen molecules 
in diagnostic applications, immunosensors with MNP 
amplification can be potentially substituted for conven-
tional ELISA kits, offering same or even better sensitiv-
ity, lower detection time, and minimal washing steps [77, 
78]. Jeong et al. [79] developed a highly sensitive electro-
chemical immunosensor for determination of the carci-
noembryonic antigen (CEA) cancer biomarker through 
immobilizing the first antibody and a mediator (thionine, 
Th) on a AuNP-encapsulated dendrimer (Den/AuNP) and 
immobilizing the second antibody on MWCNTs, which 
were in turn conjugated with two enzymes, glucose 
oxidase (GOx) and horseradish peroxidase (HRP) as elec-
trochemical labels. Cyclic voltammetry and square wave 
voltammetry techniques were employed to monitor the 
reduction of hydrogen peroxide by HRP. Results were com-
pared to the classic ELISA method, showing satisfactory 
comparability of the two approaches and a much better 
detection limit for the proposed immunosensor (4.4 ± 0.1 
pg/ml) (Figure 2).

Aptamers are RNA oligonucleotide sequences that 
can act as highly selective biorecognition elements 
through binding to target molecules by forming specific 
3D structures. Aptamers can detect small molecules (that 
antibodies are incapable of recognizing), and their ability 
for conformational changes before and after binding to 
their target, their ease of chemical modification, robust-
ness, and economical production are advantageous [80]. 
Aptamers combined with nanomaterials can provide 
excellent transduction features in electrochemical nano-
biosensors [19, 81] Wang et al. [82] used porous platinum 
NPs/cadmium ion and copper ion hybrid as a novel elec-
trochemical label attached to antibodies against CEA and 
alpha fetoprotein (AFP) for use in an immunosensor. The 
target biomarkers in human serum sample were captured 
by these labeled antibodies and detected by differentiated 
pulse voltammetry (DPV).

An important risk factor for Alzheimer’s disease, 
APOE4 phenotype, was detected using an amperomet-
ric immunosensor developed by incorporation of fractal 
gold nanostructures as antibody carriers. Labeling the 
antibodies against APOE4  with the HRP enzyme, along 
with the gold nanostructure, offered excellent sensitiv-
ity. In this sandwich-type immunoassay, upon adding 
hydroquinone (HQ) as an enzyme substrate allowing elec-
tron transfer along with H2O2, the enzyme catalyzed the 
oxidation of HQ to quinone, and the change in reductive 
current, which was proportional to APOE4 concentra-
tion, was recorded by chrono-amperometry. A detection 
limit of 0.3 ng/ml was achieved for this immunosensor 
[83]. The immunosensor exhibited excellent sensitivity 
for APOE4 even in the presence of other proteins at con-
centrations 1000 times the concentration of the analyte. 
A 60% decrease in signal was recorded for the plain Au 
electrode (Figure 1-b-A) compared to the fractal Au-based 
immunosensor, indicating the improved signal amplifica-
tion achieved by the fractal Au nanostructure. The linear 
relationship between the logarithms of concentration and 
current responses was used to show reproducibility, to 
measure standard deviations and detection limits for two 
types of immunosensors based on fractal and plain gold 
structures.

Another unique immunosensor for CEA was reported 
using a combination of Ag and Au NP based on nano-
gold/mesoporous carbon foam-mediated silver enhance-
ment [84]. The sensor was exposed to KCl solution, and 
the AgNPs deposited on the immunosensor surface accel-
erated the electrochemical behavior of anodic stripping 
voltammetry in the presence of Cl− ions. This procedure 
was performed with and without AuNPs, and a consid-
erable increase in signal due to presence of AuNPs was 
observed. In another recent study, the Au/Ag/Au core/
double shell NPs was proposed as a label for second-
ary antigen for developing an electrochemical sandwich 
assay with Au@SH-GS as an immunoreaction platform 
for detection of squamous cell carcinoma antigen. The 
amperometric sandwich-type immunosensor showed a 
low detection limit of 0.18 pg/ml and a good linear range 
of 0.5–40 pg/ml [85]. Chitosan-AuNPs were prepared and 
used in construction of an electrochemical immunosen-
sor to detect CEA and AFP. The immune colloidal AuNPs 
loaded with metal ions were used as labels and chitosan-
AuNPs as a platform. The signal tags (metal ions) were 
detected using DPV [86]. In a recent study, Yang et  al. 
[87] proposed an electrochemical sensor for adenosine 
detection using aptamers based on target-induced strand 
release. The steps involved in this strategy were as follows: 
(1) the biotin-labeled adenosine-binding-aptamer/thiol 
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signal probe (SH-SP) was prepared as double-stranded 
DNA and incubated with streptavidin-coated magnetic 
dynabeads (STV-MB). (2) When adenosine bound to the 
conjugate, STV-MB/biotin-ABA/SH-SP, the RNA duplex 
was dehybridized, leading to the release of signal probe. 
This single strand was captured on thiol capture probe 
(CH-SP) by DNA complementary hybridization. (3) AuNPs 
were bound to the thiol ending of SH-SP. These particles 
provided a large surface area for many electroactive thio-
nine molecules to bind. (4) DPV detection produced an 
amplified current related to thionine-decorated AuNP, 

which was proportional to the amount of the released 
SH-SP and to the amount of adenosine.

2.1.4   DNA-based metallic nanobiosensors

DNA biosensors incorporate a single-stranded DNA as a 
probe that has affinity toward a specific DNA sequence 
of the target DNA molecule (complementary strand), and 
it is often used to detect genetic disorders related to DNA 
mutation. Electrochemical DNA biosensors are preferred 

Figure 2: Electrochemical measurements of CEA immunosensor (A) recorded responses of square wave voltammetry (SWV) responses 
obtained for Au/Cys/Den/AuNP/Th-based CEA immunosensors at (i) blank noise and at different concentrations of CEA: (ii) 10 pg/ml 
to (xii) 1.0 μg/ml. (B) Responses of SWV with subtracted background and (C) the related calibration plot. (D) Recorded responses of 
CV obtained for Au/Cys/Den/Th-based (i, iii) as well as Au/Cys/Den/AuNPs/Th-based (ii, iv) CEA immunosensors in a PBS solution of 
0.1 m in the absence (i, ii) or presence (iii, iv) of 1.0 mm glucose. (E) Recorded currents of redox peaks vs. scan rate dependence and (F) 
recorded responses of SWV for Au/Cys/Den/AuNPs/Th-based CEA immunosensor in a PBS solution of 0.1 m (i) and in a glucose solution 
of 1.0 mm in the presence of (ii) Au/Cys/Den/Th- and (iii) Au/Cys/Den/AuNP/Th-based CEA immunosensors. (G) The bar graph compares 
SWV responses of Au/Cys/Den/AuNP/Th-based immunosensors toward CEA and other proteins, which reveals high selectivity of the 
sensor, and (H) the correlation response plot between the immunosensor and ELISA methods, which proved the agreement between two 
approaches. Reprinted with permission from Ref. [79]; copyright 2013, American Chemical Society.
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due to their capability for miniaturization [88]. Wang 
et  al. [89] reported a novel electrochemical DNA sensor 
for determination of the BCR/ABI fusion gene related to 
chronic myelogenous leukemia. AuNPs were attached to 
a modified carbon glassy electrode surface to immobilize 
many capture probes and amplify the signal. The electro-
chemical impedance spectroscopy (EIS), the cyclic vol-
tammetry, and DPV approaches were applied to measure 
the samples. A low detection limit of 2.11 pm and satisfy-
ing reproducibility were achieved by the biosensor.

