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A B S T R A C T   

Hybrid silica-gold based sensors show attractive performance in sensing technologies. Due to their interesting 
optical properties and biological compatibility, gold nanoparticles (AuNPs) have been extensively implemented 
in sensing technology. 

Hybridization of AuNPs with silica NPs as a material with unique characteristic comprising large surface area, 
narrow pore distribution, tunable pore size and excellent charge transport provides great opportunity to fabricate 
promising sensing materials. 

This review summarizes the current developments on sensing devices based on gold-silica hybrid materials 
and discussing their interest in designing biosensors for improved analytes detection.   

1. Introduction 

Among many types of nanoparticles in the field of biomedical and 
bioanalysis, silica is highly regarded because of its characteristics such 
as being nano-sized and mesoporous. Other features of silica nano
particles include high surface-to-volume ratio, stability, large pore vol
ume, controllable morphology and size, ease of preparation and 
biocompatibility (Chakraborty and Mascharak, 2016; Moreira et al., 
2016; Song et al., 2017) 

AuNPs based on molecular size divide into two subgroup consisted of 
few-nm AuNPs and few-atom Au nanoclusters. AuNPs are known as 
nanoclusters (NCs) (0.8 up to 15 nm), when the size scale is extremely 
small (Zhang et al., 2012a,b). 

AuNPs with controlled sizes and shapes have electromagnetic, cat
alytic, electrochemical and plasmonic properties introducing them as an 
important element in sensors design (Taei et al., 2015). However, AuNPs 
with sizes below 200 nm may form aggregates which are stable with 
high surface energy thereby making them unsuitable for long-term 
application. Thus, porous supports such as SiO2 was used for 
anchoring AuNPs to overcome this problem. The fundamental 

advantages such as high surface to volume ratio of nanomaterials make 
them naturally reactive materials. Thus they are suitable as sensor and 
catalyst materials. Silica as support material was used for Au nano
catalyst design and other catalytic applications such as catalytic activity 
enhancers via either synergetic effects of the silica support, or prevent
ing AuNPs from aggregation (Bracamonte et al., 2017; Ji et al., 2011; Liu 
et al., 2014). AuNPs-decorated SiO2 microspheres improve catalytic 
activity of AuNPs, salt stability, and versatile surface functionalization 
(Wang et al., 2013a). Furthermore, AuNPs could be used as capping 
agent inhibiting leaking out of cargo from mesoporous silica nano
particles (MSN) and could be uncapped under controlled conditions to 
release the payload. 

There are several methods for the preparation of silica/Au nano
clusters such as organizing Au nanoclusters on the silica precursor or 
silica support in the presence of a thiolate ligand or a protein (i.e. BSA) 
(Lavenn et al., 2012, 2014; Wang et al., 2013b), deposition of AuNPs on 
silica beads by reducing Au3þ ions using citrate (Sousa-Castillo et al., 
2015), and fabrication of Au clusters by ion beam mixing using irradi
ation on Au/SiO2 followed by annealing at high temperature (Dhara 
et al., 2004). 
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An ideal sensor should have features such as robustness, precision, 
accuracy, selectivity, sensitivity, linearity and reproducibility. AuNPs 
present in silica-gold hybrid systems exhibit particular features and easy 
synthesis making it suitable for fabrication of electrochemical, fluores
cence, colorimetric, surface-enhanced Raman spectroscopy (SERS) and 
optical sensors for analytes detection. Thus silica/Au hybrids could be 
employed for the design of a wide range of sensors summarized in 
Table 1. 

2. Gold 

Gold conjugates with mesoporous silica nanoparticles have high 
compatibility properties with medical applications and unique meso
porous structure. The advantage of porous silica coating is to provide an 
effective pathway for reactant molecules to reach the surface of AuNPs. 
The porous structures provide an efficient pathway for reactant mole
cules to access the surface of Au electrodes. 

High specific surface of gold nanostructures is an appropriate option 
for loading various targets to construct multifunctional nanocarriers 
(Zhu et al., 2015). In particular, AuNPs are an ideal material to prepare 
chemical sensors, bio-imaging agents and bio-medicine due to their 
suitable size, non-toxic, simple preparation methods, unique optical and 

electronic properties. These gold nanoparticles composite (AuNCs) have 
quantum confinement, two-photon absorption, high quantum yields 
(QYs) and red-emission properties (Chand and Neethirajan 2017). 
However, only few studies have investigated gold-based hybrid nano
materials for realtime and in vivo biosensing in clinical applications. 
Copper nanoclusters (CuNCs) are cheaper than AuNCs and AgNCs. 
However, CuNCs would be oxidized easily and their fluorescence would 
be quenched, thereby limiting the use of CuNCs as an alternative to 
AuNCs and AgNCs (Chand and Neethirajan 2017). 

2.1. Fluorescence sensor 

In fluorescent systems, the fluorescent molecules are encapsulated 
within the pores leading to the quenched fluorescence signal. Among 
different signal transduction sensors, fluorescent sensors have unique 
properties such as easy setup, suitable signal transduction, wide linear 
range and quick response. Plasmonic excitations in metallic nano
composite increase molecular fluorescence intensities (Li et al., 2016). 
Thus, SiO2–AuNPs conjugation, provides biocompatibility, versatile 
surface functionalization and good hydrophilicity (Yang et al., 2018). 

Furthermore, fluorescence-based sensors provide sensitive sensing 
platform because of the availability of various methods for determining 

Table 1 
Representation of silica-AuNPs hybrid sensors.  

