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Abstract

This review (with 116 refs.) summarizes the state of the art in resonance Rayleigh scattering (RRS)-based analytical methods.
Following an introduction into the fundamentals of RRS and on the preparation of metal nanoparticles, a first large section covers
RRS detection methods based on the use of gold nanoparticles, with subsections on proteins (albumin, bovine serum albumin and
ovalbumin, glycoproteins, folate receptors, iron binding-proteins, G-proteins-coupled receptors, transmembrane proteins, epi-
dermal growth factor receptors), on pesticides, saccharides, vitamins, heavy metal ions (such as mercury, silver, chromium), and
on cationic dyes. This is followed by a section on RRS methods based on the use of silver nanoparticles, with subsections on the
detection of nucleic acids and insecticides. Several Tables are presented where an RRS method is compared to the performance of
other methods. A concluding section summarizes the current status, addresses current challenges, and gives an outlook on

potential future trends.
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Introduction

Resonance Rayleigh scattering (RRS) is based on the elastic
photon scattering occurring close to, or at photon absorption
wavelengths [1]. Resonance Rayleigh scattering means that
when exciting the sample, not only the transmission and re-
flection exist but coherent emission in other directions as well
are present [2]. Hence, existing RRS measurements verify that
the fluorophore’s resonance synchronous fluorescence spec-
trum at zero wavelength interval (AA =0 nm), this synchro-
nous fluorescence spectrum at AA =0 nm is the same as the
RRS spectrum [1]. The mechanism of RRS includes the elec-
tronic polarizability of the sample molecule, where the polar-
izability is the measure of the charge distribution and its shift
during electromagnetic radiation [3]. RRS is affected initially
by the energy level transitions of the electrons and by the
forced vibration caused by the electromagnetic effect of the
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incident light in the molecule [4]. The intensity of the RRS
radiation increases remarkably as the ratio of particle size to
wavelength increases. Hence, the RRS intensity is related to
the aggregation diameter according to the below equation [5]:

n
H—a

rel

where I, is the scattering intensity of the aggregated nanopar-
ticles — analyte, I; the scattering intensity of the analyte, and
a1 1s the relative diameter of particles; a, = a,/a; where a;
and a, are the relative diameter of the particle before and after
adding nanoparticles. This technique is very sensitive to sev-
eral interactions as intermolecular electrostatic attraction, hy-
drogen bonding, hydrophobic interaction and the aggregation
interaction of the molecules [6].

RRS technique can contribute to new information regard-
ing the molecular structure and the composition, size, shape,
charge distribution and refractive index of the medium [3, 7].
Because detection limit obtained in RRS is lowered by several
orders of magnitude when it is compared with other spectro-
scopic techniques, RRS technique is therefore used to sensi-
tively determine molecules. However, RRS technique is usu-
ally related to the use of nanoparticles as probes to detect
several analytes. In fact, researchers have developed many
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Fig. 1 Different synthesis routes to produce nanoparticles

synthesis techniques to produce nanoparticles including phys-
ical [8—14], chemical [15-20] and biological [21-23] methods
(See Fig. 1).

Chemical methods are relatively the most used in the nano-
particles synthesis field, specifically the reduction method
which is easy to manipulate, low cost experiment and conduct
to the formation of several shapes nanoparticles using simple
synthesis route. The chemical reduction method requires the
use of reducing agent as sodium borohydride, CTAB, poly-
mers, etc. with or without stabilizing agent [24]. Briefly, the
formation of the nanoparticles is induced when adding the
reducing agent, the metal M*" go throuagh 6 steps until it
turned to M° and precipitate as nanoparticles. It starts with
the deprotonation of the reducing agent, reduction, nucleation,
growth, cleavage, and ends with the maturation of the nano-
particles [25]. The mechanism of the chemical reduction
method is resumed in Fig. 2. The nanoparticles formed are
shown in rod shape. Hence, it is necessary to mention that
different shapes of nanoparticles can be formed as spheres,
wires, hexagonal, etc. The difference in shape is affected by
the starting material and the experiment conditions.

Nanoparticles were extensively used in detecting different
analytes such as proteins, metal ions, environment pollutants,
etc. Nowadays, researchers tend to develop RRS method in the
purpose of detecting several molecules using nanoparticles as
probes. In general, when adding the probe to the tested analytes
two different cases can exit either the RRS intensity decreases
due to the fact that the nanoparticles dissociate and come apart,
or the RRS intensity increases due to the increase in the size and
the aggregation of the nanoparticles (See Fig. 3).

In general, gold and silver nanoparticles are mostly used as
nanoprobes. However, cadmium [26] and cobalt nanoparticles
[27] are also being developed in few cases as nanoprobe to
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determine several analytes using RRS technique. To our
knowledge no review has appeared on this topic for analytical
and sensing application, therefore, in this review we discuss
the importance of RRS technique in sensing different analytes
using gold and silver nanoparticles as probe.

Sensing using gold nanoparticles

Gold nanoparticles are widely used and developed in nano-
technology due to their unique physical and chemical charac-
teristics, optoelectronic properties, large surface-to-volume ra-
tio, excellent biocompatibility, and low toxicity [28, 29]. Gold
nanoparticle probes are widely used in different field mainly
in biomedical application starting with the determination of
oligonucleotides [30], polynucleotides [31], DNA [32] and
proteins [33]. Recently, they were developed to be used in
analytical chemistry in the purpose of detecting metal ions
[34, 35]. However, all these applications are usually applied
using absorption or fluorescence spectrum, calorimetric deter-
mination or electrochemical technique. As RRS technique
was found to be easier and faster, researchers have developed
the determination of several analytes and proteins using reso-
nance Rayleigh scattering.

Determination of proteins

Negatively charged gold nanoparticles can react with positive-
ly charged proteins through electrostatic force, or hydrogen
bond or hydrophobic effects inducing the aggregation of the
nanoparticles, thus the change in the RRS signal.
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Determination of serum albumin, bovine serum albumin
and ovalbumin

Liu et al. [36] have reported the determination of three positive-
ly charged proteins (Au NPs Ova-HAS-BSA) such as serum
albumin (HSA), bovine serum albumin (BSA) and ovalbumin
(Ova) using gold nanoparticles. Au NPs have been synthesized
according to the sodium citrate reduction, in order to obtain Au
NPs solution with a concentration equal to 47.8 ug.mL™". The
Au NPs were 12 nm in size with maximum scattering wave-
length located at 287 nm. In fact, the three proteins HSA, BSA
and Ova have very weak RRS signal. The fact of adding HSA
on Au NPs solution increased the size till 23 nm inducing the
aggregation of the particles. However, Au NPs mixed with
HSA solution had higher RRS intensity compared to Au NPs-
BSA and Au NPs-Ova. However, the difference in the intensity
between the protein alone and the mixture of Au NPs-protein is
due to the formation of binding product resulting in the
appearing of new RRS spectra. Consequently, Au NPs with
different concentration of HSA were analyzed using RRS