Another interesting recent modification for DNA 
biosensors was proposed by Huang et  al. [63]. With a 
suitable process, AuNPs were attached to a tungsten 
sulfide- graphene (WS2) nanocomposite-modified elec-
trode. Then, the thiolated ssDNA probe, was immobilized 
on AuNPs via Au-S bond formation. The sensor was used 
to detect DNA related to dengue virus through a decrease 
in the voltammetry reduction current of a redox indicator 
as a consequence of the DNA hybridization event. Satis-
factory electrochemical behaviors were obtained, and the 
complementary DNA was detected in femtomolar concen-
trations owing to synergistic signal amplification effect of 
WS2 and AuNPs.

2.1.5   Electrochemical cytosensors

In 1990, cytosensors were invented by administration of 
silicon technology, and the microphysiometer biosens-
ing system emerged [90]. The microphysiometer cytosen-
sor device based on light addressable poteniometry 
was designed to study cell responses to several external 
stimuli such as chemicals and toxicants through the living 
cell energy-dependant pathways by monitoring the rate 
of glucose and oxygen uptake, heat production, pH, and 
extracellular acidification rate [91, 92].

Cytosensing systems have been extensively combined 
with electrochemical methods due to simple instrumenta-
tion and low time and cost requirements [93]. Biofunction-
alized NPs with recognizer biomolecules, which combine 
the specificity of biomolecules with the signal amplify-
ing properties of NPs, can be utilized to obtain highly 
sensitive electrochemical cytosensing [94]. By evolution 
of electrochemical cytosensors, a variety of cytosensors 
and biomaterial interfaces have been designed in order to 
immobilize cells and evaluate cell surface carbohydrates 
and glycoproteins, as changes in their expression may 
signal various diseases, especially cancer [95, 96]. Also, 
many investigations have been carried out to identify suit-
able cancer-related receptors and their specific binding 
recognizers. One popular example is folate receptor, 

since it is demonstrated that its overexpression contrib-
utes to breast cancer and liver cancer events and it can 
be assessed to define the stage of the disease [97]. Based 
on special affinity of folic acid to folate receptor, Xu et al. 
[98] developed a noninvasive and sensitive electrochemi-
cal cytosensor using AuNP functionalized folic acid and 
ferrocene as a signal indicator for detection of cancerous 
cells. The biofunctionalized AuNPs served as electron 
transfer accelerator between signal indicator and the elec-
trode and also offered large surface area for accumulation 
of more ferrocenes, which in turn improved the sensitivity.

Hybrid materials with incorporation of noble MNPs 
have been widely investigated for cytosensing applica-
tions. One example is Au@BSA-based cytosensor; a core-
shell-based 3D microsphere structure consisted of AuNP 
and bovine serum albumin (BSA), which was conjugated 
with anti-CEA antibody via glutaraldehyde, was fabri-
cated for determination of CEA-positive tumor cells with 
EIS [99]. In another report, layer-by-layer assembly con-
sisting of MWCNT, AuNPs, and polydopamine (MWCNTS@
AuNPs@PDA) was constructed as immobilizing platform 
for Aptamer-DNA concatamer-quantum dots (QDs), as 
recognizing probe in electrochemical cytosensor, which 
exhibited high sensitivity toward cancerous cells. AuNPs 
were adopted to integrate the efficiency of MWCNTS due 
to their excellent surface reactivity, solubility, and bioac-
tivity [31]. Cytosensor’s application is mainly focused but 
not limited to cancer diagnosis. Some recently developed 
electrochemical cytosensors are listed in Table 3.

2.2   Optical biosensors

2.2.1   Plasmonic nanobiosensors

The oscillations of free electrons in the conduction band 
of certain metals are called plasmons, which can interact 
with photons of incident light to form a polaritron. Some 
metals, such as silver, copper, and gold, have electronic 
interband transitions in the visible range. The surface 
plasmons (SPs) interact with specific wavelengths of light 
in the method called SP resonance (SPR). When physi-
ochemical changes happen in the thin surface layer of 
the metal such as a biorecognition event, the dielectric 
constant changes and leads to a change in the RI of the 
thin layer. This change in RI affects several spectroscopic 
measurements, including fluorescence, Raman scattering, 
and second harmonic generation. Localized SPR (LSPR) 
involves the more pronounced local oscillations occurring 
in the close vicinity (a few nm) of a MNP [110]. When the 
incident photon frequency is resonant with the collective 
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oscillation of the free electrons in the conduction band of 
the MNPs, the LSPs undergo wavelength selective adsorp-
tion in the ultraviolet (UV)-Vis region [111]. Methods uti-
lized for LSPR sensing are generally colorimetric sensing, 
RI sensing, and bulk RI sensing [112]. In more recent 
papers, RI sensing is the most common method employed.

In order to enhance LSPR and make it suitable for bio-
applications, size tuning of the noble MNPs is a beneficial 
although limited strategy. It is desirable to select appro-
priate NP sizes to achieve higher detection sensitivity as a 
result of higher shifts in response to small RI changes due 
to the bio-recognition process. The plasmon shift per RI 
unit (RIU) change is used to describe the enhanced plas-
monic sensitivity. The highest value for gold nanospheres 
is approximately 70 nm/RIU for a 30-nm particle size. In 
addition, sensitivity can be improved by increasing the 
particle volume to some optimum level. Since nanostruc-
ture geometries other than nanospheres offer plasmon 
resonance tunability, they can be used to achieve high 
plasmon sensitivity, which is called “shape tuning.” For 
instance, by changing the shape from spherical to rod 
shaped, two resonances will be observed along short and 
long nanorod axis, and by increasing the length-to-width 
ratio, the long-axis LSPR red-shifts from the visible to the 
near infrared (NIR) and the oscillator strength increases. 
Using core-shell structures is another approach, in which 
the decrease in shell thickness leads to the LSPR to be 
red-shifted from the visible to the NIR as a result of an 
increase in coupling between the inner and outer shell 
SPs. And with a decrease in the shell thickness-to-core 
size, the LSPR frequency decreases semiexponentially 
and the plasmon sensitivity is also improved [113]. The 
plasmonic features of various metallic nanostructures 
have been studied extensively over the past decades, 
and unique nanomaterials with highly enhanced surface 
sensitivity have been engineered for biosensing applica-
tions. Various geometrical shapes of the actual NPs (stars, 
pyramids, triangular, prisms, etc.) have been reported for 
optimum LSPR. As expected, the LSPR of anisotropic NPs, 
such as triangular NPs, has been proven to be more sensi-
tive to RI changes due to their sharper tips or edges, com-
pared to spherical NPs, since they generate hotspots with 
higher dipolar fields on their edges [114–118].

