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ARTICLE INFO ABSTRACT

Keywords: Plant hormones are the molecules that control the vigorous development of plants and help to cope with the
Surface enhanced Raman spectroscopy stress conditions efficiently due to vital and mechanized physiochemical regulations. Biologists and analytical
Nanoparticles

chemists, both endorsed the extreme problems to quantify plant hormones due to their low level existence in
plants and the technological support is devastatingly required to established reliable and efficient detection
methods of plant hormones. Surface Enhanced Raman Spectroscopy (SERS) technology is becoming vigorously
favored and can be used to accurately and specifically identify biological and chemical molecules. Subsistence
molecular properties with varying excitation wavelength require the pertinent substrate to detect SERS signals
from plant hormones. Three typical mechanisms of Raman signal enhancement have been discovered, electro-
magnetic, chemical and Tip-enhanced Raman spectroscopy (TERS). Though, complex detection samples hinder
in consistent and reproducible results of SERS-based technology. However, different algorithmic models applied
on preprocessed data enhanced the prediction performances of Raman spectra by many folds and decreased the
fluorescence value. By incorporating SERS measurements into the microfluidic platform, further highly repeat-
able SERS results can be obtained. This review paper tends to study the fundamental working principles,
methods, applications of SERS systems and their execution in experiments of rapid determination of plant
hormones as well as several ways of integrated SERS substrates. The challenges to develop an SERS-microfluidic
framework with reproducible and accurate results for plant hormone detection are discussed comprehensively
and highlighted the key areas for future investigation briefly.

Plant hormones detection
Microfluidic system
Raman active substrate

1. Introduction

Phytohormones are those trifling elements which are structurally
unrelated but critically important to regulate plant growth plasticity [1]
in response to environmental stimuli by taking adaptive measures in
adverse conditions [2,3]. Five classical plant hormones are known as
ethylene, auxin, gibberellins (GA), cytokinins (CKs), and abscisic acid
(ABA). Later research extended phytohormones’ circle by discovering
salicylic acid (SA), strigolactones (SLs), Brassinosteroids (BRs) and
jasmonates (JAs) [2,4]. Research analysis, identification and efficient

detection and monitoring have revealed critical importance of endoge-
nous plant hormones.

A journey from plant hormones discovery till now has made strong
instrumental development with mature and specific plant hormones
analysis, i.e. gas chromatography-mass spectrometry (GC-MS), capillary
electrophoresis (CE) [5], enzyme-linked immune sorbent assay (ELISA)
[6], ultra-performance liquid chromatography-mass spectrometry
(UPLC-MS) [7], high performance liquid chromatography-mass spec-
trometry (HPLC-MS) [8,9], liquid chromatography-ultraviolet detection
(LC-UV) [10] and so on. Modern analytical techniques should have a
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high degree of specificity and sensitivity, identify and quantitative
analysis. They should target analytes with the lowest sample pretreat-
ment requirements, and discuss the dual nature of plant hormones as
inhibitors and activators of plant growth and development as well
[11-15]. Lack of rapid, selective and sensitive detection of chemical
species in current methods lead to the development of advanced SERS
techniques [16].

Amongst most of the available technologies, Raman technique has
proven to be a significant substitute to provide non-destructive, fast and
precise analysis. Raman technique also becomes unique from other
technologies due to its least required sample preparations and han-
dlings. Raman’s inelastic scattering provides ample spectral information
about molecules, and the distinctive spectrum acquired can specifically
identify the specific element in composite matrices, i.e. food, organisms
and materials [17]. However, a vital drawback of conventional Raman is
that inelastic scattering process is weak, resulting in weak signals that
ultimately limit the Raman applications and make the detections diffi-
cult. Contrastingly, this spectrum of weak signals can hardly be
disturbed by water that shows great potential of Raman utilization in
aqueous systems [18]. Conducive to expand the utilization of Raman
technique, numerous strategies have been established to enhance the
signal strength. Amongst the most important techniques to amplify
Raman scattering is SERS, which has a very high Raman signal intensity
and exhibits a significant enhancement factor (EF) reaching 10 [19].

SERS is an amplification of the inelastic scattering of light at mole-
cules on metal surfaces of nanostructures [20]. Its versatile analytical
technique in which laser excites vibrational transition in nanostructure
plasmonic metal creates Raman signals to form a characteristic spectrum
or “molecular fingerprint” [21,22]. Weak Raman signals of molecules
are amplified by avoiding strong background fluorescence and excited
plasmonic resonance, as a result, SERS can directly determine picomoles
to femtomoles of analyte in samples [23,24]. Furthermore, preparation
of complex structures for advanced optoelectronic and microfluidic
applications has become far easy and versatile because laser can make
periodic patterned structures with nanoparticles (NPs) and they can be
utilized in SERS determinations [25-27]. However, spatially and spec-
trally correlated SERS and surface plasmon resonance spectra are
needed to be optimized with the excitation laser wavelength [28,29].

Under the stimulation of incident light at a certain wavelength,
conductive electrons strongly generate the electric field on the surface of
plasmonic nanostructures [30,31]. Plasmonic nanostructures with
certain textures and structures elevate the sensitivity of SERS-based
molecular analysis, as well as Raman intensity is enhanced [32].
Unique optical properties of gold (Au) and silver (Ag) made them widely
used NPs in plasmonic resonance techniques. Light strongly scattered by
plasmon NPs leads to localization, quantification and molecular imaging
of analytes [33]. Ranging from nanospheres to nanowires, hollow
nanocages, high aspect ratio nanorods (NR), and top-down nanochips
deposited, plasma NP structures are modified according to the require-
ment [34]. Molybdenum disulfide (MoS5) based nanohybrids and novel
green method (photochemical reduction of femtosecond laser pulses)
are certain examples of enhancing chemical catalytic performances of
modified plasmonic NPs with distinguished biochemical sensing prop-
erties [35].