Fig. 3 Change in the RRS
intensity when mixing the
nanoparticles with the specific
analyte

Nanoparticles

Specific analyte

technique. Hence, when increasing the concentration of HSA
from 0.1 ug.mL ™" t0 0.25 pg.mL ™" the RRS intensity increased
with a red shift of the peak from 287 nm to 303 nm. In fact,
when Au NPs binds with the proteins similar spectral charac-
teristics appear, where the maximum wavelengths are red
shifted to 303 or 304 nm from 278 nm with two new scattering
peaks at 367 and 500 nm. However, the enhancement in the
resonance is mainly due to the fact of the RRS spectrum of the
binding product is located near the absorption band. Hence, the
scattering can resonate with the light absorption and conse-
quently it will produce a resonance Rayleigh scattering induc-
ing the enhancement of the scattering intensity. Although, the
increasing of HSA, BSA or Ova will affect the size of the Au
NPs inducing the aggregation of the nanoparticles in the solu-
tion and therefore the scattering intensity increases. Mainly, the
positively charged proteins when adsorb on the negatively
charged gold nanoparticles surface, the electric charges are neu-
tralized where the hydrophobic group is exposed. Therefore,
the hydrophobicity of the mixture increases and in consequence
the scattering intensities increases also. Hence, Liu et al. have
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verified the efficiency of the RRS method to detect HSA, BSA
and Ova in the linear range between 0.0013-0.45 pg.mL ™",
0.0015-0.35 ug.mL " and 0.0019-0.40 ug.mL " respectively.
In addition, the detection limits were 0.38 ng.mL ',
0.45 ngmL ™" and 0.56 ng.mL"" for HSA, BSA and Ova re-
spectively. Finally, in order to study the selectivity of the de-
scribed method the Au NPs-HSA system was used as an exam-
ple and it was found that no interference is occurred and coexist
when detecting some amino-acid, metal ions, nonmetal ions
and saccharides. In conclusion, Liu et al. were able to demon-
strate the specificity and efficiency of the RRS method in the
purpose of proteins sensing in low concentration range. It is
good to mention that Zhu et al. were able to detect Ova, HSA
and BSA using cadmium sulphide nanoparticles (CdS NPs) and
RRS technique. In this case the detection limit were found to be
18.5 ngmL ', 16.7 ngmL " and 19.6 ng.mL 'respectively.
Despite that the value obtained using CdS NPs are higher than
the one obtained using Au NPS as probes, the use of nanopar-
ticles to detect proteins molecules based on RRS technique give
better results in comparison with other method as shown in
Table 1. However, RRS methods is not useful in the higher
concentration ranges and molecular interaction from other pro-
tein molecules with Au NPs can be a challenge.

Determination of glycoproteins

Folate receptors (FRs) are one the glycoproteins family present
on cell membrane [42]. In general, the determination of FRs is
established using fluorescence quenching or imaging, etc.
where it is necessary to use fluorescent dyes and expensive
instruments [43, 44]. Wu et al. [45] have succeeded in devel-
oping RRS technique method to detect FRs in serum sample
using modified surface gold nanoparticles using Anti-FRex. In
fact, the intensity of the RRS signal of antibody modified Au
NPs is slightly higher than the intensity of Au NPs alone, which
was expected since the surface of the Au NPs was changed after
modifying it with anti-Frc antibody. Excitingly, when adding
Froc the RRS intensity increased, which is due to the interaction
between Froc and anti-Fra present on the surface of the Au NPs.
Hence, the RRS intensity enhanced gradually when increasing

the concentration of Fra from 2.50 to 37.50 ng.mL ', This
enhancement is attributed to the dramatic aggregation of Au
NPs when adding FRo caused within the interaction between
anti-FR« antibody on the surface of Au NPs and FR«.
Therefore, the selectivity of the RRS technique was established
by analyzing the impact of coexisting substances such as sac-
charides, proteins, amino acids and metal ions, where it was
found that these compounds would not affect the determination
of Froc. Generally, there is no doubt concerning the selectivity
of'the described method, since anti-FRx present on the Au NPs
surface will only recognize FR«. Finally, the recovery of stan-
dard addition in diluted human serum was done to evaluate the
accuracy and the feasibility of the RRS technique to detect
FRo. It was found that the recovery was between 90.88% and
105.59% which reveal the accuracy of the method to determine
FR o in serum. In this contribution, Wu et al. have demonstrated
the efficiency of RRS technique using modified Au NPs to
detect Fra in the range between 2.50-37.50 ng.mL ", with
detection limit equal to 0.05 ng.mL'. The difference between
other reported method and the RRS technique in detecting
traces of Fra is summarized in Table 2. RRS method could
achieve lower LOD but the linear dynamic range is limited
compared to fluorescence method.

Determination of iron binding-proteins

Human Holotransferrin (TF), a type on iron-binding proteins
which is the principal iron transport of blood circulation [48].
The most common methods used to detect TF are enzyme
linked immunosrbent assay ELISA [49] and electrode based
immunosensor [50], which are time consuming with poor re-
producibility. Therefore, Cai et al. [S1] have reported RRS
technique method to detect TF based on anti-TF-conjugated
nanoprobe as a prototype. For this purpose, antibody conju-
gated nanoprobe were formed by modifying the surface of Au
NPs using cysteamine and conjugating the amine functional
surface with anti-TF antibody. To evaluate the feasibility and
sensitivity of RRS for immunoassay through nanoprobes, the
RRS intensity was measured at each step when preparing anti-
TF conjugated Au NPs. It was verified, that when adding first

Table 1 Comparison of the RRS technique in detecting serum albumin and bovine serum albumin with other analytical method

HSA Methods LOD Concentration Range
High-performance liquid chromatography [37] 0.128 mg.mL™" 0.4-25 mgmL™’
Emission fluorescence using Poly(Thymine)-Templated Cu NPs [38] 545 mgmL™' 9-150 mg.mL ™"
RP- High-performance liquid chromatography [39] 0.2 mg.mL™"' 0.2-20 mg.mL™"
RRS technique based on CdS NPs [26] 16.7 ngmL"™" 0.065-5 pg.mL ™’
Using RRS method based on Au NPS [36] 0.38 ng.mL™" 13-450 ngmL™ 'L

BSA Highly sensitive ELISA technique [40] 0.38 pg.mL™' 0.5-40 pgmL™"
A reversed-phase high-performance liquid chromatography [41] 0.5 pgmL™' 1-100 pg.mL™’
RRS technique based on CdS NPs [26] 19.6 ng.mL ™" 0.056-4.5 pgmL™"
Using RRS method based on Au NPs [36] 0.45 ng.mL™' 1.5-350 ng.mL ™"
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Table 2 Comparison of the RRS
technique in detecting folate

receptors with various methods

Methods LOD Concentration Range
Fluorescence imaging [44] 20 ng.mL™" 1202000 ng.mL™"
Electrochemical technique [46] 4.57 ngmL™ 25.08-1000 ng.mL"™"
Colorimetric analysis [47] 0.46 ng.mL™! 1-100 ng.mL™!