A prism-based periodic gold nanohole array sensor 
was fabricated and the propagation of different possible 
plasmon modes was investigated in the NIR region [119]. 
Since SPR sensitivity is related to excitation wavelength, 
measurements in this area with long excitation wave-
lengths were more sensitive. Both sample-sensitive and 
non-sample-sensitive Bragg SPs were demonstrated using 
different dielectric media by means of SPR spectroscopy. 

The surface parameters, such as periodicity, nanohole 
diameter, and excitation wavelength, can be tailored to 
get the best surface sensitivity compared to a continuous 
gold surface. To enhance the SPR performance of these 
nanohole arrays, a theoretical study was conducted to 
simulate the effect of dielectrophoretic force by applying 
an AC signal between the coated glass electrode and the 
gold nanohole arrays. The results revealed the potential of 
this methodology due to better diffusion, and aggregation 
of analyte molecules toward the edges of each individual 
nanohole (Figure  3) [120]. In another recent study, gold 
bipyramidal NPs were used to construct an antigen detect-
ing SPR biosensor due to its SPR signal-enhancing feature 
and led to remarkable RI changes and a desirable shift in 
wavelength. These bipyramids proved to be more efficient 
than Au nanorods because of their sharper tips [40]. Au 
nanocage (AuNC) is another interesting anisotropic form 
of AuNPs with a higher area of binding surface. It has 
demonstrated a lower limit of detection and improved 
sensitivity even compared to AuNPs when employed in a 
biotin-specific optical biosensor using a tilted fiber Bragg 
grating transducer. This advantage was attributed to the 
geometry providing flat contact surfaces in the AuNC 
structure [121].

The cutoff wavelength measured in the spectra was 
used to detect the molecular recognition event by com-
paring both the peak intensity and wavelength shifts. 
Some other practical SPR-based biosensors have been 
developed employing various metallic nanostructures for 
different applications. Examples are gold nanostars func-
tionalized with DNA to form a biosensor capable of detect-
ing DNA hybridization events based on SPR spectroscopy 
[122] and DNA biosensor capable of isothermal identifica-
tion of pathogenic microorganisms [123]. Recently, several 
SPR-based aptamer-based sensors have been proposed 
based on AuNPs as signal amplifiers [124–126].

Some novel LSPR optical fiber biosensors have been 
reported using the LSPR properties of Au and Ag nano-
spheres [127], nanometal rings and nanometal gears [128], 
and plain AuNPs [129]. The first study detected gastric 
cancer biomarkers by using a dip fiber. The second study 
focused on simulation methods in order to design and 
analyze optical LSPR based on nanometal rings and gears, 
and the third study used a U-bend fiber sensor for detect-
ing explosive vapors.

In addition to Ag and Au, palladium (Pd) has also 
been proved to be quite amenable for LSPR sensing in 
Au/Pd core-shell form and could even be more sensitive 
to RI changes compared with AuNSs and AgNSs [41].

Aluminum is another highly advantageous metal for 
optical biosensing in the UV range where many peptides 
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and proteins absorb UV light, since SPR resonance cannot 
be observed for noble metals like Au and Ag at wave-
lengths shorter than 500  nm. It has been shown that a 
“nanoconcave” particle shape led to an increase in RI 
sensitivity of the Al arrays due to an increase in the pitch 
[130]. Anodic porous alumina has also been investigated 
for its potential to be a suitable substrate for plasmonic 
spectroscopy, especially surface enhanced Raman spec-
troscopy. A recent study revealed good biocompatibility of 
this material for live cell optical sensing [70]. In a similar 
report, a biosensor based on nanoporous anodic alumina 
rugate filters was constructed, and its optical sensing per-
formance toward D-glucose molecules was investigated 
by reflection spectroscopy. The observed shifts in char-
acteristic peaks after filling the rugates with D-glucose 
was attributed to RI changes as well as changes in other 
parameters. Good linearity together with low detection 
limit of 0.01 m of D-glucose (i.e. 1.80 ppm) was achieved 
with the proposed structure [131].

Several LSPR biosensors have been reported in 
recent years with the aim to improve previous studies by 

modifications made on the substrate materials or increas-
ing the diversity of the NPs [132–134].

It is indicated that MNP assemblies display dis-
tance-dependent plasmon resonances as a result of field 
coupling [113]. There are recent studies on developing 
controlled orientational NP assemblies, which exhibit 
interesting optical activity due to massive electron oscilla-
tions compared to individual NPs, and their applications 
in biosensing field are under investigation. However, the 
applications of orientational NP assemblies for optical 
sensors should be improved in terms of specificity, sensi-
tivity, and repeatability to reach commercial applications 
on real samples [135].

2.2.2   Fluorescence biosensors

The fluorescence phenomenon is a successive process 
consisting of the absorption that occurs after incom-
ing photon of light excites the fluorescence-responsive 
molecule to a higher vibrational state; the vibrational 
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Figure 3: (A) Illustration of the setup used for the dielectrophoretic concentration of analyte molecules. Upon applying appropriate bias 
between the upper ITO electrode and gold nanohole array, analyte molecules got attracted toward the gold surface. In the setup, a tungsten-
halogen lamp was used to illuminate the setup, and the light transmitted through the nanohole array was collected. Because of analyte 
binding, the transmission spectrum related to the SPs at the interface of gold-water shifted toward longer wavelengths due to changes 
at the interfacial RI. (B) Analyte molecules were attracted toward the hole edges, where the electric field with strongest intensity gradient 
existed (red color) along the rims of the holes. (C) SEM image of the nanohole array was used to measure the hole diameters: hole diameter 
and periodicity were 140 and 600 nm, respectively. Scale bar is 500 nm. Inset: photograph of the template-stripped gold nanohole array. 
Scale bar is 0.5 μm (scale bar in inset image is 1 cm). Adapted from Ref. [120]; American Chemical Society.
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relaxation to the lowest energy level; and the emission 
of a photon with longer wavelength accompanied by 
the molecule’s return to the ground state [136]. Several 
parameters may be assessed as an analytical signal such 
as emission intensity, emission wavelength, lifetime, etc., 
which may result from alterations that affect the concen-
tration of fluorescent agent or any changes that influ-
ences its emission [137].

Owing to the SPR features, which offer unique tunable 
absorption and scattering properties for noble MNPs, 
they can be employed as the alternatives for conven-
tional fluorophore dyes for fluorescence-based biosensing 
and imaging purposes. For instance, it is indicated that 
a single 40-nm AuNP exhibits scattering with intensity 
equal to the intensity measured for approximately 104 
fluorescein molecules [138]. Additionally, noble MNPs 
have been vastly investigated to enhance the spectral 
properties of fluorophores via an interaction between 
the excited-state fluorophore and SP electrons of noble 
MNPs. These interactions are summarized under the titles 
of metal-enhanced or surface-enhanced fluorescence and 
radiative decay engineering. Coupling the MNPs to the flu-
orescent emitters leads to fluorophore quenching in close 
proximity (0–5 nm), spatial changes in incident light field, 
and alterations in the speed of radiative decay, which is 
related to the life time of the fluorophore [139].