Surface modification is another approach to enhance the SERS sub-
strates’ stability and uniformity and its activity during the SERS detec-
tion process. These modifications are achieved by creating SERS-active
“hot spots” in adjacent metal NPs at a sufficiently close distance [36,37].
Various SERS applications are in run with these modifications yet in
order to achieve high signal enhancement factors (EF) and uniformity in
analytical approach consistent and low-cost substrates are in deep de-
mand [38]. Various SERS-active substrates are now in action with
greater sensitivity and signal enhancement by utilizing surface modifi-
cation or immobilization [39]. Rough metal surfaces of different shapes
and sizes under different conditions came in form by electrochemical
deposition of gold, silver, lithium, copper or colloids of other metal

Talanta 236 (2022) 122823

particles [40] and by polymerization methods as well [41]. The local-
ized surface plasmon resonance (LSPR) of the plasmonic molecule NP
caused a remarkable enhancement of SERS of the target molecule, which
was subjected to the contribution of the metal to the charge transfer of
the target molecule [42]. In non-plasmonic conditions, SERS is thought
to be related to the Charge-transfer (CT) transition, which is called
chemical enhancement (CE) [43]. It is not always easy to single out the
ones, which belonged to Raman enhancement, the reason CE known to
occur asymmetrical. CE effect can be briefly described by specific
interactivity among molecules and surfaces which includes CT, ex-
change or covalence [44-47].

The application of different forms of plasmonic nanoparticles to
prepare SERS substrates and use of different excitation ranges of laser
spectra in the detection of plant hormones will be discussed in this re-
view. This study targets the improved designs of SERS substrates and
their reliable synthesis to increase the market value by using plasmonic
nanoparticles for plant hormone detection. Finally, the emerging trends
and challenges and future directions in the detection of plant hormones
using SERS are mentioned in the conclusion section. This review paper
further tends to study the fundamental working principles, methods,
applications of SERS systems and their execution in experiments of rapid
determination of plant hormones using several ways of integrated SERS
substrates.

2. SERS: A revolution in laser detection

Since the evolution of SERS on a rough Ag metal surface in 1970,
material sciences, life sciences, biochemistry and field of chemistry have
modernized in rapid detection applications. Because Raman scattering is
a phenomenon of gain of energy (anti-Stokes) or energy loss (Stokes) of
inelastic scattering of photons through plasmon nanostructures which
enables sensitive and real-time detection up to single molecular level
[48-51]. This change of energy is called Raman shift and possesses an
expression as follows

o 1 1 (107nm)
Ao (cm )*(zo(nm)M(nm)) em) "

where.

Ao is denoted for incident wavelength

A1 is denoted for scattered Raman wavelength [32].

Raman phenomenon is a light interaction process with molecules
comprised of two steps (1) excitation process (2) emission process [52,
53]. Both molecular specificity and high enhancement factors are gained
using engineered plasmonic surfaces in numerous bioanalytical appli-
cations that make Raman scattering a powerful analytical tool [54]. As a
result of electromagnetic radiation at metal-dielectric interface, adja-
cent molecules of surface plasmons (SPs) are excited and Raman signals
are enhanced significantly [55-57]. Principle illustration of Raman
process is expressed in a schematic diagram (Fig. 1) [32].

SERS intensity of a molecule is briefed by the following expression
[581,

4
|Eo[? 2

where.
N determined numbers of scatterers of laser focal volume.
Ejoc is for enhanced amplitude of electric field
osers denoted the factor of chemical enhancement.
EO denoted the incident electrical field.
P is power of enhanced Raman radiation.

2.1. Enhancement mechanism in SERS

SERS can precisely improve SERS signals of molecules adjacent to
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Fig. 1. Principle illustration of surface enhanced Raman scattering process.
Combination of plasmonic nanoparticles and laser excitation wavelength on
rough metal surfaces generate Raman scattered beam. Rough metal surfaces
further help to amplify weak Raman signals [32].

metal nanostructures [59-61]. Moskovits (1978) explained the EM
mechanism phenomenon of SERS first time in 1978 [62] and later on
briefed by Kerker [63]. Though, three mechanisms of Raman signal
enhancement have been discovered (I) electromagnetic enhancement
[62,64], (II) chemical enhancement [65] and (III) Tip-enhanced Raman
spectroscopy (TERS) [66] yet particular enhancement mechanism is still
a debatable study [67-69].

2.1.1. Electromagnetic enhancement

Raman enhancement by plasmon resonance excitation is commonly
denoted as electromagnetic enhancement which contributes about
10*-107 of enhancement mechanism in SERS [70-75]. EM enhancement
is a result of excited plasmonic metal NPs and detailed temporal and
spectral changes of single molecular function in SPs are reported by
SERS spectroscopy [54,76]. Near a graphene waveguide, when the
donor and acceptor are localized to the waveguide, SPs lead to an in-
crease in the electromagnetic energy transfer rate in a theoretical study
[77]. Many scientists have done experimental studies to investigate
electromagnetic phenomenon. .On the top of the list Kall and his col-
leagues’ work is recognized, who in 1999 analyzed and solved the
complete electrodynamic equation related to the generalized Mie the-
ory. They further calculated the local field enhancement in the silver
nanosphere dimer [52]. For isolated molecules (a) and clusters (b), it is
observed that the Raman spectra calculated utilizing time-dependent
density functional theory (TDDFT) are similar (Fig. 2) [78,79].
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A novel method in SERS is getting rise in which plasmonic properties
are tuned by polarization of incident light and surface is programmed by
gradient permittivity of material (Fig. 3) [80]. Enhanced SERS perfor-
mance in literature has been reported when SP wavelength (Agp) of the
nanostructure was amongst excitation wavelength (Aex) and Raman
signal wavelength Ags [75,81-84].

SERS activity in tunable silver nanodomes (AgNDs) was enhanced up
to two orders of magnitude (analytical enhancement factor (AEF), 6.05
x 10%) because intense E-field was distributed amongst neighboring
AgNDs and AgNDs. A gpr was present in-between Aexe and Ags [85]
(Fig. 4). Therefore, in EM mechanism significant, Raman enhancement
is described as a response of surface plasmon resonance generated due to
the plasmon energy of noble metals when meet to the excitation energy
of lasers [86].

2.1.2. Chemical enhancement

Chemical enhancement (CE) is a mechanism of SERS enhancement
considered advanced and mandatory part of plasmonic EM theory which
depends not only substrate but analyte molecules as well [87]. Stronger
enhancement of pyridine compared to water [88] was not explainable

~

<

Fig. 3. Schematic illustrating localization of field and effects of enhancement
on gradient permittivity material. Free-space light stimulates surface plasmon
polaritons (SPPs) that proliferated in two dimensional directions along
permittivity gradient. Excited SPPs propagated in the directions of green arrows
and enhancement and localization of SPPs is directed toward green wave [80].
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. (a) TDDFT spectra of pyridine. (b) The SERS results of the experiment. (c¢) pyridine/silver complex [78].
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Fig. 4. Illustration of Raman signals of 4-ATP molecules congregated on AgNDs
and Ag thin film [85].

only by EM mechanism [78] which lead to an incipient study of chem-
ical mechanism (CM) based enhancement [47,89-91] and named as
“first layer effect” [89,90].