RRS technique based on anti-Froe modified Au NPs [45] 0.05 ngmL ™! 2.5-37.5 ng.mL "

cysteamine the RRS intensity is higher than the RRS intensity
of Au NPs alone. Therefore, the RRS increase respectively
when adding anti-TF to cysteamine and after adding TF to
the mixture. In consequence, anti-TF conjugated Au NPs
can amplify the determination of TF antigen. To estimate the
efficiency of the RRS technique using modified Au NPs at
low concentration, the RRS intensity of TF in solution was
measured with/without nanoprobe. In fact, when adding TF to
the solution containing anti-TF modified Au NPs, at different
concentration in the range between 85 pM-3.4 nM, a linear
increase was observed. This is attributed to the fact that TF are
connected to the antibody-TF present on the surface of Au
NPs. However, in absence of nanoprobe, the linear increasing
started from a concentration higher than 0.7 nM which indi-
cate the low detection limit that the modified Au NPs can help
in detecting TF. Hence, the increase in the RRS signal is at-
tributed to the signal amplification and the specific recognition
of nanoprobes. In consequences, the immobilized anti-TF
present on the Au NPs surface can easily bind to the TF anti-
gen and therefore resulting in the aggregation of the Au NPs
which will induce the increasing of the RRS intensity.
Furthermore, to study the selectivity of this method, sub-
stances and salt that can interfere with TF were analyzed and
no interference was obtained. In addition, the reliability and
applicability of the method, diluted human serum were col-
lected and measured the TF concentration. The % of recovery
was between 98.7% and 104%, and the calculated concentra-
tion was in correlation with the clinical data. After all, Cai
et al. were able to demonstrate and to develop the RRS tech-
nique in order to detect traces of TF in the range of concen-
tration between 85 pM and 3.4 nM, with a limit of detection
equal to 85 pM. Table 3 clarifies the difference between the
ELISA and electrode immunosensor method. ELISA and
electrode immunosensor perform and provide better LOD
compared to RRS technique.

Table 3 Comparison of the RRS technique in detecting Human
Holotransferrin with ELISA and electrochemical method

Methods LOD Concentration Range
ELISA technique [49] 0.01 nM 0.01-2 nM
Electrode immunosensor [50] 0.019 nM 0.019-100 nM

RRS technique [51] 85 pM 85 pm-3.4 nM

Determination of G proteins-coupled receptors (G-PCR)

G protein-coupled receptors are the main promising target
proteins in drug delivery research. In fact, the (3-adrenergic
receptors are the most important prototype in the G-PCR fam-
ily, regarding there structure and regulation [52]. Salmeterol
Xinafoate, one of the 3-adrenergic receptors family, is a long
acting and highly selective 32 agonist formulated as its 1-
hydroxy-2-napthoate (xinafoate) salt used in the treatment
of long-term asthma and chronic obstructive pulmonary
disease [53]. To be able to detect salmeterol using simple
and fast technique, for this purpose Bi et al. [54] have
developed the RRS technique. It was found that the RRS
intensity is higher for Au NPs - Salmeterol Xinafoate com-
pared to Au NPs alone or Salmeterol Xinafoate alone.
However, when increasing the concentration of
Salmeterol Xinafoate added to the Au NPs solution the
RRS intensity enhanced indicating that the particles in-
creased in size. The increasing in the particle size is due
to the interaction of Au NPs with Salmeterol Xinafoate. In
fact, the anionic species of Salmeterol Xinafoate interact
easily with the positively charged Au NPs through elec-
trostatic adsorption inducing the aggregation of Au NPs -
Salmeterol Xinafoate and the formation of larger particles,
enhancing thereby the RRS intensity. In addition, the se-
lectivity of the method was carried out within testing for-
eign substances with positive or negative charge as cations
and glucose. It was found that these samples have no in-
fluence on the RRS intensity when mixed with Au NPs
verifying the selectivity of the developed method.
Finally, the recovery of the method analyzing synthetic
sample was estimated to be around 102.5-103% which
reveals the accuracy, precision, reliability and selectivity.
To conclude, Bi et al. have reported new RRS technique to
detect Salmeterol Xinafoate using Au NPs in the concen-
tration range between 0.054-6.038 ug.mLfl, with low de-
tection limit equal to 9.48 ng.mL™'. Many analytical
methods used to determine salmeterol xinafoate are ex-
pensive, time consuming and possesses poor repeatability.
And yet, these methods cannot detect salmeterol xinafoate
in very low concentration with a low detection limit as
good as that of RRS. The difference is illustrated in
Table 4. Though RRS technique provides a better LOD it
fails in higher concentration where HPLC and spectropho-
tometric methods perform well.
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Table 4 Efficiency of the RRS
technique in detecting Salmeterol

Xinafoate compared to other
methods

Methods LOD Concentration Range
Reverse phase high performance liquid chromatography [55] 0.260 ug.mlf1 2-49.3 ug.mL71
Spectrophotometric method [56] 0.022 ug.mL™' 12-60 pg.mL™
RRS technique [54] 9.48 ng.mL™! 0.054-6.038 pg.mL™!

Determination of transmembrane proteins

The epidermal growth factor receptor (EGFR) is a transmem-
brane protein, considered as a receptor for members of the
epidermal growth factor family of extracellular protein ligands
[57]. Li et al. [58] have described the conjugation of the Au
NPs to the anti-EGFR aptamer (Apt) in order to determine the
EGFR through RRS method. In fact, the thiol modified Apt
were conjugated to the surface of Au NPs through Au-S bond
to obtain the Apt-Au NPs probe. Hence, when adding EGFR,
it will bind anti-EGFR as shown in Fig. 4. This contributes to
the formation of a binding complex which is the Apt-AuNPs—
EGFR.