The quenching strategy has been implemented to 
develop numerous fluorescent-based “on-off” biosen-
sors based on extremely high quenching efficiency (as 
much as 99%) of AuNPs [140]. Quenching is obtained 
through Forster resonance energy transfer (FRET) mech-
anism. When a strong quencher agent such as AuNp, 
which plays the role of accepter, is placed in close dis-
tance with fluorophore molecule as a donor, the excited 
fluorophore transfers energy to the accepter via nonra-
diative dipole-dipole coupling. The transfer efficiency 
between FRET pair depends on the orientation and dis-
tance between the FRET pair and the overlap of absorp-
tion spectra of the acceptor and the emission spectra of 
the donor [141]. Shamsipur et  al. [142] developed fluo-
rescence biosensor based on the quenching ability of 
AuNPs for determination of DNA hybridization. Upon 
adding the complementary target DNA to the solution 
containing probe DNA-functionalized AuNPs and bis(8-
hydroxyquinoline-5-solphonate) cerium(III) chloride 
as fluorescent probe, the quenching of the fluorophore 
agent was observed so that the quenching intensity was 
proportional to the concentration of the target DNA. In 
a study toward environment pollutants, Huang et  al. 
[143] developed biosensor for determination of Hg2+, 
employing AuNP-functionalized 10-mer single-stranded 

DNA as a quencher and QD (Mn : CdS/ZnS) fluorophore. 
In the absence of Hg2+, due to the hybridization of DNA 
strands, a plunge in fluorescence was observed, while 
the presence of Hg2+ induced conformational changes 
to the fluorophore-tagged DNA, resulting in release of 
the AuNP-functionalized DNA, which in turn restored 
the fluorescence. Recently, several studies have been 
conducted to develop fluorescence-based biosensors 
exploiting quenching effects of noble metal nanostruc-
tures for cancer diagnosis.

Zhu et al. [144] fabricated gold triangular nanoplates 
with silver coating for detection of CEA, a prominent 
cancer biomarker, by a fluorescence spectroscopy assay, 
through quenching the fluorescence emission of CEA by 
the proposed nanostructure. It was observed that the 
quenching intensity increased with the thickness of silver 
coating and the concentration of CEA. In another recent 
study, Jeong et  al. [145] developed GO/AuNP nanocom-
posite and fluorophore-labeled aptamer for detection 
of CD44, a cancer biomarker, based on the fluorescence 
quenching ability of the nanocomposite.

Apart from the quenching effect, MNPs have been 
employed to enhance the fluorescence emission of the 
fluorophore as a base for biomolecule and chemical 
detection.

The nature of the induced plasmons on the metal 
surface and radiation factor determine whether quench-
ing or enhancement takes place. The absorbance of the 
metal colloids while they are positioned in specific near 
distance with the fluorophore molecule is responsible for 
fluorescence quenching since the metal particles cannot 
radiate in near-field interactions, whereas the scattering 
of these particles due to far-field interactions of metal-
fluorophore leads to the fluorescence enhancement of 
the fluorophore [146]. Tang et  al. [147] developed a flu-
orescence-based glucose biosensor based on enhance-
ment effects of AgNPs on CdSe QDs. The AgNPs-CdSe QD 
complex demonstrated a ninefold enhancement in fluo-
rescence compared to CdSe alone. The results revealed 
1.86  mm low detection limit and 2–52  mm linear range. 
Xu et  al. [148] studied fluorescence enhancement of 
AuNCs and AuNRs for cancer imaging and sensing by 
conjugating these nanostructures with sulfonated alu-
minum phthalocyanine (AlPcS) as a fluorophore, which 
was used for cancer therapy. The reported enhancing 
factors for AlPcS-AuNRs and AlPcS-AuNCs were 6 and 
150, respectively. Several recent studies have addressed 
metal-enhancement fluorescence technique for sensitive 
sensing of various analytes by tuning the size and shape 
of noble MNPs and evaluating different classes of fluoro-
phores, such as organic dyes and QDs.
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2.2.3   Chemiluminescence and electrogenerated 
chemiluminescence biosensors

Chemiluminescence (CL) is light accompanied by chemi-
cal reaction in which the electrochemically excited 
product is formed, and this product emits light upon 
returning to the ground state. This phenomenon has been 
applied for detection purposes when one of the reactants 
can be linked to the analyte, and the magnitude of light 
output is proportional to the concentration of species to 
be determined [149]. Zhang et al. [150] reported the direct 
usage of colloidal AuNPs on the CL for the first time. They 
found that AuNPs with a size regime from 6 to 99 nm could 
enhance the CL from the luminol-H2O2 system. Some noble 
MNPs, especially colloidal AuNPs, have been served as the 
carrier of biological recognizing agent and signal ampli-
fying label in many CL-based determinations. Since col-
loidal AuNPs can (1) be easily prepared in a wide range of 
size, (2) retain the biochemical activity of the labeled bio-
molecules due to their biocompatiblity, and (3) be easily 
visualized by transmission electron microscopy, they 
have been frequently utilized as labels in biotechnologi-
cal systems [151].

The high detectability of the luminescence analyti-
cal signal makes it suitable for developing miniaturized 
bioanalytical devices for many biotechnological applica-
tions, especially to perform the high-throughput screen-
ing of genes and proteins in small sample volumes [152]. 
Another luminescent-based technique, electrogenerated 
CL (ECL), has demonstrated promising advantages such 
as simplicity, high sensitivity, rapidity, and easy con-
trollability [153]. ECL is the process in which the species 
generated at electrodes undergo high-energy-electron 
transfer because of electrochemically initiated reaction, 
and these excited species emit light after relaxation. The 
luminescence in ECL can be controlled by altering the 
applied potential and the time, to delay the emission until 
biorecognition takes place [154, 155].

2.2.3.1   Immunosensors
Several CL immunoassays have been designed by incor-
porating AuNP labels. Bi et  al. [156] proposed CL sand-
wich-type immunoassay for determination of AFP tumor 
marker by employing anti-AFP immobilized magnetic 
beads (MBs) and HRP-labeled anti-AFP antibody con-
jugated with AuNP. As expected, luminol-H2O2-HRP-
bromophenol blue (enhancer) reaction generated highly 
enhanced CL signals. The comparative results revealed 
that detection limit was one order of magnitude lower 
than the same assay without using AuNP label. A recent CL 

A

B

Figure 4: Schematic of the preparation method of the 
 immunosensor and label-free chemiluminescent immunoassay of 
HIgG. Reprinted with permission from Ref. [157]; copyright 2015, 
Royal Society of Chemistry.

immunosensor is proposed by Sabouri et al. [29], to detect 
the hepatitis B surface antigen. The CL label was pre-
pared by covalent immobilizing anti-HBSAg as the second 
antibody and luminol on AuNP surface. The antigen was 
detected through sandwich immunoassay between the 
first antibody in the presence of H2O2 and Au3+ as catalyst 
and the antigen and second labeled antibody. A growth 
in CL signal by an increase in analyte concentration and 
secondary antibody was observed.