Detection approach Nanoparticle Role of the silica and AuNPs Detection sample LOD (CFU/ 
mL) 

Ref. 

fluorescence sensor Au NBP@SiO2@Cy7 Silica as the cover, Au NBP as core pyrophosphate 
and Cu2þ

– Niu et al. (2016) 

fluorescence sensor Fe3O4@SiO2–AuNCs Fe3O4@SiO2as cover BSA-capped Au nano- 
clusters as core 

6-mercaptopurine – Li et al. (2015b) 

fluorescence biosensor MNCPs Fe3O4 as core coated with SiO2 and Au 
loaded on the surface of SiO2 

PSA 3.0- � 10� 13 

g/mL 
Yang et al. 
(2018) 

SERS Fe3O4@SiO2@Au@Ag Fe3O4@SiO2 as core Au@Ag as shell p-ATP and thiram 5 � 10-14 M 
and 5 � 10-11 

M 

Sun et al. 
(2018b) 

SERS microfluidic chip Packed silica microbeads isolated solid or 
larger sized particles and The Grp-AuNPs 
composite 

norovirus 100 pM Chand and 
Neethirajan 
(2017) 

SERS SEHGNs magnetic beads Hollow gold nanoparticles as core silica as 
shell- anti-ATB1 antibody-conjugate 
magnetic beads 

aflatoxin B1 – Ko et al. (2015) 

SERS SA@GNP and Au@MNP Silica coated AuNP as core And gold-coated 
paramagnetic nanoparticles 

miRNA-141 1.8 pM Zhang et al. 
(2018) 

SERS AuNPs covered on SiO2 

nanospheres 
AuNPs as shell and SiO2 as core TBZ. CV. 4-ATP 10-6M to 10- 

18M 
Phatangare et al. 
(2018) 

SERS SiO2@Au core/shell @DNA 
aptamer 

SiO2 as core and AuNP as shell Hg2þ 10 nM Lu et al. (2018b) 

SERS SEGNs and magnetic 
nanoparticles (MNPs) as capture 
probe 

Silica as shell AuNPs as core And magnetic 
nanoparticles (MNPs) as capture probe 

E. coli O157:H7 10 CFU mL� 1 Zhu et al. (2018) 

electrochemiluminescence (ECL) 
biosensor 

Fe3O4@SiO2@AuNPs-CP 
Ru (phen)3

2þ HCR/GO 
Fe3O4 as core and SiO2 coated the surface of 
Fe3O4 and Au covered them. 

miRNA-141 – Lu et al. (2018a) 

electrochemiluminescence 
aptasensor 

RuSiNPs@PLL-Au 
Au NPs on 3D graphene-modified 
electrode 

SiNPs as core and Au as shell lysozyme 7.5 � 10-13 

mol L-1 
Du et al. (2018) 

electrochemical aptasensor AuNPs/amine-functionalized 
silica nanoparticle 

Fe3O4 as core and the d silica as the shell 
AuNPs were immobilized on the 
Fe3O4@SiO2 surface 

Tryptophan 0.026 nM Hashkavayi and 
Raoof (2017) 

electrochemical biosensors AuNPs-GO modified GCE 
SiO2@Ag/DNA 

SiO2 as core and Ag as shell gold 
nanoparticles-reduced graphene oxide 
(AuNPs-GO) altered glass carbon electrode 
(GCE) 

BRCA-1 2.53 fM You et al. (2018) 

electrochemiluminescence (ECL) 
immunosensor 

Cu/Ni/Ru and Au@PEI@SiO2 SiO2 as core and Au as shell aflatoxins B1 0.0039 ng 
mL-1 

Wang et al. 
(2018) 

electrochemical aptasensor Mesoporous silica thin films 
(MSF) Au electrode 

MSF on the Au electrode PSA 280 pg mL–1 Argoubi et al. 
(2018) 

electrochemical aptasensor Fe3O4@Ag/mSiO2/AuNPs mSiO2 as core and AuNPs as shell CRP 0.0017 ng 
mL-1 

Wang et al. 
(2017) 

Colorimetric sensor Fe3O4@SiO2@AuMNPs Fe3O4 as core, sio2 as shell and AuNPs 
functionalized SiO2 

glucose 3 mM Luo et al. (2017) 

Colorimetric sensor gold nanorod@silver@SiO2 AuNR@Ag as core and Mesoporous silica as 
shell 

AA 0.03 Mm Chen et al. 
(2019)  
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the absorbance and fluorescence. This advantage is due to measurement 
of the fluorescence relative to a dark background, as compared to the 
bright reference beam in an absorbance measurement. It is easy to detect 
low levels of light, and the electronic impulses due to single photons are 
measurable with most photomultiplier devices. However, short lifetime 
of some fluorescent dyes poses an important limitation, which could be 
overcome by implementing long-lifetime metal ligand probes 
comprising ruthenium, osmium, or rhenium. 

In the work by Niu and coworkers, a novel near-infrared (NIR) 
plasmon-enhanced fluorescence (PEF) probe consisting of elongated 
gold nanobipyramids antennas, silica, and NIR dyes (Au NBP@Si
O2@Cy7) was fabricated (Silica as shell, Au NBP as core). This biosensor 
not only could detect pyrophosphate and Cu2þ in living cells but also 
could be used for a microRNA assay (Niu et al., 2016). However, fluo
rescent labeling, bulky sensing instrumentation, the high cost of appli
cation and preparation of specific metal nanoclusters have limited their 
utilization for fabrication of fluorescence sensor (Niu et al., 2016). 