The formation of the complex is verified by the change of
color from red to blue increasing the RRS intensity of the Apt-
Au NPs alone. Consequently, the addition of EGFR at differ-
ent concentration attribute to the aggregation of the probe
around the EGFR protein, therefore the formation of bigger
EGFR-Apt-Au NPs particle inducing the increase of the RRS
intensity. The enhancement of the RRS intensity was propor-
tional to the EGFR concentration in the range between 30 and
110 ng.mL™". The change in the intensity is the reason of the
binding between the Apt-Au NPs probe and EGFR through

Fig. 4 Specific recognition of
EGFR proteins through anti-
EGFR antibody

Legend
7

specific recognition which leads to the assembly of the probe
around the EGFR. Thus, the binding products were enlarged
in volume which is the principal reason to increase the RRS
intensity. Hence, the hydrophobicity of the binding products
increased and a liquid-solid interface between the complex
and water may be formed enhancing thereby the scattering
intensity. The selectivity of the formed Apt-Au NPS probe
was verified where no change in the RRS intensity was men-
tion when mixing the probe with bovine serum albumin, vas-
cular endothelial growth factor and PDGF. Finally, the accu-
racy of the method was estimated by measuring the EGFR
concentration in human serum sample without any complicat-
ed pre-treatment. However, the calculated concentrations ac-
cording to the RRS technique were almost the same as the
concentrations calculated from the laboratory data. Based on
the above data, Li et al. have verified the simplicity and the
rapidity to recognize the EGFR in human serum using RRS
technique in comparison with other analytical methods these
methods require several steps and are not strictly quantitative.
Therefore, they have low sensitivity and high cost of appara-
tus. Some examples of other method to detect EGFR are men-
tioned in Table 5. Microfluidic immunosensor performs better
in lower concentration compared to RRS method.