Charge-transfer (CT) mechanism is well recognized phenomenon in
SERS chemical enhancement. Electrolyte ions are fundamental in CT
complexes, either formed by direct (covalent) or indirect binding, to
create hot spots by aggregating NPs [92-96]. Analyte molecule when
binds to a nanostructured noble metal surface, weak Raman signal can
be intensified by factor of 108 [97]. CE includes several different tran-
sitions/processes that manifests relatively complex enhancing factors
[43]. CE tends to be varied depending on metal surface and the CT
among the substrate and the adsorbed molecule (Fig. 5) [98,99].

CT efficiency and modified chemical active sites in semiconductors
substrates are important factors of SERS enhancements [101-104].
Charge transition behaves differently for dielectric substrates. In this
case, valence band (VB) of substrates and lowest unoccupied molecular
orbital (LUMO) of molecules as well as highest occupied molecular
orbital of molecules and conduction band (CB) edge of substrates
become critically important factors. CT in metals occurs between fermi
level and highest occupied molecular orbital of analytes [105-107].
Chemical enhancement can be significantly improved by solvent envi-
ronment for both non-resonance enhancing in Raman signals of chem-
ical bonds and resonance SERS enhancing of photo-excited CT
[108-110].

Chemical interface damping was recognized as new technique under
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resonant condition in which CE contribution to the SERS signal can be
quantified and tuned selectively [111-113]. Largest enhancement factor
reached to 2.5 in a study of SERS measurement for Rhodamine 6G (R6G)
molecules with tuned N-doped graphene (NGs) substrate. By using the
electric field effect to adjust the graphene Fermi level, enhanced
magnitude was found to be greater than Raman modulation (Fig. 6).
Tunable graphene enhanced Raman scattering eventually expressed it-
self being chemical enhancement mechanism derived from the CT
settled among substrate and probe molecule [114-116].

2.1.3. Tip-enhanced Raman Spectroscopy

Tip-enhanced Raman spectroscopy (TERS) is specialized method of
SERS in which Raman enhancement only occurs on the sharp pin (coated
with gold) to the closest atoms [117]. This technique was first proposed
by Wessel in 1985 by achieving single point enhancement using scan-
ning probe microscopy (SPM) near the apex of the plasmonic nanotip
(Fig. 7) [66,118,119]. By positioning and raster scanning nanotip on a
sample, high spatial resolution of 20-30 nm can be achieved. While

Pristine
—N9
il [t —N 50
'1.‘,,,»""" g ‘ﬁ.-t-n.ﬂ,.\‘m . ——N%
l “J, — N0
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Fig. 6. Raman bands of R6G molecules with an adsorption concentration of 5
x 1077 M on the pristine and nitrogen-doped graphene. The relative EF of the
five bands increase with the increase of N-content, and the maximum EF related
to NG can reach 2.5 and after that decrease. In all cases integration time was 8
s [116].
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Fig. 5. Analysis of photo-degradation model producing CE in SERS. The energy of the excitation laser is far less than the energy of the substrate surface plasmons.

SERS is believed to be related to the charge transfer transition [100].
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Fig. 7. Schematic diagram of Tip-enhanced Raman spectroscopy [119]. Ac-
cording to sample size and incident wavelength, 0.5-1.0 pm spot sized
diffraction limit is generated by bringing SERS active tip within laser spot
on samples.

enhancement factor of about 10® — 10° can measure weak phonon
modes from jot of samples [120-124].

TERS technique combines atomic force microscopy (AFM) [125] or
scanning tunneling microscopy (STM) [126] with Raman spectroscopy.
Fundamentally two factors, plasmonic probe tip material and tip-sample
distance, generates the stable and reproducible Raman enhancing
spectra [127,128]. Generally Au tips are utilized for excitation range of
633-785 nm. Enhancement factor in graphs (Fig. 8) for 488 nm exci-
tation wavelength with silver tips was performed in which excitation
wavelength can vary up to 568 nm. Stable and reproducible signal in-
tensity is dependent on surface plasmons at the tip apex [118,129-131].
Plasmonic tip perceives Raman scattering by a far-field detector and
TERS enhancement is maximized by collecting/dispersing proficiency of
plasmonic tip from/to the far field which is the fundamental principle of
TERS [129,132].

2.2. Setup configuration of SERS (laser, excited beam and emission

wavelengths)

Raman Effect is the fundamental principle of Raman spectroscopy in
which inelastic scattering of photons from a Raman active sample occurs
[133,134]. Excitation photons from a laser of calibrated frequency and
polarization in range of UV-Vis-IR scatter from molecules [135-137].
Resulted “Raman shift” in Raman Spectroscopy integrated with metal
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surface (nano) technology explicated a powerful analytical tool named
“Surface Enhanced Raman Spectroscopy” [138-140]. Raman signals
raised are intrinsically very week in nature. In case of fluorescent
compounds weak Raman signal is concealed by fluorescence signals
[141-143]. Strong fluorescence signals can be kept at arm’s length by
selecting appropriate laser excitation wavelength, especially near
infrared (NIR) photon selection [144].

Effective Raman hotspots give rise to an ultrahigh Raman scattering
generating absorption spectra ranging from 600 to 800 nm for plant
hormone detection [145]. Similar SERS spectrum band was observed
when 633-nm exciting laser was used at 6 mW power [146]. Efficiency
of SERS activity varies with the Raman active molecules in a dispersive
Laser Raman system. .In a Laser Raman system (Argon-ion, He-Ne, and
diode lasers operating at 514.5 nm, 633 nm and 782 nm excitation
wavelength, respectively), Argon-lon laser has found to be more effi-
cient for non-fluorescent compounds as compared to diode laser. It is
given the preference to eliminate characteristic fluorescence of many of
the elements in Raman excitation studies [144,147-150]. AgNPs used
for localized surface plasmon resonance have a size of 10-30 nm has
absorption spectra not more than 450 nm. Absorption wavelength be-
comes stronger by AgNPs deposition and increased quantity [151,152].