In another study, a novel non-toxic sensor has been prepared as 
Fe3O4@SiO2, surrounded with BSA-capped Au nano-clusters (AuNCs) 
for 6-mercaptopurine (6-MP) detection (Fe3O4@SiO2 as cover, BSA- 
capped Au nano-clusters as core). 6-MP is prescribed for the treatment 
of cancer and autoimmune diseases by inhibiting the synthesis of purine. 
Due to the serious side effects associated with this drug, the blood 
concentration of the 6-MP must be controlled in the patient during 
administration. In the prepared system, even in the presence of oxidants, 
phenols, heavy-metal ions, and especially bio-thiols, 6-MP can selec
tively quench the fluorescence of Fe3O4@SiO2–AuNCs due to AuNCs 
aggregation, and facilitation of the destruction of the cross-linked Fe3O4 
@SiO2 and AuNCs structure. Thus, in the presence of 6-MP, cross-linkers 
within AuNC structure and the Fe3O4 NPs@SiO2 were cleaved, leading 
to a red fluorescence emission. As a result, Fe3O4@SiO2–AuNCs acted as 
fluorescence sensor (Li et al., 2015b). Given that prostate cancer is one 
of the most common malignancies in man (Fuerea et al., 2016), early 
diagnosis of prostate-specific antigen (PSA) could help in the early 
identification of prostate cancer (Wang et al., 2015). In this regard, an 
oligopeptide (HSSKLQ, a substrate for PSA enzyme) based fluorescence 
biosensor was developed in order to provide rapid and simple detection 
of PSA. Due to the high sensitivity and selectivity of the peptide, the 
prepared peptide/Fe3O4@SiO2–Au nanostructures (MNCPs) (Fe3O4 as 
core coated with SiO2 and Au loaded on the surface of SiO2), might be an 
ideal platform for monitoring the enzyme activity of PSA with high 
specificity. The role of SiO2 in MNCPs is to improve salt stability of 
AuNPs. Fe3O4 and gold segments (AuNPs) were used for rapid magnetic 
separation and fluorescence quenching of FAM-peptides conjugate, 
respectively. This biosensor was based on self-assemble 5-FAM labeled 
peptides onto the surface of MNCPs, led to efficient quenching. In the 
presence of PSA, PSA cleaved the FAM-peptides and consequently the 
MNCPs surface emitted fluorescence. Thus, fluorescence recovery 
occurred. The limit of detection of this fluorescent biosensor for PSA 
biomarker was 3.0- � 10� 13 g/mL. Due to the low LOD, this biosensor 
platform has the great potential for implementation in biological and 
clinical analysis (Yang et al., 2018). Nevertheless, the use of 
enzyme-functionalized nanomaterials is limited because of denaturation 
and leakage of enzymes as well as costly purification and preparation 
methods involved. 

More examples of fluorescent sensors based on silica-Au hybrid NPs 
are summarized in Table 2. 

2.2. SERS biosensor 

Surface-enhanced Raman scattering (SERS) with unique spectro
scopic fingerprint and high sensitivity properties detects small bioactive 
molecules such as DNA and proteins. Considering that the absorption 
peaks of silver and gold nanostructures are in near–infrared and visible 
regions, Au and Ag nanostructures are significantly effective in ampli
fying SERS enhancement, because the surface plasmon range of Au and 

Ag improves SERS effect (Li et al., 2015a). Modifying thickness ratio of 
core and shell can control the optical properties of the nanocomposite 
(Liu et al., 2011). In this regard, Au shells on the surface of paramagnetic 
nanoparticles (MNPs) core could form SERS-active junction regions (hot 
spots) and thereby enhancing the intensity of SERS signaling (Zhang 
et al., 2018). 

While SERS remains one of the most powerful analytical techniques 
available, advances in SERS capabilities often lie in the substrates used. 
Silica-gold hybrid platform represents advantage of well-controlled and 
strongly-coupled particles or films for obtaining maximum enhance
ment. On the other hand, SERS substrate development with silica-gold 
hybrid may open up near UV and UV regions of the spectrum to SERS. 

Since the surface ligands, particle size and valence states have in
fluence on the luminescent AuNPs properties and play a key role in the 
emission, AuNPs based on the luminescent properties were divided into 
TREE groups: plasmonic NPs, few-nm NPs and nanoclusters. Au nano
clusters (AuNCs) like other gold nanosystems have optical and electro
chemical properties. ECL signal from AuNP@SiO2 electrode was 
observed 5 times higher than that of the SiO2 nanoparticles. 

Aflatoxin B1 (AFB1) is a hazardous carcinogenic compound, found in 
spoiled foods (Manso et al., 2014). SERS is an important optical tech
nique which has been utilized for analyte sensing and SERS imaging. In 
this regard, Ko et al. designed a SERS-based immunoassay technique for 
aflatoxin B1 (AFB1) detection using magnetic beads and 
silica-encapsulated hollow gold NPs (SEHGNs). It should be noted that 
AFB1 has two different types of binding epitopes. Thus in the prepared 
platform, two different antibodies against AFB1 were implemented in 
order to form an immunocomplex. In this regard, anti-AFB1s and 
anti-ATB1 were conjugated onto the surfaces of SEHGNs and magnetic 
beads, respectively helping the formation of an immunocomplex sand
wich in the presence of target molecule AFB1. In this system, HGNs 
operated for measureable analysis of AFB1 as reproducible sensing 
probes, silica coating prohibited adsorption of external species and 
desorption of Raman reporter molecules and magnetic beads were 
applied as supporting substrates for highly sensitive recognition of 
AFB1. The aforementioned platform was developed as highly stable 
SERS-encoding based immunoassay. The rapid, selective and repro
ducible quantitative analysis of AFB1 was performed by monitoring the 
intensity change of the characteristic peaks of Raman reporter mole
cules. The attachment of metallic nanoparticles to supporting substrates 
is advantageous due to the increase in the effective surface volume ratio 
of these nanoparticles. As a result, SEHGNs were applied as analytical 
platform while magnetic beads acted as sensitive detection parts (Ko 
et al., 2015). There are various SERS biosensors for the recognition of 
foodborne microorganisms. However, complex system, bulky instru
mentation, limited quantification capability are some disadvantages of 

Table 2 
Fluorescent sensor based on silica-gold hybrid NPs.  

Detection 
approach 

Nanoparticle Detection sample LOD 
(CFU/ 
mL) 

Ref. 