Due to disadvantages of labeling procedure, such 
as being complex, costly, and time-consuming and also 
yielding narrow linear range and unsatisfying detection 
limits, efforts have been put into designing label-free CL 
immunosensors. Yang et al. [157] have fabricated label-free 
CL immunoassay for detection of human immunoglobin G 
(HIgG) based on a decrease in CL signal due to immuno-
complex formation that prevented luminol-H2O2-PIP to 
reach HRP sites on HRP-AUNP-chitosan combination 
(Figure 4).

Besides the popular application of AuNPs as antibody 
immobilizer, it has been proved that AuNPs could cata-
lyze the ECL activity of ECL labels such as N-(aminobutyl)-
N-ehylisoluminol (ABEI) [34]. Here, AuNP was applied 
to trap and store electrons from the conductive band 
of graphite-like carbon nitride nanosheets g-C3N4NSs 
ECL active substrate and to catalyze persulfate (coreac-
tant) reduction in a label-free CEA immunoassay. It was 
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indicated that the combination of AuNPs with g-C3N4 
resolved the passivation issue in the ECL of g-C3N4 and the 
overinjection of highly energetic electrons by an increase 
in potential beyond −0.9 V, which prevents the ECL emis-
sion [158]. Wang et al. [159] have developed immunosensor 
for carbohydrate antigen (CA 15-3) by utilizing a combina-
tion of Ru(ll) luminophore and poly(ethylenimine) (PEI) as 
a coreactant in the same molecular structure, grafted on 
palladium nanocages (PdNCs). PdNCs, owing to its good 
electrocatalytic activity and high specific surface area and 
special structure with porous walls and hollow interior, 
were used to load abundant PEI, and the generated hybrid 
was used to decorate with Ru(bpy)2(5-NH2-1,10Phen) Cl2. 
On the other hand, AuNP functionalized graphene imple-
mented as substrate to immobilize the first antibody. The 
fabricated biosensor exhibited a linear range of 0.01–120 
Uml−1 and low detection limit of 0.003 Uml−1.

In a recent study, a solid state Ru(bpy)3
2- ECL sand-

wiched biosensor was developed for fetoprotein (AFP) 
detection based on the PEI functionalized RGO (PEI-rGO), 
which immobilized poly(amidoamine) (PAMAM) deco-
rated AuNPs as second antibody carrier and Nafion-Ru-
PtNP as platform for first antibody and the ECL substrate. 
AuNPs were used to improve the weak conductivity of 
PAMAM [160]. In another recent report, a competitive ECL 
immunoassay for clenbuterol (CLB) was proposed based 
on CdSe QDs as ECL probes and AuNP as platform, with 
a detection limit as low as 0.0084 ng/ml. The AuNPs were 
used to facilitate electron transfer, to improve the elec-
trochemical reaction efficiency of QDs and K2S2O8 (core-
actant) by increasing the conductive surface area and to 
stabilize the ovalbumin-clenbuterol (OVA-CLB) antigen 
and OVA-CLB/BSA on the electrode surface [161].

2.2.3.2   Enzymatic sensors
The interactions of AuNPs and enzyme because of having 
similar dimensions, easy absorption of enzymes on AuNPs, 
the catalytic effect of AuNPs on the CL reaction of luminol 
in the presence of some oxidants, and the possibility of 
tailoring the size to achieve enhanced CL make AuNPs a 
favorable unit for most enzymatic CL biosensors [162]. Lin 
et  al. [30] have developed bienzymatic glucose biosensor 
based on flow injection CL. AuNPs were doped into chi-
tosan membrane to provide biocompatible enzyme immo-
bilizing platform and to enhance luminol CL reaction. The 
glucose molecules were oxidized via GOD, producing H2O2 
and gluconolacton, and subsequently, HRP catalyzed the 
oxidation reaction of luminol by H2O2, leading to enhanced 
CL signal. The enhanced mechanism indicated that AuNP 
acted as the electron transfer mediator and assisted the 

HRP enzyme to return to its reduced form. Zargoosh et al. 
[163] have developed enzymatic glucose biosensor by inte-
grating the sensitivity of peroxyoxalate CL system and 
selectivity of enzymatic reaction. The H2O2 generated from 
the enzymatic oxidation of glucose reacted with peroxyoxa-
late and a fluorophore, and the emitted light was propor-
tional to peroxide concentration. The carbon nanotubes 
(CNTs)/AuNPs in nafion film on graphite support were used 
to immobilize the GOD. The CNTs/AuNPs were proved to 
enhance the signal-to-noise ratio and improve the nafion 
film response. In another recent report of glucose biosensor, 
Chaichi et  al. [35] implemented magnetic Fe3O4-chitosan 
as platform for immobilizing GOD enzyme using gluther-
aldehyde as cross-linking agent. It was demonstrated that 
AuNPs catalyzed the luminol CL reaction and offered cata-
lytic activity toward generation of H2O2 as result of GOD-
glucose reaction. They suggested that the enzymatic role 
of AuNP in the luminol-H2O2-AuNP system and the forma-
tion of superoxide radical, which reacted with luminol 
anion through electron-transfer processes on the surface of 
AuNP, led to the production of light emitting key intermedi-
ate (the excited state 3-aminophthalate anion); hence, the 
increased CL intensity was obtained. For sensitive deter-
mination of ethanol, Ru(bpy)3

2+-based ECL was developed. 
Alcohol dehydrogenase enzyme (ADH) was immobilized on 
Ru(bpy)3

2+-AuNP aggregates on indium tin oxide (ITO) elec-
trode. The ennzymatic reaction of ethanol with NAD+ via 
ADH yielded NADH, which reacted with Ru(bpy)3

3+ to lib-
erate ECL light. AuNPs served as both enzyme immobilizer 
through interaction between amine groups and cystein res-
idues of enzyme and colloidal golds and the electron trans-
fer facilitator [164]. Having such important characteristics 
and their dominant role in CL and ECL biosensors, several 
interesting studies have been carried out on enzymatic bio-
sensors for the determination of important biomolecules 
by trying different shapes of AuNPs and/or support mate-
rials to achieve better efficacy. Some examples are AuNP 
catalyzed luminol-based cholesterol sensing ECL biosensor 
[36], the lactate sensing luminol and hollow AuNP-based 
ECL biosensor [165], and the hollow gold nanosphere cata-
lyzed luminol-based ECL glucose biosensor [37].

2.2.3.3   Nucleic-acid-based biosensors
The CL technique has been used for sensitive detection 
of DNA via DNA hybridization process using NP labels. 
Sensitive and rapid detection of DNA with ultra-low con-
centration is highly essential for the detection of infec-
tious diseases, genetic therapy, and early screening of 
diseases [166]. AuNPs were utilized as signal amplify-
ing labels to immobilize several CuS NPs as the second 
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label. It has been demonstrated that highly stable Cu2+ 
ions, after being released in solution, take part in lumi-
nol-H2O2-Cu2+ system and offer ultrasensitive CL detection 
for DNA [167]. In order to improve sensitivity and specific-
ity, hybridization chain-reaction-based amplifying strat-
egy has been administrated, which is a chain reaction 
of recognition and hybridization steps between a pair of 
complementary, kinetically trapped hairpins, which sig-
nificantly amplify short sequences of oligonucleotides. 
Human immunodeficiency virus type 1  was detected by 
applying a similar strategy using ECL with a low detec-
tion limit of 5.0 fM. After hybridization of target DNA with 
capture probe, and adding DNA probes (auxilary 1 and 
auxilary  2), the streptavidin-coated AuNPs were intro-
duced to biotinylated DNA probes to bind through biotin-
SA interactions to produce a highly amplified ECL signal 
through catalyzing luminol [168].