SERS spectra emissions have been recorded for varied excitation
wavelength because several SERS active molecules feature different
characteristics [153]. Molecular absorption properties close to 1064 nm
can enhance resonance, e.g. dye IR-1048 (sigma-Aldrich) has a strong
molecular absorption at 1048 nm as compared to dye IR-27 having a
maximum absorption at 988 nm [154]. Excitation wavelength at 785 nm
may produce SERS signals from these molecules but strong associated
fluorescence can mask SERS signals effectively prior to detection. SERS
detection may then occur with 1064 nm excitation [155-158].

3. Detection of plant hormones using SERS

Literatures have described two ways of study on plant hormones
detection. One is theoretical study and other is practical study. Both are
described below to make a compact review for further modifications in
SERS enhancements.

3.1. Theoretical studies on the detection of plant hormone using SERS

Plants under biotic and abiotic stresses are severely affected by yield
as well as growth and development [159-161]. The stress conditions are
efficiently thrived by plants due to a vital and mechanized physi-
ochemical regulations of effector molecules known as plant hormones
[162,163]. These secondary metabolites are present in very low con-
centrations (generally 1 pmol L™1) in plant tissues but produce high
bioactive signals [164]. Biosensing analysis applications required to be
more specific in detection and imaging of target molecules having nar-
row Raman vibrational spectra. SERS is a nondestructive biosensing
technique to provide specific fingerprint spectrum as well as structure of
the target molecule [165-167]. Herein, theoretical studies regarding
plant hormone detection using SERS are summarized.
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Fig. 8. The enhancement effect of various shapes of Ag probes. (A) Grains arranged discretely on the tip. (B) Rough grooved granular tip. (C) The tip is smooth [118].
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3.1.1. Dempster-Shafer theory

Arthur P. Dempster evolved a mathematical evidence theory [168,
169] which can infuse combined notions of imprecise, uncertain and
incomplete information of different sources [170,171]. Glenn Shafer in
1976 further extended this work [172] and now known as
Dempster-Shafer (DS) theory, an extended form of Bayesian probability
theory. Fuzzy theory model combined with DS evidence theory for
estimation of Auxin-response element (AuxRE) decreased false positive
results. A comparison of true and false positive resulted values is
attributed in Fig. 9. DS data fusion decreased the false positive per-
centage to 90% when compared to Method 1 and Method 2 separately
presented in the graph. Importance of data fusion with improved reli-
ability of prediction was indicated when credibility value equals 0.9
[173].

3.1.2. Density functional theory

Density functional theory (DFT) computes strategies from obtained
information of properties, energies and structures of molecules and
atoms [174,175]. Biochemical industry was able to get sharp and clear
concepts in chemistry as DFT of molecules and atoms was endorsed by
Parr and Yang [176]. DFT theoretically simulated the molecular char-
acteristics and frequency of plant growth regulators (PGRs)-isolated
molecules  resorted  Becke  three-parameter  Lee-Yang-Parr
(B3LYP)/6-31G (d, p) model. According to Fresnel formula, the signif-
icant frequencies range of 0.06-4 THz among absorption coefficient and
PGRs refractive index were recorded [177,178].

3.2. Experimental studied on the detection of plant hormone using SERS

Plant hormones in low concentration and trace amounts can now be
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determined by the use of noble metals in SERS which can produce
unique spectral fingerprint in a composite matrix [179,180]. Fast, spe-
cific and precise SERS investigation of trace N® —-Benzyladenine, one of
the cytokinins with extreme importance in multiple stresses of drought,
salinity, temperature extremes and responsible for antioxidant activities
in leaves of plants [181], developed an Au colloidal NPs substrate in a
complex matrix [182]. Another study proposed certain flavonoids
(hesperetin, naringenin, quercetin, and luteolin) detection using silica
NPs template to embed silver nanoparticles (SiO;@Ag@Et-p-CD NPs)
that generated hot spots and SERS signals. SERS activity for luteolin
determination in terms of selectivity and sensitivity was observed with
highest bands. SERS intensity peaks 513, 684, 742, and 1123 cm ! were
observed to be increased with the luteolin concentration rage.
Normalized SERS intensity in this system for luteolin was observed at
742 cm~! (Fig. 10) and 1077 M limit of detection (LOD) compared to
other organic molecules had been observed [183,184].

Novel strategic analogies have been integrated with SERS techniques
to assess the plant hormones, though they are not many and can count
on the fingers of one hand. A cationic Ehrlich reaction strategy devel-
oped to detect indole-3-butyric acid (IBA) plant hormone selectively
raised new absorption spectrum of 600-800 nm. Au NPs hotspots, p-
(dimethylamino) benzaldehyde Ehrlich reaction and exited laser
generated ultrahigh Raman scattering down to nanomolar level having
LOD of 2.0 nM IBA. About 97.5%-101% IBA was recovered (Fig. 11).
Plant hormonal detection, molecular mechanisms and dynamic assess-
ments to understand wider role and physiochemical importance of plant
hormones can easily be assessed by this potential strategy [146].

Using paper strip with immobilized Au-NPs on it, a label free rapid
determination method of Brassinosteroids (steroidal phytohormone)
was developed. This on-site detection technique of plant tissues

Method 1 Mcthod 2
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Fig. 9. Before and after data fusion, the progression of positive and false detection values based on credibility value. After data fusion through DS theory combi-
nation, the credibility value is equal to 0.9, the number of false positives significantly reduced to the offset point [173].
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Fig. 11. Au nanoparticles Raman enhancement of mung bean sprout concen-
trated with IBA in between 600 and 800 nm. Red circle clearly indicated the
Raman signal of blank sample at 1498 cm ™! [146]. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

possesses many properties e.g. high reproducibility (RSD: 3-13.8%),
high EF (1.13 x 108), limit of detection (1 x 10~ 1) and more significant
value of R? (0.99). Moreover, this technique holds a long term stability
response to Raman spectrum [185]. Another study used the fibers of
filter papers to fabricate AgNPs coated paper for simple and rapid
detection. This study not only achieved the lower LODs (10! and
1071% M) for low abundance molecules but uniform and reproducible
detection results were achieved [186].

3.2.1. Substrates of SERS to plant hormones

Subsistence molecular properties with varying excitation wave-
length require pertinent substrate to detect SERS signals for plant hor-
mone detection. An effective detection of flavonoids was performed on
basis of AgNP bound on silica nanoparticles (SiO,@Ag@Et-p-CD NPs)
substrate (Fig. 12). Ethylenediamine-modified B-cyclodextrin (Et-$-CD)
served as ligand for flavonoids and to create hotspots and SERS signals
Silica NPs served as template for silver NPs embedding. Resulted
SiO2@Ag@Et-B-CD NPs substrate captured Raman signals which indi-
cated the substrate as fast, delicate and discerning sensor to detect fla-
vonoids hormones [183].