Fluorescent 
aptamer- 
based 
sensor 

SNPs-AuNPs- 
streptavidin 

Cocaine 209 pM Emrani 
et al. 
(2016) 

FRET-based 
sensors 

AuNP@SiO2MSN ATP 0.1 nM Li et al. 
(2016) 

Fluorescent 
sensor 

BSA- Au nano- 
clusters capped core- 
shell Fe3O4–SiO2 

nanoparticles 

6- 
Mercaptopurine 
(6-MP) 

0.004 
μmol 
L–1 

Li et al. 
(2015b) 

Fluorescent 
sensor 

NRs@SiO2-AO 
(Acridine orange- 
loaded mesoporous 
silica-coated gold 
nanorods) 

BSA and ctDNA 
(calf thymus 
DNA) 

0.25 
mol/L. 
0.1667 
μg/mL 

Zhu 
et al. 
(2015)  
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this method. 
One of the general causes of gastroenteritis outbreaks in the world 

are noroviruses. Due to the resistance of these viruses to thermal and 
general disinfectants, rapid detection in clinical and food samples is 
extremely essential. An all-polydimethylsiloxane microfluidic chip 
merged with silica microbeads was applied as microfiltration zone for 
isolation large or solid particles from the solution. Graphene-gold 
nanocomposite was employed for a ferrocene-tagged aptamer immobi
lization and one-step electrochemical detection of norovirus. When 
norovirus interacted with a ferrocene-tagged aptamer, the electro
chemical signal from ferrocene was reduced. This microfluidic chip was 
applied to quantify the norovirus with a limit of detection of 100 pM 
(Chand and Neethirajan 2017). It is should be noted that the 
aptamer-based sensors compared to antibody-based ones benefit from 
remarkable advantages, such as high reproducibility, high thermal 
resistance, small size, good biocompatibility, low cost, and facile pro
duction and modification. 

Sun and coworkers applied a new SERS nanocarrier for p-ATP and 
thiram (pesticide) detection. This nanocomposite was composed of a 
600 nm Fe3O4 core covered by a 10 nm silica shell with super
paramagnetic properties and cube shape. In order to maintain magnetic 
property of Fe3O4@SiO2 and preventing aggregation, the cationic PEI 
was used to coat Fe3O4@SiO2 core. The NH2 groups of PEI provided 
appropriate surface functionality for strong metal interaction. The 
Au@Ag particles accumulated on the surface of Fe3O4@SiO2 core form 
the Fe3O4@SiO2@Au@Ag complex using the interaction between Ag 
and NH2 groups of PEI (Fe3O4@SiO2 as core, Au@Ag as shell). The 
Au@Ag showed plasmonic property and potential SERS activity. Hybrid 
metals (Ag, Au) nanocomposites with target molecules (p-ATP and 
thiram) bound via S–S bond formation causing SERS amplification. The 
limit of detection of this biosensor for p-ATP and thiram was 5 � 10-14 M 
and 5 � 10-11 M, respectively (Sun et al., 2018b). This system with high 
SERS activity applied for the detection of biological, chemical and 
environment pollutants at trace level. 

Fig. 1. Schematic representation of A) in the absence of silica coating, Raman reporter molecules was replaced with serum protein. B) SA@GNPs nanostructure 
preventing protein adsorption. C) SA@GNPs as capture probe and SERS recognition of target miRNA-141 beside Au@MNPs conjugated with capture probes acted as 
magnetic substrates. Reproduced with modification from (Zhang et al., 2018). 

E. Bagheri et al.                                                                                                                                                                                                                                 
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In another study, Zhang and coworkers designed magnetic-based 
SERS system for cancer-related miRNA-141 detection. This system is 
made of two capture nanostructures with high sensitivity and repro
ducibility. A glass shell of silica-covered AuNPs with a thickness of 13 
nm was functionalized with Raman-active molecules, 5,50-dithiobis 
(succinimidyl-2-nitrobenzoate) (DSNB). Reporter probes conjugated on 
the surface of silica shell acted as SERS nanotag. Another part of sand
wich structure was gold-coated paramagnetic nanoparticles 
(Au@MNPs). This part was conjugated with capture probes and acted as 
magnetic substrates. The miRNA-141 oligonucleotide was hybridized 
with both oligonucleotide and capture probes to form the SA@GNP/ 
miRNA-141/Au@MNP complex. An external magnet isolated the 
SA@GNP/miRNA-141/Au@MNP complex from the solution and laser 
excitation of the DSNB-GNPs provided a SERS signature spectrum 
diagnostic of the analyte molecules (Fig. 1). The limit of detection (LOD) 
of this system for miRNA-141 sequences in serum was 1.8 pM (Zhang 
et al., 2018). This biosensor confirmed the important role of silica 
coating in preventing the dissociation of Raman reporters from the GNPs 
and used for reproducible and quantitative detection of serum miRNAs. 

In another study, Phatangare and coworkers applied nanosensors for 
pesticides and dyes detection. In this system, 3 nm AuNPs covered on 
SiO2 nanospheres (of size ~ 240 nm) were made by the electron irra
diation process with 6 MeV (AuNPs as shell and SiO2 as core). Actually, 
the connection between two metal surfaces or nanoscale gap between 
two metal nanospheres was termed hot spot. A very high electric field 
was generated by the laser excitation in appropriate wavelength. During 
the SERS studies using this system, the strong electric field in the hot- 
spots can be produced by the incident laser radiation and used as re
porter molecules. They used these nanoparticles for fingerprint detec
tion of thiabendazole (TBZ), crystal violet (CV) and 4-aminothiophenol 
(4-ATP). Au nanospheres as the SERS substrates could detect pesticides 
and dyes at an ultra-low concentration (10-6M to 10-18M) using 785 nm 
laser radiation (Phatangare et al., 2018). 