In some CL- or ECL-based biosensors, NPs are imple-
mented not as a catalyst but as chemicals that dissolve to 
generate CL signal [169]. In one recent example for deter-
mination of platelet derived growth factor-BB (PDGF-BB) 
growth factor protein, biotinylated aptamer, the capture 
antibody, and the target protein formed a ternary complex, 
which then reacted with streptavidin-AuNPs. Subse-
quently, AuNPs reacted with HAuCl4 and NH2OH, which 
led to the catalytic deposition of gold metal onto AuNP 
surface, leading to its enlargement. Then, after adding 
HCl-Br2 oxidative solution, AuNPs were oxidized and a 
large number of Au3+ were released to the solution, which 
catalyzed the luminol CL reaction. The yielded CL signal 
was proportional to the target concentration. A concentra-
tion as low as 60 pM could be quantified by the proposed 
biosensor [170].

Since the overexpression of PDGF-BB protein has 
been indicated in some cancer types, sensitive determina-
tion of it plays a significant role in early cancer therapy. 
Regarding this issue, recently, attempts have been made 
to develop more sensitive methods, such as a combination 
of rolling circle amplification strategy with the aforemen-
tioned hydroxylamine-enlarged AuNP approach, which 
yielded a much lower detection limit, i.e. 0.06 pM [171].

Previously, we discussed the application of MNPs in 
enzyme- and immunoassay-based biosensors as signal 
amplifiers and ECL or CL reaction catalysts. Gill et  al. 
[172] developed CL thrombin-sensing aptasensor by using 
PtNPs as label. After the surface functioned thrombin 
aptamer captured thrombin, the PtNP-capped second 
aptamer bound to the target, and PtNPs catalyzed the 
CL generation in the presence of luminol/H2O2. The same 
group also evaluated PtNP role as a CL catalyzing label 
through hybridization of target DNA with its analyzing 

probe. In another recent study for determination of throm-
bin, a novel signal-off aptasensor was constructed. The 
AuNPs were employed as the first and second aptamer 
immobilizer and enhanced quenching performance by 
carrying several hemin molecules. The Au@CeO2NP 
assembly was used to immobilize the thrombin detecting 
aptamer (TBA2), and hemin molecule was added to TBA2/
Au@CeO2 NP to uphold quenching effect of CeO2NPs on 
Ru(bpy)3

2+ ECL signal. While the enhanced ECL achieved 
as a result of thrombin capture by TBA1 aptamer anchored 
on nano-Au/Ru-PEI-PAA, the ECL signal was quenched 
after adding hemin/TBA2/Au@CeO2NPs. The quantifica-
tion of thrombin was attained by measuring the difference 
between two ECL intensities for different concentrations 
of thrombin [173].

Ding et  al. [174] developed a highly sensitive ECL 
cytosensor based on a combination of aptamer and the 
developed ECL probe for detection of Ramos cells. The 
AuNPs tagged with linker DNA and tris (2,2′-bipyridyl)-
ruthenium were used as ECL probe. Two modifications 
were applied on MBs. First, it was modified with aptamer 
to bind the ECL probe and recognize the target cell. Then, it 
was modified with capture DNA to be hybridized with the 
ECL probe, which had been released after cell recognition 
event. The highly amplified signal was achieved owing to 
the potential of AuNP to carry numerous ECL tags. The low 
detection limit for the cytosensor was as low as 5 cells/
ml. In another interesting report of aptamer-based ECL 
cytosensor, AuNCs were loaded with Ru(bpy)3

2+, and Con 
A as specific recognizer was attached to the assembly to 
obtain a unique nanoprobe. On the other hand, PtNP-dot-
ted CNTs were implemented on the electrode to immobi-
lize the aptamer, improve the electronic transmission, and 
provide a large surface area. The K562 cancer cells were 
detected through the sandwich-type assay with a sen-
sitivity of 500 cells/ml [175]. Several recent studies have 
been conducted on ECL cytosensors by taking advantage 
of AuNPs to carry cell recognizer or cell-specific receptors 
with high electron transfer capability [176, 177].

2.2.4   Photoelectrochemical biosensing

Photoelectrochemistry is a newly emerged and highly 
promising analytical tool that possesses characteristics of 
both optical and electrochemical methods [178]. The photo-
electrochemical reaction involves irradiation of light from 
an external source, excitation of electron from valence 
band of photoactive material on electrode surface to the 
conductive band generating electron-hole pair, followed by 
transference of the excited state electron to the electrode 
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(or vice versa), and replacement of the excited state elec-
tron in conductive band by electron from external redox 
pair, which yields anodic or cathodic photocurrent [179]. 
Since charge separation and charge transfer are engaged 
in photocurrent production, besides light-absorbing photo-
electrochemically active species, semiconductor interfaces, 
such as TiO2 and SnO2 NPs, have been applied to the elec-
trode surface [180]. It has been reported that MNPs promote 
the separation of photoelectron-hole pairs and prevent 
their recombination. Also, these NPs improve the conduc-
tivity of the electrode [181]. Plasmonic NPs, such as AuNPs 
and AgNPs, based on their LSPR corresponding to collec-
tive oscillations of their surface electrons after excitation by 
external light, undergo charge separation and could simul-
taneously lend electrons to the adjacent semiconductors in 
the presence of proper electron donor. This mechanism has 
been widely used in the development of photovoltaic cells 
as well as biosensors [182]. It has been observed that plas-
monic noble MNPs enhance the photoconversion efficiency 
of TiO2 and other wide band gap semicondutors, and direct 
attachment of AuNPs to TiO2 nanowires with SPR features 
could offer 100% increase of photocurrent density in com-
parison with the conventional photoelectrochemical (PEC) 
sensing without SPR features (Figure 5) [183].

One recent strategy for photoelectrochemical bio-
sensing is the use of exciton-plasmon interactions (EPI) 
between QDs and noble MNPs [184]. A novel signal-off 
cytosensor was developed based on plasmon-induced reso-
nance energy transfer between AuNP capped cysteamin 
and carbon dots. The affinity between folic acid and folic 
acid receptor in the process of Hela cell (tumor cell) capture 
hampered the electron transfer from ascorbic acid donor 
to the electrode and led to a decrease in PEC signal [185] 
(Figure 6A). Zhao et al. [186] proposed AgNPs and CdS QDs 
as EPI pair with DNA as a spacer in a photoelectrochemical 
system. It was indicated that AgNPs own stronger plasmon 
resonance (compared to AuNPs) and it fully overlaps with 
the adsorption band of CdS QDs (Figure 6B).