The sensitive detection of 6-benzylaminopurine (6-BAP) using SERS,
generated significantly improved SERS signals due to use of enhanced
substrate of gold colloidal nanoparticle formulated by reducing chlor-
oauric acid with sodium citrate (Fig. 13). The concentration linear of 6-
BAP extraction ranged from 0.1 to 5.0 pg mL™}, and peak intensities of
SERS signals were observed at 1002, 1318 and 1336 em~ ! [188].

Rather than using enhanced substrates, commonly and commercially
available substrates can also output significantly enhanced Raman sig-
nals, Klarite is among one of them. The Klarite substrate is composed of a
silicon surface, forming square assemblage of micron-sized square pyr-
amid voids covered by 300 nm gold coating. They are the commonly
used SERS substrate causing the enhancement alongside Klarite pit due
to surface plasmons [189-191]. Standard Klarite substrate with a
thickness of 300 nm (Fig. 14), contributes minimal for the plasmon ef-
fect. The plasmon contribution to electromagnetic enhancement sub-
stantially enhances if the gold coating thickens to 125 nm, causing
enhancement to almost the double [192].

Paper based substrates has successfully been used with significant
LOD in several plant detection techniques. In a paper based substrate,
ISSMG method was used in an aqueous media and Au seeds were
transferred on paper in the presence of HAuCl4 and NaBHy. In the ISSMG
technique paper in vertical position is kept in y-PGA media, then Au ions
are treated with HAuCly for deposition of Au particles on paper. NaBHy

Ag@Si0; NPs

> L“)
Z O
x z‘ L'd

Et-g-CD
(Flavonoid capturing ligand)

SERS based flavonoid detection

Et-B-CD@ Ag@SiO, NPs

Fig. 12. Et-p-CD immobilized on aggregated Ag-NP bound on silica nanoparticles (SiO,@Ag@Et-p-CD NPs) act as substrate in SERS analysis of flavonoids deter-

mination [183].
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Fig. 13. SERS of 6-BAP: changes in typical Raman shift were recorded at
different concentrations of 6-BAP extraction [188].
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Fig. 14. The relationship between the maximum SERS signal (only electro-
magnetic enhancement) and the film thickness on the pit wall is normalized to
the maximum SERS signal with a metal thickness of 300 nm along the pit wall.
Field distribution of a pit with a gold coating of 100 nm thickness showed in an
inset of graph [192]. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

is then applied to reduce Au nanoparticles and subsequent washing is
done with water to remove strayed particles from solution. Hydrophilic
sections are transformed in white color and are activated via gold
nanoparticles fabrications that ultimately expressed high EF (1.13 x
10®) [185]. Another filter based substrate was produced in which AgNPs
were coated on filter papers. AgNPs were deposited in the inner layer of
paper and for that purpose, spaces of cellulose structured paper were
enlarged by putting it into 0.5 molL ! AgNO3/EG media and then AgNPs
were coated [186].

3.2.2. Surface modification of the nano-particles

Nanoparticles with certain surface modifications can amplify SERS
signals by generating enhanced plasmon effect from local EM field to
rapidly detect the Raman active molecules. Nanogaps can generate a
strong EM field where molecules are present to originate strong SERS
signals [193]. Moreover, SERS substrates with high molecular concen-
trations are also responsible for strong signals [194]. Magnetic nano-
particles substrates of transition iron oxide act as contrast enhancement
agents. This action occurs due to the surface modifications of magnetic
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core with pertinent organic or inorganic polymers (i.e. Poly-
ethyleneglycol (PEG), Polyethyleneimine (PEI), Polyvinylalcohol
(PVA)) orsilica and Au by considering precise and specific chemical and
physical properties of metals [195].

Hydrophobic surface modification of substrate is preferably more
significant due to efficient amplification of SERS signals. Wettability
properties of nanostructures from hydrophilic to hydrophobic are con-
verted by concentrating the diluted analyte in the droplet which can
increase surface roughness and bring particle uniformity [196,197].
Heat reflux method was brought under use to modify Ag/ZnO nano-
composites as hydrophobic substrate using a combination of stearic acid
(SA) and polyvinylpyrrolidone (PVP) (Fig. 15). Unique surface proper-
ties of modified Ag/ZnO nanostructure showed 3-fold signal enhance-
ment and proved as an effective Raman substrate caused by an effect of
hydrophobic condensation as compared to hydrophilic Ag/ZnO sub-
strate [198].

Another form of surface modification involves use of citrulline
aptamers on the surface of colloidal Ag nanocubes developing a point-of-
care (PoC) device. PoC biosensing has ability to detect biomarkers at low
concentrations using SERS. This surface modified SERS active substrate
had detection ability lowest to 24.5 pM level [199]. Another simple
approach for plasmonic NPs surface modification was proposed as a
ligand exchange approach using water soluble cationic ammonium
pillar [5]arene (AP [5]A). For surfactant-stabilized NPs ligand exchange
approach was found to be a difficult surface modification. But SERS
efficiency was observed highest for AP [5]A stabilized Au nanospheres
(NS) at different excitation wavelengths (Fig. 16). The potential appli-
cation of detecting different hydrophobic analytes (such as pyrene and
pyocyanin) in SERS analysis studies using Au@AP [5]A has achieved
LODs of 1 nM and 0.1 mM, respectively [200].

3.2.3. Ligand-based SERS measurement

Solubility, reactivity and surface charge density are the physical and
chemical characteristics behind the kinetics of ligand exchange in the
surface chemistry of NPs [201-203]. Ligand exchange kinetics has been
studied on either bulk metal substrates [204,205] or small metallic
nanoparticles (e.g., Auij_j49, 1-5 nm) [206-208]. Composite patterned
SERS signals reflects the ligands collective behavior of ligands packing
[209]. Selective detection of specific (a3p1 integrin) exosomes and SERS
chemical analysis was illustrated using thiolated peptide ligand attached
on silver NPs facet. Jurkat cells which excreted a3f1 integrin negative
exosomes didn’t show SERS signals as compared to several Raman peaks
particular for SKOV-3 exosomes which confirmed importance and
sensitivity for this ligand based Raman sensing technique [210].
Capping ligands and nanostars interactions can determine morphology
of branched Au nanostars, the colloidal Raman identification of probe
molecules at a nanomolar concentration levels. 4-MBA ligands were
proven significantly efficient than hydroquinone (HQ) ligand in serrated
edged branches of Au nanostars. Moreover, the sharp branched Au
nanostars are credible to provide extra SERS activities than roughed
surface in numerous ultra-sensitive chemical Raman investigations
[211].