Mercury (II) (Hg2þ) especially methyl mercury causes serious disease 
and damages to organs of the human body such as central nervous 
system, kidney and digestive system (Clarkson et al., 2003). Lu and 
coworkers applied label-free SERS sensor for Hg2þ detection in aqueous 
solution. This sensor is consisted of SiO2@Au core/shell nanoparticles 
(NPs) coated with DNA aptamer (SiO2 as core and AuNP as shell). DNA 
aptamer comprises of two parts; one part of aptamer was consisted of 
consecutive thymines (T) served as capture part which interacts with 
Hg2þ and the other part included adenine (A) and guanine (G) as the 
Raman signal reporters. In the presence of Hg2þ, it interacted with 
single-stranded DNA (T-Hg2þ-T pairs) contained thymines generating 
vertical orientation of DNA molecule. Raman intensity of A and G bases 
in the DNA strands was enhanced with increase of Hg2þ concentration. 
This biosensor could detect Hg2þ concentration as low as 10 nM (Lu 
et al., 2018b). 

In another study, a stable SERS tag of silica shell coated AuNPs 
(SEGNs) as signal probe and magnetic nanoparticles (MNPs) as capture 
probe for separation (Silica as shell, AuNPs as core and magnetic 
nanoparticles (MNPs) as capture probe) were utilized for Escherichia coli 
O157:H7 (E. coli O157:H7) detection. In this system, 4,40- dipyridyl (DP) 
was used as Raman reporter embedded between silica shell and AuNPs 
core. The thick silica shell prevented the DP leakage from the surface of 
AuNPs thereby inhibiting the interaction between possible impurities 
and DP as the Raman reporter. The signal of the SERS active site greatly 
increased. Capture and signal probes, which were conjugated with a pair 
of antibodies, were used separately for the sensitive and specific sepa
ration of E. coli O157:H7. One antibody was conjugated with the capture 
probe and the other antibody was immobilized on the surface of signal 
probe. Subsequently, in the presence of E. coli O157:H7, sandwich 
structure of antibody-antigen-antibody was formed and separated with 
the help of magnet. By increasing the number of E. coli O157:H7, signal 
probes related to the Raman signal intensities would decrease. The limit 
of detection of this sensor was as low as 10 CFU mL� 1 (Zhu et al., 2018). 

Other SERS sensors were summarized in Table 3. 

2.3. Electrochemical (ECL) biosensor 

Electrochemical biosensors with simple instrumentation, intrinsic, 
sensitive, selective and rapid properties are suitable biosensor for 
several bio-analyte detections including metabolic markers, viruses, 
enzymes, etc. 

In this system, numerous bio-recognition receptors such as aptamer, 
antibodies, etc. were applied as detector immobilizer on the surface of 
electrode (Chand and Neethirajan 2017). The electrode of the electro
chemical (ECL) biosensors could flow the electrons freely to the signal 
unit. Many materials such as conjugated polymers (Gaylord et al., 2005). 
Enzymes (Liu et al., 2015), and hybrid nanoparticles are used in elec
trochemical sensors for signal production (Bagheri et al., 2018). Nano
structured silica as support material guide electro-catalytic activity of 
the metal NPs immobilized on their surface (S�api et al., 2017; Shim 
et al., 2012). AuNPs with electrochemical, plasmonic, catalytic proper
ties and controlled sizes and shapes have a major potential in many 
reactions (Taei et al., 2015). Moreover, the conductivity of the produced 
sensor could be improved due to AuNPs. Electrical biosensors have 
higher sensitivity compared to fluorescence and colorimetric immuno
assays. However, the condition of their recognition environment such as 
ionic strength and solution pH can alter the sensing results. 

Electrochemical sensors provide some advantages including good 
resolution, low power requirements, accuracy and excellent repeat
ability. However, short shelf life, high temperature sensitivity and 
environmental diversity and sometimes cross-sensitivity to other iden
tical analytes limit its high sensitivity toward its target. 

miRNA is an important biomarker for molecular diagnosis of cancer 
cell. Since, the concentration of the miRNAs in cancer cells is low, high- 
sensitivity method for biomarker detection is essential (Cissell et al., 
2007). In this regard, Lu et al. applied an electrochemiluminescence 
(ECL) biosensor for femtomolar miRNA-141 detection. One of the 
common modes of the ECL biosensor is sandwich-type with low cost and 
high sensitivity properties. The biosensor is composed of two parts: 
signal unit (Ru (phen)3

2þ HCR/GO) (Tris (bipyridine)ruthenium (II) hy
bridization chain/graphene oxide) and capture unit (Fe3O4@
SiO2@AuNPs) (Fe3O4 as core and SiO2 immobilized on the surface of 
Fe3O4 and Au as shell). Firstly, trigger probe (TP) interacted with GO via 
covalent bonding of amino-carboxyl and then two hairpins DNA of H1 
and H2 were presented to TP/GO solution. In the presence of TP, H1 and 
H2 were hybridized. Finally, Ru (phen)3

2þmolecules interacted with the 
dsDNA polymers and Ru (phen)3

2þ HCR/GO complex was formed. By 
increasing hybridization of the DNA skeleton, absorption of Ru (phen)3

2þ

and electrochemiluminophores were improved. On the other hand, in 
the presence of target miRNA-141, stem-loop structure of capture probe 
(CP) which was immobilized on Fe3O4@SiO2@AuNPs was opened and 
interacted with target miRNA-141. In addition, the end residues 

Table 3 
Representation of SERS-based sensors.  