Several photoactive nanocomposites have been devel-
oped for PEC biosensing applications. The porphyrin 
decorated AuNP/graphene nanocomposite demonstrated 
good photoelectrochemical responses for oxidation of HQ, 
owing to the excellent electrical conductivity of graphene 
and the ability of AuNPs in capturing and transporting the 
photo excited electrons. A detection limit as low as 4.6 nm 
was achieved by this approach toward HQ detection [187]. 
In another recent report, enzymatic PEC biosensor was 
developed toward H2O2 detection. AuNP-PTA-TiO2 nano-
tube scaffold was proposed as a photoactive platform to 
immobilize the thiolated HRP redox enzyme. The whole 
assembly was attached to the electrode surface by nafion 

and the hydrophobic ionic liquid ([Demim] Br). TiO2 nano-
tubes exhibited improved performance, having a higher 
surface area compared to TiO2 NPs. Also, PTA; PW12 O3−

40, 
which linked AuNPs to TiO2 nanotubes, accelerated the 
electron transfer between the enzyme and electrode [188].

In a different strategy, AuNPs were implemented as 
aptamer carrier PEC nanoprobe in a signal-on thrombin 
sensing biosensor instead of being attached to a semicon-
ductor. After the recognition event, PEC nanoprobe was 
removed and the PEC signal was restored in graphene-QD 
CdS nanocomposite. AuNP served as an aptamer recog-
nizer, a viologen quencher carrier, and an energy transfer-
ring agent in the dual-quenched strategy. Also, a reverse 
relationship was observed for AuNP size and PEC quench-
ing effect [189]. In another signal-on approach, Zhao et al. 
[190] utilized DNA hybridization and then conformational 
change of double-stranded DNA for PEC detection of Hg2+. 
The rhodamine-capped probe DNA immobilized on TiO2/
CdS structure and the AuNP immobilized target DNA were 
employed for this approach. The disruption in exciton 
energy transfer between AuNP and CdS as a result of Hg2+ 
binding led to an increase in photocurrent.

According to the rapid progress in the PEC field, it is 
expected to extend the applications of this tool in con-
struction of future biosensors.

2.2.5   Colorimetric biosensors

The colorimetric assay is based on visual sensing of 
optical changes caused by the aggregation of the function-
alized MNPs in the presence of specific analyte and has 
a wide range of applications ranging from environmental 
detection of toxic metals [17], to clinical diagnosis of ana-
lytes, such as glucose [191, 192], cancer biomarkers [193], 
and even viruses [194]. Figure 7 illustrates preparation of 
the GQDS/AgNP hybrid and colorimetric glucose detec-
tion process based on the color change of the hybrid. The 
biosensor can be utilized for ultrasensitive detection of 
H2O2 with detection limit as low as 33 nm. The color change 
occurs when MNPs experience interparticle plasmon cou-
pling as a result of aggregation or dispersion of these NPs 
in solution or suspension [191]. For instance, in the colori-
metric detection of mercury (Hg2+), 4-mercaptophenylbo-
ronic acid (MPBA) was used as an aggregation agent that 
can bind to AuNPs by forming Au-S bonds and cause a blue 
color change. AuNPs are ruby red in color, when dispersed 
in solution. Upon adding Hg2+ and MPBA, the Hg2+ ions 
compete with AuNPs, and the thiolate groups of MPBA 
bind to Hg2+, and the solution color remains red indicating 
the dispersion of AuNPs. The measured absorption ratio 
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Figure 5: Schematic illustrating a comparison between PEC sensing in conventional and Au NP SPR-enhanced procedures: (A) surface recep-
tor functionalization (GM1) as well as molecular target binding on TiO2 sensor surfaces. (B) Au NP decoration of a TiO2 PEC sensor, in which the 
surface receptor functionalization (GM1) is applied on the surface of Au NP. The molecular target binding to the receptor leads to efficacious 
tuning of the energy coupling and charge transfer across the Au and TiO2 interface. (C) Preparation of TiO2 NW-decorated Au NPs and subse-
quent surface modification of Au surface with ganglioside GM1. Plots: (a) Comparison of photocurrent densities of Au NP-decorated TiO2 NWs 
(red curve) and pristine TiO2 NWs (black curve) and TiO2 NWs decorated with Au NP (red curve), related to on/off cycles of simulated sunlight 
illumination, which reveals higher photoactivity of TiO2-Au NW. (b) The incident photon to converted electron (IPCE) spectrum obtained for 
pristine TiO2 NWs and TiO2 NWs decorated with Au in wavelength range tuned between 300 and 800 nm at 0.23 V against Ag/AgCl. As can be 
seen, there was a lower maximum value of ~28% at 390 for pristine in comparison with TiO2 NWs decorated with Au. Reprinted with permis-
sion from Ref. [183]; copyright 2014, American Chemical Society.
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was proportional to Hg2+ concentration in the range 0.01–5 
μm [195]. There are some recently developed MNP-based 
colorimetric biosensors along with the mechanism of col-
orimetric assay for some environmentally toxic inorganic 
elements and biological analytes in Table 4.

2.3   Piezoelectric nanobiosensors

A piezoelectric sensor consists of a piezoelectric material 
(usually a crystal), which undergoes mechanical defor-
mation and displacement of electrical charge when pres-
sure is applied to its surface, or vice versa when pressure 
is reduced [208]. The quartz crystal microbalance (QCM) 
is the most popular piezoelectric detector and works 
based on sending an electrical signal through a gold-
plated quartz crystal with a biorecognition element on its 
surface. When binding occurs, the mass change produces 
vibrations in the crystal, and the frequency of oscillation 
in the crystal changes [209]. MNPs have been studied for 

their ability to amplify signals and enhance sensitivity in 
several types of piezoelectric biosensors.

The potential of QCM-based immunosensors has 
been studied for various environmental and healthcare 
applications, such as monitoring foodborne pathogens 
and toxins. A novel QCM-based immunosensor with 
noble MNP enhancement was investigated for monitoring 
Escherichia coli O157 : H7 in food samples by employing 
antibody-NP conjugates as the detection complex. Con-
jugating antibodies with AuNPs as signal amplifier and 
employing brain heart infusion broth as growth medium 
to enrich the bacteria significantly improved the sensitiv-
ity of the sensor, and a detection limit of 0–10 log CFU/ml 
was obtained [210].