A highly specific on-site analysis sensor for copper (Cu™2) detection
had applied with detection ability far less than the recommended value
of 7.87 x 10°° M (0.5 pg/mL). Dipicolylamine-based ligand was bound
with plasmonic AuNPs to interact with Cu*2 which in result confirmed
specificity of proposed molecular sensor by making changes in spectral
features (Fig. 17). Due to flawless and extraordinary specific and sen-
sitive performance for Cu*?, the demonstrated SERS-based molecular
sensors are also feasible for other fields. Moreover, on-site imple-
mentations appeared to be viable attributed to flexile and short amount
of time to analysis [212].

Sometimes nanoparticles stability limits their application. Therefore,
to analyze the myoglobin from a saline solution, bi-ligand technique to
silver NPs surface modification was introduced containing two modifiers
with thiol groups (3-mercaptopropionic acid (MPA) and thiolated PEG).
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Fig. 15. Schematic diagram of ZnO/Ag substrate by modifying homogenized SA/PVP in a hydrophobic condensation mechanism [198].

Short-chained ligands may be used to regulate selectivity in analysis.

Laser-induced sintering was applied to create favorable hotspots. MPA

and PEG produced sustainable system when combined by providing

l l Raman pyrene adequate time lap for analyte-NP interaction. Resulted Raman spectra
A A

—
‘TCI) A thoroughly explained the SERS activity in both deionized (DI) water and
v 106 M saline solution environments (Fig. 18). The functionality of the system
; demonstrated as an effective technique on Raman analysis and sus-
- taining the colloidal stability in a saline solution [213]. Thus, develop-
E L 10‘ M ment of target specific ligands library can rapidly and selectively detect
ﬂ 10 M X5 and analyze the target molecules biochemically in a ligand-based SERS
[T} measurement [210].
S
'E; 10°M x5 4. Advances in SERS measurements
Au@AP[5]A x5 SERS since its development has many processes of evolutions and

now is considered an essential tool in ultrasensitive investigation of

460 ’ 660 . 860 ' 1 0'00 ’ 1 2'00 ’ 1 4'00 ' 1 6'00 small biological molecules, polypeptides and cells as well. The integral

SERS fingerprint of polypeptides and lipid bilayers and small molecules

Raman shlft (cm'1) enables SERS as label-free techniques of structural information. More-

over, direct sensing, quantification and deeper characterization helps to

illustrate the biomolecules near metallic surfaces. Despite such stunning

performance SERS measurements were captured in a non-perturbative

manner and actual activity spectrum remains submissive. Advances in

SERS substrate developments and modifications has changed the face of

SERS performance by direct biomolecular quantitation and biophysical
characterization more specifically [214].

Although SERS been recognized as ultrasensitive detection tool,

Fig. 16. As shown in the figure, in the presence of 56 nm Au@AP [5]A
nanoparticles, the Raman spectra of solid pyrene is on top and concentration
range from 107% M to 10~° M has varied Raman spectra. Excitation wavelength
of laser was of 785 nm [200].
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Fig. 17. (A) Time evolution to white wine with 1 x 10~* M Cu*? for Raman molecular sensor; (B) Response spectrum of Raman molecular sensor to white wine with
different concentrations of Cu*? (in M); (C) The response of Raman molecular sensor to Cu™? ions spiked in white wine [212].
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Fig. 18. In deionized water and salt solution, the typical Raman spectra of
various surface-modified NPs and myoglobin (50 pM) was observed. Time of
exposure was 3 x 10 s with nanoparticle concentration, 3 mg/mL. In order to
compare the spectrum better, an offset, background correction and smoothing
were applied [213].

problems still exist, i.e. to obtain suitable facsimile among Raman sub-
strate and light and obtaining a stable and sensitive SERS substrate to
better enhance the Raman signals, hinder its widespread application or
modeling computational electrodynamics. Certain unique advance-
ments in SERS measurements been made to understand the underlying
physics, optimal prototype and assembly of Raman substrates for mo-
lecular determination. Numerical tools used to model computational
electrodynamics are also called algorithm models, are significant
methods for calculating parameters related to Raman intensity. It can
also be utilized to investigate the electromagnetic field distribution to
show optical characteristic spectrum and EF of various substrate fabri-
cations as well. It which can further improve the reproducibility, accu-
racy and operation stability and solve the SERS problems in
electromagnetics [215].

4.1. Algorithms in the SERS measurement

SERS measurements are developed into rapid, specific, sensitive and
simple methods when coupled with multivariate calibrations. Raman
active substrates with core-shell NPs can produce high enhancement
effects for rapid acquisition of Raman spectra. Quantitative analysis and
prediction models are further acquired by combining ant colony opti-
mization (ACO), genetic algorithm (GA), Savitzky Golay-First derivative
(SG-FD) processing data, linear (partial least square (PLS) and stepwise
multiple linear regression (SW-MLR)) and nonlinear (back propagation
artificial neural network (BPANN) and backpropagation-adaptive
boosting (BP-AdaBoost)) techniques with satisfactory results in verifi-
cation analysis. A comparative map for different algorithmic measures is
here showed with the success results in the recent literature (Fig. 19).
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Optical sensors named micro-Raman spectroscopy system are
coupled with linear and nonlinear algorithmic models to sensitively and
rapidly detect the mercury (Hg™2) residues in dairy products. In a series
of events, Au embedded on SiO5 NPs substrate with EF were generated.
ACO and GA were applied to select characteristic variable of SERS
spectrum pretreated with SG-FD method to eliminate noise interference.
In a subsequent event of modeling PLS and SW-MLR were compared
with BPANN and BP-AdaBoost algorithms for pertinent model selection
of mercury quantitative determination. Proposed strategy significantly
verified the analytical results (significance value. n = 0.05) with
inductively coupled plasma mass spectroscopy (ICP-MS) (Fig. 20).