Detection 
method 

Nanoparticle Detected sample LOD 
(CFU/ 
mL) 

Ref 

SERS Au@AgNP@SiO2@Nc- 
Van 

Vancomycin 
(Van)-resistant 
enterococci 

– Zhou 
et al. 
(2018) 

SERS AuNPs@mesoSiO2 Diluted blood 
trace 

– Zou 
et al. 
(2017) 

SERS Fe3O4@Ag/mSiO2/ 
AuNPs 

Methotrexate 1 nM Chen 
et al. 
(2017) 

SERS SiO2@Au Cd2þ 2 ppm Thatai 
et al. 
(2015)  
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sequence of CP was hybridized with H2 and formed a Faraday cage-type 
structure (Fig. 2) leading to the emission of ECL signal. Higher con
centration of miRNA-141 led to the combination of more Ru (phen)3 

2þ

thereby increasing ECL signal intensities (Lu et al., 2018a). 
Application of ECL luminophore is limited due to poor water solu

bility and low aqueous stability of the electrochemical reactions. 
Lysozyme is an antimicrobial enzyme, which can hydrolyze glyco

sidic bonds between N-acetylglucosamine and N-acetylmuramic acid 
exist in peptidoglycan residues of gram-positive bacterial cell walls 
(Smith et al., 1973). Due to the dependence of lysine levels on malignant 
diseases such as cancer, myeloid leukemia and HIV, Du et al. designed 
electrochemiluminescence (ECL) based techniques with high sensitivity, 
stability, and low detection limit for lysozyme isolation. Tris (2, 
20-bipyridyl) ruthenium (II) (Ru (bpy)3

2þ) has been pursued as chemi
luminescent reagent and anchored on an electrode surface. Two parts of 
the electrochemiluminescence aptasensor were composed of Ru 
(bpy)3

2þ-Silica@Poly-L-lysine-Au (RuSiNPs@PLL-Au) nanocomposites 
as an indicator and AuNPs on 3D graphene-modified electrode as sub
strate electrode (SiNPs as core and Au as shell). The lysozyme binding 
aptamer (LBA) through gold-thiol interaction was hybridized with the 
3D graphene/AuNPs electrode and attached to the complementary 
single-strand DNA (CDNA) of the lysozyme aptamer, which was coated 
on RuSiNPs@PLL-Au as an electrochemiluminescence intensity ampli
fier. Because of this interaction, the ECL intensity of the aptasensor 
increased. In the presence of lysozyme, the lysozyme replaced the CDNA 
segment of the self-assembled duplex leading to the reduction of the 
electrochemiluminescence signal. The detection limit of this biosensor 
was estimated to be 7.5 � 10-13 mol L-1 (Du et al., 2018). 

Tryptophan (Trp) is an essential amino acid for the production of 
melatonin (Knott and Curzon, 1972), serotonin, and niacin in human 
body (Ya et al., 2008). Because our body cannot make Trp, it must be 
added to the consumable food. One of the diagnostic methods for dis
eases such as liver cancer, colorectal cancer, autism and depression is to 

estimate the concentration of free Trp in blood plasma in these patients 
(Capuron et al., 2002). Since the concentration of tryptophan in blood 
plasma is low, Hashkavayi et al. designed a selective and sensitive 
electrochemical aptasensor for quantification of Trp. The immobiliza
tion of aptamer for detection of tryptophan on the surface of the 
AuNPs/amine-functionalized silica nanoparticle was monitored by 
hemin (Hem) operating as electrochemical biosensor (Fe3O4 as core and 
silica as the shell formed Fe3O4@SiO2 structure, then AuNPs were 
electrodeposited on the Fe3O4@SiO2 surface). Hem, interacted with 
guanine bases of the aptamer, and acted as a redox scale to produce a 
readable electrochemical signal by changing the aptamer conformation. 
In the presence of Trp, the conformation of aptamer reformed and Trp 
approached the electrode surface. Thus, voltammetry and electro
chemical impedance spectroscopic (EIS) current changed and with 
increasing concentration of Trp, the peak current of Hem was linearly 
amplified (Fig. 3). The limit of detection of this biosensor for Trp was 
0.026 nM (Hashkavayi and Raoof, 2017). 

One of the effective electrochemical biosensors is based on DNA 
probes immobilized on electrode surface. E-DNA biosensors have full 
advantages such as independent probe configurational, high identifica
tion efficiencies, homogeneous electrochemical aptasensing strategies 
and protection of DNA under physiological conditions (Zhang et al., 
2012a,b, 2016). Molecular imprinting polymers (MIPs) are one of the 
approaches for capturing the electroactive substances from solution on 
the electrode surface to increase response signals in homogeneous 
E-DNA biosensor (Yoshikawa et al., 2016). In this regard, You et al. 
designed biosensor based on gold nanoparticles-reduced graphene oxide 
(AuNPs-GO)-modified glass carbon electrode (GCE) which was coated 
with a specific MIPs for rhodamine B (RhB). The signal amplification 
section was SiO2@Ag nanoparticles which was modified with 
DNA-probe (RhB-labled DNA) by Ag–S bond in order to form 
SiO2@Ag/DNA complex for the detection of breast cancer susceptibility 
gene (BRCA-1). SiO2@Ag acted as the signal amplifier and 

Fig. 2. Schematic diagram of (A) the preparation procedure of the signal unit (Ru (phen)3
2þ HCR/GO) and (B) the fabrication of the proposed ECL biosensor for 

miRNA-141 detection. Reproduced with modification from (Lu et al., 2018a). 
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electrochemical indicator. 
In the presence of target, BRCA-1 DNA (target DNA) was hybridized 

with SiO2@Ag-modified DNA and RhB-labeled DNA homogeneously 
and formed SiO2@Ag/dsDNA/RhB complex (Fig. 4). The resultant 
complex was attached to the surface of MIPs-modified electrode which 
was recognized by RhB segment and produced electrochemical signals 
with a detection limit of 2.53 fM (You et al., 2018). 