\Q/I : Negative charge Gold nanoparticles

~~~S: 5’ SH-(CH2)6-UGC CGC UAU AAU GCA CGG AUU UAA UCG CCG UAG AAA AGC AUG UCA AAG CCG-3

T : Anti-EGFR

M :EGFR
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Table 5 Comparison of the selectivity of RRS technique in detecting
epidermal growth factor receptor to several methods

Methods LOD Concentration Range

Quartz crystal microbalance [59] 100 ng.mLﬁ1 10-10,000 ng.mU1

Electrochemical technique [60] 50 pgmL™'  1-40 ng.mL"'
Microfluidic immunosensor [61] 3.03 pgmL ™" 0.01-50 ng.mL ™"
RRS technique [58] 0.7 ngmL™"  0.03-0.11 gmL™'

Determination of cysteine

Aggregation of Au NPs can be achieved by adding cysteine
[62]. In this case Au NPs will self-assemble to form a network
structure and enhance greatly RRS signal within the increas-
ing of the cysteine concentration. Therefore, RRS technique
has been applied by Li et al. [63] to selectively determine
cysteine with high sensitivity and simple operation. The linear
range of determination of cysteine is from 0.01 to 0.25
microg/mL with the detection limit of 2.0 ng/mL (16.5 nM,
3sigma). None of the amino acids found in proteins interferes
with the determination. The difference between the available
method and the RRS technique is resumed in Table 6.

Determination of sulfur fungicides

The application of pesticides and fungicides to protect and
increase the yield of agricultural product is one of the major
public health. Thiram (THM) is a type of sulfur fungicides
used in sun screen and as a bactericide applied directly to
the skin or incorporated into soap. Therefore, it is vital to
establish sensitive and effective method to detect THM.
Parham et al. [66] have developed the use of Au NPs as an
optical probe to detect THM by measuring the RRS intensity.
However, they have observed the change in the size and shape
of Au NPs when adding THM, where the Au NPs-THM com-
plexes have bigger size which will enhance the RRS intensity
of Au NPs. It is good to mention that the interaction between
AuNPs and THM is assumed by the sulfur group in THM that
will self-assemble into strictly arranged monolayers and con-
tribute to the formation of A-Au bond. THM alone possesses
weak RRS almost negligible, in contrast when adding THM to
Au NPs solution the RRS intensity of the solution increases.

Table 6 Comparison of the selectivity of RRS technique in detecting
cysteine with available method

Methods LOD Concentration Range
Electrochemical method [64] 5uML! 5-1000 uM.L™!
Calorimetric technique [65] 0.05 uM.L™! 1.5-6 uM.L™!

RRS technique [63] 165nML' 0082 pM.L™!

The addition of THM was carried out regarding 2 different
ranges from 1 to 30 and 30200 pg.L". It was found that upon
the addition of THM the RRS intensity of Au NPs increases and
the results show low detection limits equal to 0.3 ug.L™". The
intra- and inter-day precision and accuracy data were established
by measuring the RRS determination of THM in quality con-
trolled (QC) water samples. It was found that the results conform
to the criteria of the water analysis samples according to the
guidance of US-FDA. Hence, the recovery values from (QC)
water sample containing different concentrations were quite ac-
ceptable between 96 and 111%. Finally, the validation of the
method was verified within the determination of THM in water
and plant sample. It can be concluded that Parham et al. have
successfully developed the RRS technique in the purpose of the
determination of ultra-traces of THM. This method will be ap-
plicable to determine the concentration of THM in water and
plant sample with low detection limit compared to different an-
alytical method (See Table 7. However, binding of Au NPs with
other analyte can be a challenge in RRS method.

Determination of saccharides

Saccharides are considered as organic compounds extracted
from non-sea vegetables that include sugars. However, glu-
cose is the most important sugar in human metabolism [70].
El-Kurdi et al. [25] have demonstrate the capability of detect-
ing glucose using RRS technique based on gold nanoparticles
as probe. In this study, Au NPs were synthesized regarding a
green synthesis method using curcumin as reducing agent and
F-108 polymer as stabilizing agent. The determination of glu-
cose molecule was established in a very wide range between 0
and 10 mM with same concentration of Au NPs. The fact of
adding glucose to the Au NPs solution had a significant effect
on the RRS signal of Au NPs. Therefore, when increasing the
concentration of glucose, about~8 fold increase in the RRS
intensity was recorded without any change in the spectral
shape and RRS wavelength maximum (See Fig. 5). This boost
in the intensity is due to the adsorption of glucose molecule on
the surface of the nanoparticles since Au NPs possesses large
surface area and high surface free energy.

However, RRS intensity increasing is also related to the par-
ticle size and its aggregation in the solution. In fact, F-108 poly-
mer present in the system to stabilize the Au NPs binds compet-
itively with the glucose molecule and promotes the formation of
large aggregates on the surface of Au NPs which boost the RRS
intensity. Furthermore, the efficiency of the tested method was
confirmed by detecting glucose molecule using Au NPs in the
presence of boric acid or glucose oxidase. However, boric acid
contains hydrogels that allows them to exhibit interesting prop-
erties such as glucose selectivity/sensitivity and glucose oxidase
is an oxidoreductase that improves the oxidation of glucose and
therefore its determination. Hence, it has been verified that Au
NPs can act as immobilization enzyme matrix and in
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Table7 Comparison of the RRS technique in detecting Thiram with other analytical method

Methods LOD Concentration Range

Solid phase micro-extraction-high pressure liquid chromatography [67] 1 pgL™ 1-10 pg.L™

Solid phase extraction-UV [68] 10.8 pug L 25-175 pug L

Adsorptive stripping voltammetry [69] 9.8 ugL™! 20-150 pg L™

RRS technique [66] 0.3 ugL™! 1-30 pgL!
30-200 pg. L'

consequences enhance the activity between the nanoparticles and
glucose molecule. The above described method was also useful
to detect glucose in human serum where several solutions were
prepared by spiking serum with known glucose concentration in
the range between 0 and 10 mM. Hence, El-Kurdi et al. have
demonstrated the efficiency of the RRS technique in order to
detect glucose molecule with a LOD =20 pM. Finally, to test
the selectivity of the methods, other potential anti-oxidant inter-
ferences were tested, and it was noticed that no interference was
occurred with the glucose determination. To sum up, El-Kurdi
et al. have proven the selectivity and the specificity of the reso-
nance Rayleigh scattering technique to detect glucose molecule
using gold nanoparticles as probe. Table 8 summarizes the effi-
ciency of the above method in glucose determination in the large
range between 0 and 10 mM with any additional enzyme, com-
pared to other technique, however, RRS method many not be
applicable to estimate glucose in lower concentration range
found in food and beverages.

Determination of vitamins
Determination of a-tocopherol

A vitamin is relatively an organic molecule with low molecu-
lar weight, essential micronutrient that an organism needs for
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Fig. 5 a Synchronous fluorescence spectra (SFS) at AA=0 nm of
curcumin functionalized Au NPs with different concentration of glucose
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the proper functioning of its metabolism and normal growth.
o-Tocopherol is the most important group of the tocopherols
and known as vitamin E. a-Tocopherol possesses several
functions and natural phenolic anti-oxidant properties, where
it prevents the oxidation of lipids that would ensure the estab-
lishment of undesirable compounds producing oil deteriora-
tion. El-Kurdi et al. [74] have succeeded to develop RRS
technique measurement in order to detect x-Tocopherol based
on Au NPs probe, synthesized using curcumin and
cetyltrimethylammonium bromide. Interestingly, when
adding «-Tocopherol to the Au NWs solution, the RRS signal
of Au NPs increases about ~ 10-fold, with the increase of the
«-Tocopherol concentration in the range between 12.8—
1004 uM.L™" (See Fig. 6). However, the boost in the RRS