Experimental performance was found significantly improved with
ACO algorithm in an ACO-BP-AdaBoost model compared to other
quantification models. Higher R? value of 0.997 and lower RMSEP value
of 0.092 proposed the feasibility of the algorithmic models in detection
of heavy metal residues [216].

Combining the chemometric algorithmic models with Raman tech-
niques significantly enhanced the quantification and classification
sensitivity of organic and inorganic elements in complex matrix [217].
Chlorpyrifos (CPS) residues detection was performed by developing
chemometric algorithms of classification and quantification models with
high EF and preprocessed standard normal variate (SNV) Raman spec-
trum. K-nearest neighbors (KNN) classification model achieved signifi-
cantly higher classification rates with 90.84-100.00% performance.
GA-PLS and synergy interval PLS-GA (siPLS-GA) quantification models
exhibited higher R? and lower RMSEP values with SNV preprocessed
data (Fig. 21) which is a better prediction performance in pesticides
residual detection of SERS with effective chemometric models [218].

An efficient diagnostic algorithm was established based on the
combination of Raman spectroscopy and Least Absolute Shrinkage and
Selection Operator -Partial Least Square Discriminant Analysis (Lasso-
PLS-DA) to distinguish blood plasma of cancer patients. Lasso basically
performs multiple linear regression based on familiar expressions and its
form is:

Y=Fy+5Xi +5Xo +... +5,X, 3

where.

Bo denotes the residual regression coefficient

B is the regression coefficient for 1to n predictor values from data.

X denotes correlation variables of multidimensional data.

Y determines the parameters combination in a regression.

Number of predictive errors in a regression model compare to least
square are reduced by Lasso regression. Original X correlation variables
are optimized in Lasso models by driving the insignificant p values to
0 by weighing more importance to prediction channels and reducing the
expected prediction errors. Lasso is represented by following formula:

~lasso W z ’ z
7 = argming 3 ( - zﬂ> subject 10 || <1
J—1 J=1

i—1

4

where.

arg ming represents the  vector having minimum MSE.

N denotes number of observations

xij represents data

Ij denotes the vector of p at observation

vi represents the observation i response

p is a vector

$0 and fj denotes scalar parameter

Blasso is estimated coefficient.

General advantage of Lasso can be described as automatic selection
of significant features and producing less non-zero coefficient (f§ values)
by discarding others through iterative approach significantly. Compared
with the conventional algorithms based on PLS-DA and PCA-LDA, Lasso-
PLS-DA can greatly improve the diagnosis efficiency. Use of Lasso PLS-
DA algorithm for blood plasma Raman analysis showed significant
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Fig. 20. Illustrative diagram of Raman system with combination of algorithmic calibration models [216].

potential in clinical test especially in classification of different tumor
stages. In a study of 160 blood plasma samples taken from 60 normal, 25
treatment 1 (T1) and 75 T2-T4 staged cancer patients results showed
that the diagnostic sensitivity of T2-T4 patients separating from T1
patients was 68%, and the specificity was 84.0%. Compared with pre-
vious work, the diagnostic specificity was enhanced by 20% by inte-
gration of algorithms with Raman spectra (Fig. 22) [219].

Raman chips can be utilized for prior detection of diseases from
biomarkers collected from liquid or tissue biopsy. Simultaneously to
enhance the Raman signal and distribute the EF on the surface of the
sample, an iterative and “learning” design procedure is needed for the
geometric structure of nano-scale metal features to maximize the EF and
its area at the same time. GA were evolved accompanied with finite
difference time domain (FDTD) modeling to optimize the geometry of
gold NS on glass slides to use as Raman active surfaces to enhance SERS
spectrum.

GA is one of the evolutionary algorithms which evolved from Dar-
win’s theory of evolution. GA imitates procedure of natural selection in
order to find the fittest offspring (i.e. SERS metal geometry that gives the
highest EF). The workflow of the algorithm is shown in Fig. 23. Genetic
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algorithm is composed of five main parts: initial population, fitness
function, selection, crossover and mutation. Initial population (i.e. ge-
ometries) is a set of population which is one of the solutions of the
defined problem. Initial population could be randomly generated or
predefined. Most important part of the GA is choosing the fitness func-
tion which determines the probability of the selection of individuals.
The selection of best individuals could be done with different selection
algorithms. After the selection process, every parental pair crosses from
point of crossover which is selected randomly among genes. Geometry
was iterated to reach the optimal design until the fitness score does not
increase by more than 10~°. Another important mechanism of the GA is
elitism, which describes directly transfer the individuals with the
highest fitness value without crossing or mutating. It assures that the
best individuals of previous cycle is retained for the next generation.
Binary-coded GA is used for the topology optimization of substrate.
Substrate is designed for two different objectives using different fitness
functions which were selected as the hot-spot and average EF for the
SERS optimization. The enhancement can be increased up to about 107
for hot-spots and 10'° levels for averaged enhancements. The resulting
structures could be used for label-free single-cell SERS detection. This
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Fig. 21. Linear regression graphs of GC-MS reference values and SERS predicted values of training and validation data sets were compared in different quantification
models with linear regression: (A) PLS model, (B) GA-PLS model, (C) siPLS model, (D) siPLS-GA quantification model with SNV data [218].
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Fig. 22. Used Lasso-PLS-DA to carry out leave-one-out cross-validation of
scatter plots of posterior probability values of different stages of cancer. A
separate line distinguished T2-T4 stage from T1 stage cancer, with a diagnostic
sensitivity of 68% (51/75) and a specificity of 84.0% (21/25) [219].

method converges rapidly and enables multi-objective optimization of
photonic materials, metasurface and devices that could take prohibi-
tively long time and large memory by parametric sweeps or random
trials and errors [220].

4.2. Microfluidics based SERS measurement

The hospitals occur to have pathogens resistant to antibodies by the
time, needed to develop a system to sense bacteria. The system shouldn’t
needed sample enhancement via orthodox techniques like cell culturing
which may be deliberately laborious and time taking. In order to meet
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this demand, researchers designed an optofluidic SERS detection plat-
form, which utilizes a hollow-core photonic crystal fiber driven by
microfluidics and combines it with Ag-NPs to greatly enhance the
Raman signals. Comparing with conventional analysis, microfluidic
analysis can impressively reduce the magnitude of Raman signals vari-
ation by about 50%. Annexation of machine learning algorithm i.e. ge-
netic support vector with microfluidic system can perform automatic
counts of cells which is far more enthusiastic than quantitative poly-
merase chain reaction and many biosensing approaches.