The QCM system also can be applied in label-free bio-
marker detection. Recently, a biosensor was developed 
aiming at the determination of a marker of lymphoblas-
tic leukemia (the antigen CD10) in which glutathione-
capped AuNPs were attached to the second antibody and 
increased the mass on the crystal surface [38]. Modified 

Figure 6: (A) Schematic representing the label-free ultrasensitive PEC cytosensors based on C-dots-AuNPs-Cys before (a) and after (b) cap-
turing HeLa cells. Plots: PEC responses obtained from the cytosensor for various concentrations of HeLa cells from 0.1 × 102 to 1 × 107 (a–i) 
cell ml−1 and the corresponding calibration curve. Reprinted with permission from Ref. [185]. Copyright 2012; American Chemical Society. 
(B) Illustration of PEC between QDs and AgNPs bridged with dsDNA. The PEC involved several steps of light irradiation: photon absorption, 
which led to electron excitation of QDs, thus generation of electron-hole pair; hole scavenging by means of electron donor (d); electron 
transfer (eT), which could be collected by the electrode for electronic readout; recombination of electron-hole pair comprised of nonradiative 
decay (nD) and radiative decay (rD), followed by spontaneous emission and, lastly, EPI between Ag NP and CdS QD. The produced photo-
current signal was used for analysis. Plot: The UV-Vis absorption spectrum of the Ag NPs synthesized in aqueous solution (blue) and the 
fabricated CdS QDs (red). Reprinted with permission from Ref. [186]; copyright 2012, American Chemical Society.
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AuNPs were also used in an aptamer-based sensor to label 
leukemia cells. After capturing the cells on the QCM, the 
AuNP catalyzed Ag deposition, which led to a decrease in 
resonant frequency [39]. While the strategy in most pie-
zoelectric sensors is converting an increase in mass to a 
signal, in the reverse strategy, the mass lost due to disso-
lution of AuNPs in QCM-based biosensors was utilized for 
Pb2+ detection. The Pb2+ ion, along with Na2S2O3 and 2-mer-
captoethanol, was employed to accelerate the leaching of 
Au from the electrode surface. The decrease in mass on 
the QCM surface was inversely related to frequency. The 
frequency shift in the presence and absence of Pb2+ was 
recorded and used to measure its concentration [211].

A QCM-based label-free immunosensor was fabricated 
for detecting lymphoblastic leukemia antigen (CD10). 
AuNPs acted as a mass enhancer and antibody carrier in 
this sandwich-type immunosensor, leading to sensitive 
and rapid detection. In the first stage, CD10  molecules 
were captured by the first antibody (Ab1) immobilized on 
the gold-coated crystal surface, and the frequency was 

recorded after being stabilized. Then, the second anti-
body (Ab2), which was attached to AuNPs (Ab2/AuNPs), 
bound to CD10 in a sandwich assay and the frequency was 
recorded for the stage. The frequency change was corre-
lated to the amount of captured CD10 with Ab1 on the QCM 
transducer [38].

3   Conclusions and future directions
This review has mainly focused on recently developed 
biosensors based on noble MNPs. Only brief explanations 
of the mechanisms of different biomolecular recognition 
processes and the theory and practice of the process of 
signal read-outs have been provided. It is important to 
understand the impressive impact that engineered MNPs 
have made in biomedical and diagnostic applications. 
These applications aim to improve the sensing and detec-
tion of several important biomolecules in the biomedical 

Figure 7: Schematic representing stepwise fabrication of GQDs/AgNPs hybrid and detection of the H2O2 and glucose based on color fading 
of the hybrid. Plots: (A) UV-Vis absorption spectra for 0.02 mg ml−1 GQDs, 0.02 mg ml−1 GQDs/AgNPs hybrid, and 0.02 mg ml−1 GQDs/
AgNPs + 100 μm H2O2 system (the inset indicates the GQDs/AgNPs hybrid in different H2O2 concentrations). (B) UV-Vis absorption spectra 
of GQDs/AgNPs hybrid by exposing with 0–100 μm H2O2 (the inset shows a decrease of absorbance in different concentrations of H2O2). 
Reprinted with permission from Ref. [191]; copyright 2014, American Chemical Society.
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and healthcare-related fields, especially glucose and 
various antigens and biomarkers. Initially, we classi-
fied elecrochemical biosensors into amperometric and 
voltammetric techniques as the two dominant, widely 
investigated mechanisms, then we categorized them 
according to the biological receptors employed. MNPs 
have a unique combination of biocompatibility, large 
surface area, and good conductivity and have therefore 
been utilized either for providing and improving the 
immobilizing platforms, accelerating charge transfer 
between the redox-enzyme and electrode, or for signal 
amplification purpose as labels in enzymatic sensors, 
immunosensors, and nucleic-acid-based biosensors. 
MNPs can play a role as a “mass enhancer” or carrier 
of biorecognition systems in piezoelectric biosensors 
as well. There is an application of MNPs in cytosensors 
ranging from immobilizing cells to constructing nano-
probes by incorporating target-specific receptors and 
other cell recognizers into the surface of NPs. CL and 
ECL biosensors in which MNPs function as labels to cata-
lyze the reaction of luminol or other active species are a 
growing subgroup. The capability of AuNPs to be directly 
involved as catalyst not merely as labels based on oxida-
tion and dissolution in an aqueous solution is another 
interesting features of these NPs.

Optical techniques such as SPR and colorimetry 
techniques can be greatly enhanced by the exceptional 
inherent optical properties of MNPs. In this regard, recent 
studies have focused on LSPR characteristics of various 
anisotropic shapes of NPs, related comparative studies, 
and have recently developed label-free biosensors utiliz-
ing LSPR features. The recently developed novel photo-
electrochemical highly efficient biosensors exploit the 
plasmonic features of MNPs, such as the unique plasmon 
absorbance features, intensive localized electric field in 
the vicinity, and visible light-induced charge separation 
occurring at the surface, alongside their high electronic 
conductivity.

Future challenges in MNP-based biosensors generally 
include expansion of the range of different biomolecules, 
which can be sensed or detected by enhancing the sen-
sitivity and providing more rapid and versatile detection 
methods. However, the most demanding aspect of the 
progress in this field is to provide more opportunities for 
translational application of these nanobiosensors from 
the laboratory to actual clinical application using real 
samples from real patients.

We expect to see the evolution of faster and cheaper 
miniaturized plasmonics-based sensor architectures, 
due to further developments in the field of plasmon-
ics. In this regard, MNP-based plasmonic biosensor 

arrays could be integrated into microfluidic chips for 
routine point-of-care clinical tests and real-time diag-
nosis of diseases, as the next generation of biosensors 
[212]. Also, considering advances in chemical biology, 
materials science, and synthetic biology, more biosen-
sors will be employed for theranostic (combination of 
therapeutic and diagnostic) applications via integrat-
ing the novel biosensors into carrier agents such as 
single supramolecular assemblies or NPs (consisting of 
a trapped prodrug combined with an imaging reagent 
and a disease specific sensor module), with aim the to 
detect the endogenous biomarkers of a host organism 
followed by coupling the readout of the biosensor to a 
therapeutic modality and consequently releasing the 
therapeutic agent [213].

Other growing important applications of biosensors 
include environmental monitoring and detection of poten-
tially toxic contaminants [214] and military-relevant detec-
tion of biological warfare agents and terrorist-released 
threats [215]. Multiplexing describes the simultaneous detec-
tion of two or more analytes in a single sample, and this is a 
recent and growing development [216]. Portability and even 
wearability [217] of biosensors are other important recent 
developments [218]. The amazing potential of the modern 
smartphone has led to a plethora of innovative develop-
ments in this area [219]. Finally, it is hoped that MNPs could 
break through all barriers in bioanalyses, having almost 
infinite potentials and tremendous scope of functionalities.
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