signal did not alter the wavelength maximum and the shape of
the spectra.

Hence, the fact of adding «-Tocopherol to the Au NWs
improve the complexation of «x-Tocopherol with the nano-
wires through non-covalent interaction and thereby the forma-
tion of larger complex, which induce the change in the inten-
sity of RRS signal. This interaction is most likely facilitated by
the presence of curcumin conjugation at the surface of Au
NWs through hydrophobic interaction. Furthermore, to test
the selectivity of the method, different potential anti-oxidant
that can interfere with «-Tocopherol as ascorbic acid and 6-O-
palmitoyl ascorbic acid were tested. It was found that for
30 uM.L™! for each analyte with Au NWs did not alter the
RRS signal of Au NWs unlike ~9 fold increase observed for
same concentration of «-Tocopherol. Finally, the method ap-
plicability was established by preparing synthetic samples of
«-Tocopherol and estimating the concentrations using the cal-
ibration plot where the % recovery was between 92%—98%
indicating the good applicability of the presented method.
Therefore, El-Kurdi et al. have verified the selectivity of the
RRS technique to detect x-Tocopherol in the large
range between 12.8-1004 uM.Lfl, with very low detec-
tion limit equal to 50 nM.L™". In general, most of the
available methods for «-Tocopherol sensing reveal low
concentration range. The difference between the above
method and the available on in the literature is resumed
in Table 9. The major challenge for RRS technique here
could be real sample analysis, where it may necessitate
a separation procedure.
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Table 8 The effectiveness of RRS method in glucose sensing compared to other method

Methods LOD Concentration Range
Colorimetric assay based on MnO2 Nano-sheets combined to glucose oxidase [71] 12.8 uM.L™ 0-100 uM.L™!
Electrochemical method based on GOD incorporated intou Au-CNT electrode [72] 17 pM.L™! 0.05-1 mM.L™"
Liquid Chromatography method [73] 100 uM.L™! 0.01-0.5 mM.L™"
RRS technique based on Au NPs probe [25] 20 uM.L™! 0.2-10 M.L™!

Determination of thiamine

Thiamine also called vitamin Bl, is present in many
food product as yeast, beans, nuts, etc. [78]. Liu et al.
[79] have used gold nanoparticles in the determination
of thiamine. Liu et al. have verified that vitamin B1
can interact with Au NPs inducing the formation of a
binding product. Hence, the formed complex enhances
the resonance Rayleigh scattering intensity. The in-
creasing of the RRS intensity was proportional to the
increasing in the concentration of vitamin Bl in the
range of 0-270 nM.L 'with a detection limit equal to
0.9 ng.mL™'. However, the formed Au NPs were neg-
atively charged due to the adsorption of the citrate
molecule on the surface of the nanoparticles. Hence,
supramolecular compound with negative charge is
formed and thereby it can react with vitamin Bl
through electrostatic interaction. Therefore, the RRS
intensity increases with the appearance of new RRS
peaks. It was found that the RRS intensity for the final
product obtained remains constant in 50 min. Finally,
the concentration of vitamin Bl was calculated in 20
tablets and it was remarkable that the concentration
found according to the RRS technique were similar to
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Fig. 6 Synchronous fluorescence spectra (SFS) at AA=0 nm of
curcumin conjugated Au NWs with different concentration of o-
tocopherol

the clinical data value. In general, RRS technique in the
purpose of the determination of vitamin Bl can be used
to calculate the concentration in tablets and it’s not ap-
plicable to complex matrix such as food samples. The
difference in the detection limit between the RRS tech-
nique and other methods is presented in Table 10. But
emission analysis still found to be a better alternative
with lower LOD.

Determination of heavy metal pollutant

Heavy metals are metallic elements that denser than
water. Heavy metals are also considered as trace ecle-
ments because of their presence in trace concentrations
less than 10 ppm in various environmental matrices.
Such of these metals includes mercury, silver and chro-
mium [83].

Determination of mercury ions

Mercury is a highly toxic heavy metal element that is
distributed in nature. Hence, it is necessary to develop
cheap and sensitive method in the purpose of its deter-
mination. Ouyang et al. [84] and Gao et al. [85] have
evaluated the RRS technique based on Au NPs with and
without modification to detect traces of Hg>* in water
sample. In fact, in 2014 and for the first time Gao et al.
were able to detect Hg** using double standard DNA
modified nanoparticles standards (dsDNA-Au NPs).
Later on, in 2017 Ouyang et al. have established the
determination of Hg®* using Au NPs synthesized with
trisodium citrate and sodium borohydride and reading
HAuCL, to the final nanoparticle solution. However,
contradictive results were obtained for both studies were
in the case of using (d&sSDNA-Au NPs) the RRS intensity
of Au NPs after adding Hg®* increases respectively,
while in the second case where no modification of the
Au NPs surface was carried out the RRS intensity de-
creases. Hence, in both cases the detection limit was
very low where Ouyang et al. have got a LOD value
equal to 3 nM.L™" (8-1330 nM.L™!) and Gao et al. the
LOD was equal to 0.4 nM.L™' (2.5-60 nM.L™").
Although, the LOD was lower using dsDNA-Au NPs

@ Springer
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Table 9 Comparison of the RRS
technique in detecting o-

tocopherol with other analytical
method

Methods LOD Concentration Range
High performance liquid chromatography [75] 135 uM.L™! 117-700 uM.L™"
High performance liquid chromatography/Uv [76] 1.51 uM.L™ 16.7-65 uM.L™
Electrochemical method [77] 0.45 uM.L™! 5-200 uM.L™!

RRS technique [74] 50 nM.L ™" 12.8-1004 pM.L™!

but the concentration range was bigger in the second
case. Gao et al.,, attribute the increasing of the RRS
intensity after adding Hg>* to the coordination of Hg>*
with T base pair. In fact, the double standard DNA
possess a mismatched T-T base pair in the chain termi-
nus which prevent the au NPs from aggregation which
will leads, in the presence of Hg2+, to the non-cross-
linking aggregation of dsDNA-Au NPs regarding the
coordination of Hg?* with the T base pair where Hg**
ions will be incorporated between the T-T base pair and
will give T- Hg**-T. Hence, Gao et al. have been able
to detect Hg®* in the range between 2.5-60 nM.L ™'
with LOD equal to 0.4 nM.L™'. Therefore, Ouyang
et al. have facilitated the determination method of
Hg?* using unmodified Au NPs through citrate reduc-
tion method. In this case, the resulted complex obtained
after the addition of Hg”* adsorb strongly on the nega-
tively charge surface of Au NPs due to the presence of
citrate anions and inhibits the red electron transfer and
decreased consequently the catalytic reaction of the
nanoparticles which leads to the decreasing of the
RRS intensity of Au NPs. Accordingly, Ouyang et al.
were capable to develop the RRS technique to detect
Hg®* in a wide concentration range 8—1330 nM.L™'
with LOD equal to 3 nM.L™'. However, the both exper-
iments were used to detect Hg** in water sample with a
percentage recovery between 97 and 102%. Finally, no
interference with other metal ions was found when test-
ing them with the described probes which verify the
selectivity of the methods concerning the Hg”* determi-
nation. The low detection limit of the RRS technique
compared to other detection limit is illustrated in
Table 11. Binding of other metal ions during estimation
can be challenge in RRS technique.

Determination of silver ions

In recent years, due to the development of human
activities, the Ag* presence in the environment in-
creased interestingly. In fact, Ag" present in food
chain and drinking water can easily accumulate in
the human body. Therefore, it will lead to cell toxic-
ity and organ failure [89, 78]. Wen et al. [90] have
established for the first time the RRS technique in
order to detect traces of Ag" using aptamer-modified
Au NPs as probe. For this purpose, single standard
DNA (ssDNA) with a sequence of 5’-CTC TCT
CTT CAT TTT TCA ACA CAA CAC AC-3' was
used. It was found that a stable ssDNA-Au NPS com-
plex without any aggregation is formed. The absence