In another study, Cu/Ni/Ru and PEI@SiO2 (SiO2 as core and Au as 
shell) were applied as electrochemiluminescence (ECL) immunosensor 
for aflatoxins B1 (AFB1) detection. This ECL immunosensor is composed 
of two parts: (Cu/Ni/Ru) part acts as luminophor with high ECL effi
ciency while polyethylenimine-capped silicon dioxide (PEI@SiO2) break 
the interaction between Ru and metal ions (Cu(II)/Ni(II)) thereby pro
ducing PEI and metal ions complex. Au–Cu/Ni/Ru could capture 
antibody-AFB1 and coalesce with antigen-AFB1. AuNPs on the PEI@
SiO2 provided the required large surface area for interaction with AFB1- 
bovine serum albumin. Due to the formation of Au-PEI@SiO2-AFB1-BSA 
structure, in the presence of free AFB1, the competitive binding occurred 
between free AFB1 and AFB1-BSA for interaction with antibody- AFB1 
that was immobilized on Au–Cu/Ni/Ru leading to lower rate of forma
tion of Au-PEI@SiO2-AFB1-BSA–antibody complex. Due to the low 
interaction between Au-PEI@SiO2-AFB1-BSA and antibodies, eventu
ally, ECL signal was enhanced with augmenting the concentrations of 
the free AFB1 (Fig. 5). The limit of detection of this ultrasensitive 
immunosensor was about 0.0039 ng mL-1 (S/N ¼ 3) (Wang et al., 2018). 

In another study, Argoubi and coworkers designed an electro
chemical aptasensor for PSA detection. The aptasensor was based on 
gold electrodes covered with aptamer-modified mesoporous silica thin 
films (MSF) (MSF on the surface of the Au electrode). The aptamer 
recognized the PSA with [Fe (CN) 6]3/4- redox diffusion aptitude of an 
electrochemical probe through the nanochannels of the mesoporous film 
gated by anti-PSA specific DNA aptamer with a limit of detection of 280 
pg mL–1 (Argoubi et al., 2018). 

High concentration of C-reactive protein (CRP) in serum would be 
attended as a primary indicator for infection and inflammation diseases 
such as cardiovascular disease (Bryan et al., 2013; Vashist et al., 2016). 
A large amount of zinc ions (Zn2þ) was immobilized on AuNPs-covered 
silica microspheres (immunoprobe) (mSiO2 as core and AuNPs as shell) 
used as signal label in sensing field. These microspheres provided a large 
exterior region for immobilizing antibodies (Ab) and signal molecules 
(Zn2þ). Beside, RNA aptamers for CPR detection interact with 
AuNPs-coated electrode surface through gold-sulfur affinity. In the 
presence of CRP, aptamer-CRP-immunoprobe creates a sandwich 
structure. When a sandwich structure is formed, the electron transfer is 
blocked by RNA aptamer and CRP. Larger amount of zinc ions was 
immobilized on the surface area of AuNPs@SiMSs and the sensing signal 
clearly increased about � 1.16 V. The limit of detection of this aptasensor 
was about 0.0017 ng mL-1 (Wang et al., 2017). 

Other electrochemiluminescence sensors were presented in Table 4. 

2.4. Colorimetric sensor 

A colorimetric sensor is superior because the cost can be diminished 
and they can be made for portable real-time recognition. AuNPs with 
surface plasmon resonance (SPR) absorption properties provide strong 
vibrant color of their colloidal solutions. Hybrid of metallic nano
composites are ideal attributes for the development of colorimetric 
sensors for target detection (Amendola et al., 2017). For example, 
covering the metallic nanocomposites with a thin layer of SiO2 is a 
strategy to take advantage of SPR technology for monitoring the surface 
reactions. Detection limit of SPR biosensors are in the range of pico
molar to femtomolar mass concentrations of analytes providing 
extremely high sensitivity (Law et al., 2011). It is reported that a 
powerful strategy for providing a wide optical bandwidth of AuNPs is to 
control the interparticle interactions of the silica-coated gold 
nanoparticles. 

Fig. 3. Graphic illustration of the preparation of electrochemical aptasensor for Trp detection. Immobilization of aptamer for detection of tryptophan on the surface 
of the AuNPs/amine-functionalized silica nanoparticle was monitored by hemin (Hem) operating as electrochemical biosensor. Reproduced with modification from 
(Hashkavayi and Raoof, 2017). 
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Since, diabetes is one of the most common diseases in the world; Luo 
et al. designed a colorimetric sensor to determine blood glucose con
centrations for diabetic patients. The aforementioned sensor with fluo
rescence, superparamagnetism and peroxidase-like catalytic activity 
properties is consisted of Fe3O4@SiO2@AuMNPs (Fe3O4 as core, SiO2 as 
shell and AuNPs functionalized SiO2) and was used to realize the con
centration of H2O2 and glucose. Detection process of glucose with highly 
responsive, inexpensive and selective method was performed in two 
steps: The first step involved catalytic oxidation of glucose with glucose 
oxidase to produce H2O2 while in the second step, Fe3O4@
SiO2@AuMNPs catalyzed the oxidation reaction. Oxidation of 3,30,5,50- 

tetramethylbenzidine (TMB) by H2O2 generated TMBDI product with a 
change of color to blue. Eventually, Fe3O4@SiO2@AuMNPs was sepa
rated by an external magnetic field. The limit of detection of this 
colorimetric sensor was 3 mM for glucose detection (Luo et al., 2017). 

Considering that ascorbic acid (AA) as antioxidant plays an impor
tant role in the treatment and prevention of different diseases such as 
scurvy, cancer, kidney calculi, cardiovascular, precise determination of 
the amount of AA in the human body are essential. Gold nanorod@silver 
core–shell nanostructures coated with silica layer was applied for the 
detection of AA as colorimetric sensor. Mesoporous silica coating with 
elastic property affords a stable microenvironment around the 

Fig. 4. Graphic illustration of the MIPs-based E-DNA biosensing. In panels (A) and (B), the target DNA homogeneously interacted with SiO2@Ag-coated DNA and 
RhB-labeled DNA. (C), This nanocomposite was moved to the MIPs covered electrode surface thanks for imprinting cavities detection. Reproduced with modification 
from (You et al., 2018). 
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AuNR@Ag nanostructure. Permanganate (MnO4-) as a strong oxidizing 
agent played an important role in the sensing sensor. Silver shell was 
disappeared via the oxidation of silver atoms by MnO4-. As a result of this 
reaction, a color and UV–Vis absorption change was observed. In the 
presence of AA molecules, the silver ions were reduced by the AA and 
the original morphology of the silver shell was formed on the surface of 
the AuNRs once again. This process led to change of localization of 
surface plasmon resonance (SPR) absorbance spectra. The SPR spectra 
band displayed an obvious blue shift when the concentration of AA was 

high. The detection limit of this admirable sensor was 0.03 mM (Chen 
et al., 2019). 