of aggregation facilitates the determination of Ag*
where the Ag* ions will interact with the aptamer
and induce the aggregation of the nanoparticles.
Hence, when adding Ag* to the Au NPs solution, it
leads to C- Ag"™-C mismatches and forms a similar
hairpin structure, since the ssDNA is present on the
surface of the Au NPs. However, when increasing the
concentration of Ag* from 0.067-1.33 puM.L™', the
aggregated nanoparticles increases and induces the en-
hancement of the RRS intensity. The determination
was achieved with a detection limit equal to
0.059 uM.L_l. Thereby, the authors have established
the effect of Cu,O as nanocatalyst to improve the
determination of Ag*. In this case, the Cu,O inhibits
the aggregation of Ag* -ssDNA-Au NPs and de-
creases the RRS intensity of the nanoparticles.
However, using this procedure the Ag* ions were de-
tected in lower concentration range 3.3—666.7 nM.L™"
with very low detection limit equal to 3.1 nM.L™". In

Table 10 Comparison of the RRS
technique in detecting Thiamine

with other analytical method

Methods LOD Concentration Range
Emission analysis using silica nanoparticles [80] 2nM.L™! 5-1000 nM.L™"
Fluorescence technique using cadmium nanorods [81] 29.6 nM.L™! 100-3000 nM.L™"
UV-Visible technique using AuNPs and alkaline phosphatase [82] 54 nMLL™! 150-3500 nM.L™!
RRS technique [79] 34nM.L™! 0-270 nM.L™!
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Table 11 The difference in the
sensitivity of various methods in

detecting mercury ions compared
to RRS technique

Methods LOD Concentration Range
Electrochemical method [86] 60 nM.L™! 20-250 nM.L™!
Solvent extraction followed by reversed phase HPLC [87] 0.8 nM.L™ 10-100 nM.L™
HPLC/ICP-MS [88] 0.4 nM.L™! 2.5-250 nM.L™!
RRS technique using dsDNA-Au NPs [85] 0.4 nM.L™' 2.5-60 nM.L™"

RRS technique using Au NPs-HAuCl, [84] 3nM.L™! 8-1330 L'

addition, the interference of some common metal ions
with a concentration equal to 0.66 uM.L™' was inves-
tigated, and it was found that these metal ions have
minim effect on the Au NPs RRS intensity, which
proves the selectivity of the method. Finally, the per-
centage of recovery was found to be between 96.7—
103.6% after calculating the concentration of Ag* was
calculated in water samples. Compared to other meth-
od, Chen et al. have demonstrated that RRS technique
is easy to operate in a wide range of concentration
and with low detection limit (See Table 12).

Determination of chromium ions

Chromium is used in metal alloys such as ceramics,
stainless steel, chrome plating, etc. This metal provides
a durable, highly and resistant coating. Thus, it can
also be toxic to the environment and to humans. In
fact, chromium can have negative effects on living
systems where it can accumulate in liver, brain and
heart muscle [93]. Hence, chromium III is present in
some human nutrition, where high level of it bind to
DNA molecule and therefor it will affect the cellular
structures and damage it [94] which make important to
find easy technique to detect chromium. Chen et al.
[95] were able to develop RRS technique in order to
detect chromium III in very low concentration using
gold nanoparticles formed through citrate reduction.
The fact of adding Cr** to the Au NPs solution,
network-liked aggregation of nanoparticles was ob-
served which demonstrate the ability of Cr’* in induc-
ing large scaled nanoparticles through chelating reac-
tion. Introduction of Cr’* ions onto the citrate capped
Au Ns enhance interestingly the RRS intensity. The

increasing of the intensity is due to the fact that car-
boxyl groups of citrate layer presented on the Au NPs
surface were chelated with Cr’* which increases the
size of the nanoparticles and thereby the enhancement
of the RRS intensity. The RRS intensity of Au NPs
increases proportionally with the increasing of Cr’*
concentration from 1 to 10 pM assuming that the lin-
ear determination for Cr’* was established with limit
of detection equal to 1 pM. The interference analysis
was done to evaluate the selectivity of the method. In
this purpose several metal ions were tested in a wide
concentration range from 10 to 1000 uM.L™' and it
was found that no increasing in the intensity was ob-
served for all the metal tested as the increased on Cr’*.
Hence, Chen et al. have demonstrated the excellent
selectivity of the RRS method to detect traces of
Cr’* over alkali, alkaline earth and heavy transition
metal ions. Some analytical techniques used to detect
Cr'*are listed in Table 13. Here association of other
metal ions during estimation can be challenge in RRS
technique.

Determination of lead ions

Lead is a highly poisonous metal that affect almost
every organ and system in the human body. It can
cause severe damage to the brain and kidneys and,
ultimately, death [83]. For this reason, it was neces-
sary to find a cheap and easy technique in order to
determine its quantity. Liang et al. [98] have
established a new RRS technique using couple hy-
dride generation reaction with nanogold formation.
For this purpose, Pb** ions were oxidized to Pb**
using K,Cr,07-H,0,, in order to facilitate the

Table 12 Comparison of the RRS
technique in detecting silver ions

with other spectroscopic method

Methods LOD Concentration Range
Fluorescence Method [91] 32 nM.L™! 50-70 nM.L !
Localized surface Plasmon resonance light scattering sensor [92] 62 nM.L™! 0.13-1.12 yMm.L™!
RRS intensity 58.5 nM.L! 0.067-1.33 uML.L™!
Nanocatalytic RRS [90] 3.1 nM.L"' nM.L™'
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Table 13 Comparison of the RRS
technique in detecting chromium

ions with other analytical method

Methods LOD Concentration Range
Fluorescence spectrum base CdTe quantum dots [96] 20 nM.L™! 0.0678-3.7 uML.L™!
Electrochemical technique [97] 0.1 uM.L™! 0.1-10 uM.L™!
RRS technique [95] 1 pM.L™! 1-10 M.L™!

reduction to Pb(0). However, to enhance the stability
of Pb**, K;3[Fe(CN)g] was added to the solution. In
fact, NaBH, was used as a reducing agent that re-
duces Pb*" to PbH,. The PbH, gas was adsorb by
the Au’* solution to form gold nanoparticles. The de-
termination of Pb was recorded using RRS technique.
It was found that the increasing in the Pb** concen-
tration increased the RRS intensity. Three RRS peak
were obtained at 286, 368 and 518 nm. Upon the
addition of Pb?* in the concentration range of 0.2
and 33.6 puM.L™', the RRS intensity at the 3 peaks
increased respectively, with a detection limit equal to
70 nM.L7".

In addition Li et al. [99] were able to detect Pb2+ ions
based on the use of gold nanoparticles catalyzed by graphene
oxide. In this case, Pb ions were determined in the concentra-
tion range between 2 and 75 nM.L™" with a detection limit
equal to 0.7 nM.L™". Hence, the RRS technique is useful to
determine Pb ions but not at high concentration. The differ-
ence in the concentration range between RRS technique and
other analytical method is presented in Table 14.

Determination of cationic dye

Cationic dyes are dissociated easily in water into positively
charged ions and interact with negatively charged molecule.
In fact, cationic dyes assemble on the out layer of the mole-
cule. However, cationic dye can be determined using nano-
particle with negative charge surface. Youqiu et al. [102] have
studied the interaction of Safranin T (ST) dye with the out
layer of gold nanoparticles and its change on the optical and
spectral properties of Au NPs. The Au NPs in this case were
synthesized by tannic acid-sodium citrate reduction methods
which assure the presence of citrate ions on the Au NPs sur-
face. The Au NPs resulted were spherically shaped and well

dispersed, they increased in size when adding ST from 12 nm
to 16 nm without changing in the shape. When adding ST in
the concentration between 1.4 umol.L™' —250 pumol.L " at
pH 5 the RRS wavelength red shifted and the intensity de-
creases gradually. Youqiu et al. have defined the RRS tech-
nique to detect ST with low detection limit equal to
1.2 pm.L™". The authors have described the interaction be-
tween ST and Au NPs as below. First of all, the citrate ion
present in the solution at pH 5 exists mainly in the species of
(H,L)*" and can self-assemble on the Au NPs surface where
one carboxylate oxygen in (H,L)*~ approaches to the Au NPs
surface by virtue electrostatic attraction and the other carbox-
ylate oxygen moves outward to modify the Au NPs surface
charge and make it totally negative in the form of
[(Au),(H,L),,]*. Therefore, the resulting complex is a nega-
tive charge supramolecule. It interacts with the positively
charge dye ST through the carboxylate oxygen on the surface
through hydrophobic force and charge transfer action. This
interaction results in the formation of a stable three layer
supermolecular compound {[(Au),(H>L),,]*".(R")}«. In other
words, the au NPs are the kernel, the ST is the out layer and the
(H2L)* is the bridge between the two components. Finally,
Yougiu et al. have verified the sensitivity of RRS technique in
the determination of ST compared to other spectrophotometric
and analytical method with very low detection limit equal to
1.2 pm.L™". The difference between the methods used to de-
tect safranine T is summarized in Table 15.

Sensing using silver nanoparticles

Silver nanoparticles (Ag NPs) are interestingly gaining popu-
larity, where researchers are developing different strategies for
optical probes and imaging techniques using Ag NPs as build-
ing blocks and labeling probes [105]. Ag NPs processes high

Table 14  Comparison of the RRS technique in detecting chromium ions with other available method

Methods LOD Concentration Range
Electrochemical method [100] 1 nM.L™! 1.5-240 nM.L™'
Strip immunusensor tecgnique [101] 10 nM.L™! 0-300 nM.L™"

RRS technique using couple hydride generation reaction [98] 70 nM.L™! 0.2-33.6 uM.L-1
RRS technique using gold nanoparticles catalyzed by graphene oxide [99] 0.7 nM.L™'! 2-7 nM.mL ™"
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Table 15 Low LOD value of RRS technique in detecting safranin T compared to other techniques

Methods LOD Concentration Range
Tonic liquid coated magnetic Core/Shell Fe;0,@ SiO, nanoparticles [103] 0.1 nM.L™ 0.3-370 nM.L™!
CTAB sensitized fluorescence quenching [104] 0.096 nM.L™' 0.28-11 nM.L™"
RRS technique [102] 12pM.L! 1.4-250 uM.L™!

extinction coefficient, sharper extinction bands and high ratio
of scattering to extinction [105]. Therefore, Ag NPs are con-
sidered as promising alternative of Au NPs in many applica-
tions in the domains of medicine, microbiology and analytical
chemistry [106]. These days, silver nanoparticles are being
developed to be used as probes to detect several analytes
based on the RRS technique instead of using electrochemical,
colorimetric or analytical method.

Determination of nucleic acid

Nucleic acid contain essentially the genetic information and
play an interestingly role in protein biosynthesis. They are
formed by the polymerization of nucleotides and consist of
two major compounds D-ribose in ribonucleic acid (RNA)
and D-2-deoxyribose in deoxyribonucleic acid (DNA) [107].
El khoury et al. [108] established the efficiency of detecting
DNA and RNA using RRS technique and silver nanoparticles
through AI** bond. In fact, B-Diketone moiety of curcumin
can chelate to cationic metal as AI**. DNA alone had no RRS
intensity and when adding DNA to Ag NPs solution weak
RRS peak is noticed. However, the RRS intensity of Ag
NPs increases interestingly when adding DNA solution to
the modified Ag NPs- AI** which assures the presence of
interaction between Ag NPs- AI’* and DNA. The interaction
is due to the adduct of AI** with the double standard DNA
through phosphate groups and base residues sites (See Fig. 7).

The change in the RRS intensity is proportional to the
DNA concentration in the range from 10 to 100 pug.mL™". In
consequence, large aggregates will be formed when mixing
AgNPs- APP* with DNA producing Ag NPs- AI**-DNA com-
plex, inducing the enhancement of the RRS intensity.

é PVP
® s

Fig. 7 Determination of DNA and RNA using Ag NPs-AI**

Curcumin

Subsequently, when replacing DNA molecule with RNA
molecule, same results were obtained since DNA and RNA
possess alternatively same structure containing phosphate
groups as shown in Fig. 8. The determination of DNA and
RNA was established in the concentration range between 10
and 100 pg.mL .

Even though, that in the literature there is some technique
that possesses lower LOD (See Table 16) but El-Koury et al.
were able to detect DNA and RNA molecule in a very wide
range between 10 and 100 pug.mL ™" with very low detection
limit equal to 12 and 38 ug.mL 'based on RRS technique
cheaper and easy to manipulate. However, electrochemical
method promises to be more accurate and sensitive method
in lower concentration range compared to RRS technique.

Determination of insecticides

Insecticides are protective compounds in agricultural crop
against damaging caused by the insects, consist of
triphosphoryl (P=S) functional group. Ethion is an organo-
phosphate insecticide and it affects a neural enzyme called
acetylcholinesterase and prevents it from working inducing
the accumulation of acetylcholine at nerve endings in the pe-
ripheral; or central nervous system [113]. Parham et al. [114]
have succeeded to develop the RRS technique based on the
use of silver nanoparticles to detect ethion. The synthesized
Ag NPs were spheres in shape and small in size about 20 nm.
However, when adding ethion the particles aggregated to form
bigger particles. This aggregation is due to self-assemble of
the thiol groups present in the ethion molecule with the O- of
the citrate group as below:

Nano-Silver

Low RRS Signal High RRS Signal
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Fig. 8 Synchronous fluorescence spectra (SFS) at AA =0 nm of Ag NPs
with different concentration of RNA

This self-assemble lead to the formation of strictly arranged
monolayers at high concentration, onto the surface of silver
nanoparticles (See Fig. 9). This aggregation will lead to the
quenching of the RRS intensity of Ag NPs after the addition of
ethion.

The determination of ethion was done by adding different
concentration in the region between 10 and 900 pg/L. The
increasing in the concentration quenched greatly the RRS
spectra, where the RRS intensity of Ag NPs decreased gradu-
ally. The detection limit was very low and equal to 3.7 ug/L.
the intra and inter-day precision was also established in quality
control water and in water sample.

Conclusion

Resonance Rayleigh scattering is shown to facilitate the deter-
mination of several proteins, pesticides, insecticides, metal
ions, fungicides and nucleic acid. The determination of these
product using RRS technique have reached very low detection
limits in a wide concentration range, without any doubts re-
garding the interference with co-existing substances. Several
researchers have proven the feasibility of the RRS technique
using nanoparticles as probes in comparison with the analyt-
ical method. Although, RRS technique has been successfully
applied to determine various analyte in serum sample, the
technique cannot be applied to samples that have strong ab-
sorption (color) and fluorescence such as blood due to inner
filter effects. Hence, RRS technique is very sensitive to sev-
eral interactions as intermolecular electrostatic attraction,

Table 16 Comparison of the RRS

technique in detecting D-2- DNA  Methods LOD Concentration Range
deoxyribose in deoxyribonucleic Electrochemical technique using Au NPs [109] 0.66 ngmL™'  2.4-244 ngmL™'
acid and D-ribose in ribonucleic Electrochemical method using change in flexibility [110] ~ 0.33 ngmL™"  0.66-132 ng.mL""
acid with other analytical method Colorimetric method [111] 2.8 ngmL™ 0-33 ngmL™*
RRS technique [108] 12 ugmL™" 10-100 pg.mL™"
RNA  Label free electrochemical method [112] 0.14 fgmL™"  0.34-34 fgmL™
RRS technique [108] 38 ugmL™ 10-100 pug.mL ™
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Fig. 9 Self-assemble of thiol group in presence of citrate ions

Table 17  The difference in the concentration range to detect ethion
molecules using RRS technique and analytical method

Methods LOD Concentration Range

Solid-phase microextraction [115] 22 ugL™'  0.1-1 ug L™’
GC-FPD [116] 20 ugL™' 1040 pg L'
RRS technique [114] 37 ugL™" 10900 ugL!

hydrogen bonding etc. which limits the use of it. Finally, the
RRS technique was found to be cheap, fast and easy to ma-
nipulate without any pretreatment of the targeted analyte com-
pared to other technique that they are more expensive, time
consuming and need several pretreatments.

Compliance with ethical standards The author(s) declare
that they have no competing interests.
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