3. Conclusion 

The challenges including implementation of non-biocompatible 
chemicals in sensor platform, expensive instrumentation, label free 
and low detection limit, real time sample analysis and easily handling 
detection procedure constitute limiting factors for the conventional 

Fig. 5. Illustration of ECL immunosensor for AFB1 detection. This sensor is composed of two parts: (Cu/Ni/Ru) acts as luminophor with high ECL efficiency while 
polyethyleneimine capped silicon dioxide (PEI@SiO2) break the interaction between Ru and metal ions (Cu(II)/Ni(II)) thereby producing PEI and metal ions complex. 
The luminophor part (Cu/Ni/Ru) interacts with antibody-AFB1. Then AuNPs on the surface of PEI@SiO2 interacts with AFB1-bovine serum albumin and in the 
presence of free AFB1, competitive binding between free AFB1 and AFB1-BSA occurs. In this sensor, ECL signal is amplified with increasing the concentrations of the 
free AFB1. Reproduced with modification from (Wang et al., 2018). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Table 4 
Representation of electrochemiluminescence (ECL) sensor based on silica-gold NPs.  

Detection method Nanoparticle Detection Sample LOD (CFU/ml) Ref 

Electrochemical sensor PtAu supported on silica nanorods H2O2 2.6 μM Liu et al. (2018) 
Electrochemical sensor SiO2@Au Diuron 51.9 nmol/L Sun et al. (2018a) 
Electrochemical biosensor SiO2@MoSe2 GO–AuNPs DNA 0.068 fM Shuai et al. (2017) 
Electrochemiluminescence and 

immunosensor 
GCE/tGO/Si-AuNPs Cancer biomarkers (CEA and 

AFP) 
– Rashidiani et al. (2018) 

Electrochemiluminescence sensor Ru@SiO2 fumonisin B1 0.35 pg mL� 1 Zhang et al. (2017) 
Electrochemical sensor GC/Au-MSM Hydrazine (HZ) and 

nitrobenzene (NB) 
0.11  μM and 15.0 
nM 

Gupta et al. (2017) 

Electrochemical sensor FS-Au-CA 17β-estradiol (EST) 0.0074 μM €Ozcan and Topçuo�gulları 
(2017) 

Electrochemicalimunosensor MSN-Th-Au Prostate specific antigen (PSA) 0.31 pg mL� 1 Fan et al. (2016) 
Electrochemical biosensor MCM-41-Au Caspase-3 5 fM Khalilzadeh et al. (2016) 
Electrochemiluminescence 

immunosensor 
Ru–Si@Au p53 protein 22.8 fM Afsharan et al. (2016) 

Electrochemical immunosensor ATCP/SiO2@Au/p5315 d- Ab,ATLP/ 
SiO2@Au/p53392 d-Ab 

phosphor p5315 and phospho- 
p53392 

0.05 and 0.02 ng 
mL� 1 

Ge et al. (2016) 

Electrochemiluminescence sensor Ru–SiO2@PLL-Au miRNA-21 and miRNA-141 6.3 and 8.6 fM Feng et al. (2016) 
Electrochemical sensor GE-TDSN CGNP-PDDA BSA 8.4 � 10-13 mol L-1 Yari and Saeidikhah (2015) 
Electrochemical sensor GCE/Au-MSS ascorbic acid and uric acid 1.65 μM and 2.14 

μM 
Gupta and Ganesan (2015)  

E. Bagheri et al.                                                                                                                                                                                                                                 



Biosensors and Bioelectronics 153 (2020) 112054

10

sensors available in the market. 
The implementation of nanotechnology for fabrication of sensory 

systems is the ultimate goal in the sensing technology for rapid, sensitive 
and low cost detection. 

Hybridization is an interesting approach in which combined com
ponents provide the opportunity to modify their individual character
istics. Hybridization technique simultaneously poses challenges and 
opportunities. The crucial concern is the ability of synthesized hybrid 
materials to enhance the ideal characteristics of each component while 
decreasing their shortcomings. Addressing the aforementioned concern 
may lead to a desirable strategy for the development of novel materials 
with synergic properties and new characteristics leading to improved 
performance of the current sensory systems. 

Another obstacle in these technologies is sample preparation. Sen
sors implementing hybrid silica-golds materials depending on analyte 
nature could induce differences in electrical, optical, or mechanical 
characteristics of the sensors. It should be noted that real samples usu
ally contain many components that could interfere with ligand-target 
association, and in turn, such alterations decrease the sensor sensi
tivity. Therefore, the downstream procedures for analytes detection are 
crucial for achieving desirable detection limit. 

Silica-gold hybrid platforms greatly extend the range of materials 
available to sensing technology. Silica can offer opportunities to modify 
its mechanical characteristics, thereby facilitating the production of 
films, fibers, nanosheets, spheres, foam and core shells to attain various 
inorganic structures for providing desirable optical, porosity and hy
drophilic/hydrophobic balance of the platform. Moreover, Silica nano
materials can change the optical properties of gold nanomaterials when 
they combined to form a hybrid entity. The shape, size and structure of 
both silica and gold could influence the properties of the fabricated 
hybrids. 

AuNPs in the silica-gold hybrid systems exhibit specific electrical and 
optical properties, thus providing unique electrochemical, chemical or 
biochemical performance. 

In this regard, the use of gold-silica hybrid materials might lead to 
further advances in the development of highly sensitive and specific 
assays for analytes detection. 
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