Considering above considerations an optofluidic device was fabri-
cated with multiple time regeneration ability having specificity and
detection up to lowest level of 4 colony-forming unit per milliliter (CFU/
ml) within 15 min for planktonic bacteria. Moreover, machine learning
algorithms further defined the Raman spectrum variances among
different strains of bacteria in serum thus found the system much better
than many existing biosensing techniques.

Assemblage of optofluidic device: A microfluidic device made up
of polydimethylsiloxane (PDMS) was developed with 24 x 14 x 3.5 mm
dimensions. Replica modeling was used to regenerate the device mul-
tiple time. The master mold was composed of microchannel features
made of SU8 photoresist and spin-coated on a 4-inch silicon wafer. The
microchannel consisted a length of 12.6 mm and a rectangular cross
section of 100 x 60 pmz (width, height). The PDMS used to produce the
microchannel was mixed at a base/curing agent ratio (w/w) of 10:1, and
then degassed in a vacuum for 45 min then cured at 70 °C for 2 h.
Punched two 0.75 mm holes at the end of the microchannel to interface
with a polytetrafluoroethylene (PTFE) tube. After punching, used 50 W
air plasma to permanently bond PDMS to a 75 x 25 x 1.0 mm micro-
scope slide for 30 s. To complete the bonding, the device was placed
overnight at 70 °C.

After manufacturing the microfluidic device, channels were com-
bined with hollow-core photonic crystal fiber (HC-PCF) to develop an
optofluidic device. Among two microfluidic channels HC-PCF was
bridged and attached with epoxy resin. Finally, rinsed the device with DI
water and prepared to integrate it into optical system. Adding Ag-NPs to
the system greatly enhanced the Raman scattering field, which is
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Fig. 23. GA workflow. Evaluated randomly generated individuals to find the most suitable individual. Individuals who survived the fittest crossed with each other,
while some genes were mutated. Iteration continued until stall limits have been reached [220].

beneficial to measure the spectra of biomolecules that tend to have low
Raman cross-sections (Fig. 24) [221].

The LOD of the system reached the lowest as 4 CFU/mL, which
should be lower for some healthcare associated infections. However, this
platform presented a valuable pathway in many clinical disciplines in a
rapid point-of-care system [221]. Yet to overcome the specificity chal-
lenge especially for liquid biopsy and early disease diagnosis, a micro-
fluidic chip containing Raman active protein biomarkers was designed
and accompanied with KNN and classification tree machine learning
algorithms. CA19-9, HE4, MUC4, MMP7, and mesothelin biomarkers
significantly enhanced the reproducibility, prediction accuracy and
specificity of Raman active liquid biopsy diagnosis [222].

Microfluidics technology is becoming an efficient tool for various
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chemical and biological studies. Sedimentation of NPs aggregates on the
channel surface can cause a “memory effect”, which affects sensitivity
and reproducibility. To solve this problem, a new research been pre-
sented based on the new SERS calibration free microfluidic paper device
(WPAD) consisted of multiple reaction zones. It can simultaneously
quantitatively detect multiple cardiac biomarkers-GPBB, CK-MB and
cTnT for early diagnosis and prognosis acute myocardial infarction
(AMI). Three different Raman probes were produced and then conju-
gated with their respective detection antibodies, and used as SERS
nanotags for cardiac biomarker detection. To quantify cardiac bio-
markers level precisely a PLS prediction model was incorporated into
the immunosensing system. When the conventional calibration curve
cannot accurately estimate cardiac biomarkers, especially in the low and
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Fig. 24. Summary of overall performance results of the SERS optofluidic device (A) Drawing of optofluidic system accompanied with microfluidic and HC-PCF. S
denotes the 785 nm laser, gradient index (GRIN) lens is presented with L1, plano-convex lenses with NA = 0.65 and 0.3 respectively are denoted with L2 and L3, M is
an adjustable lens. BPF represents laser line bandpass filter, and DCM as long Distance dichroic mirror, P1-4 are the pressure sources attached to the optical fluid
platform, which can push the fluid from the reservoir into the system (B) SERS spectrum of ethanol in cuvette and a 7 cm piece of HC-PCF (C) The relationship
between the ratio of fiber strength to cuvette strength and fiber length, the black line is the index best fit (D) Relative SD of Raman spectra measured from 12 filling/
rinsing cycles (intra-fiber deviation) and four different fibers (inter-fiber deviation) [221].
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three cardiac biomarkers in first 20 PLS components [225].
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high concentration range, this method can be used for absolute quan-
titative measurement.

An SERS and microfluidic cartridge system was developed to detect
sulfamethoxazole within the nanomolar range in an aqueous media. This
microfluidic cartridge system was comprised of three fundamental
integrant, surface substrate, channel structure and optical window.
Electric pump system was used to combine the SERS and cartridge sys-
tem with already determined flow rate. That ultimately produced sta-
bled and reproducible results with LOD of 2.2 x 10~° mol/L [223]. To
avoid the fungicides treatments in plants and for multiplexed detection
and distinguishing the fungus in plants, a microfluidic device was
developed. Jasmonic acid, salicylic acid and azelaic acid were three
plant hormones which were determined simultaneously within less than
7 min. Moreover, with combination of GA-PLS, CARS-PLS and ACO-PLS
algorithms the LOD for jasmonic acid was observed as 4.4 nM, 15 pM for
salicylic acid and 10 pM for azelaic acid with reproducible and stable
results [224].

Under optimized conditions, the LOD of Raman-based pPAD for
GPBB, CK-MB and cTnT was determined to be 8, 10, and 1 pgmL_l,
respectively, which are far below the clinical cut-off value. On the other
hand detection ranges of GPBB, CK-MB and cTnT were 0.01-100,
0.01-100 and 0.001-200 ngmL >, respectively to colorimetric pPAD
using bare NPs, covered clinical range of various biomarkers (Fig. 25). In
short, this new Raman based pPAD technique when combined with
predictive models for biomarker quantification can immensely enhance
the reproducibility and sensitivity of microfluidic system [225].

An overview of SERS applications with enhanced specifications are
described in Table 1.

5. Conclusions and future perspective

SERS technology is becoming more and more popular and can be
used for accurate and specific identification of chemical or microbial
molecules. The combination of SERS and microfluidic devices proves
that this research field is currently of high important. SERS measure-
ment has been greatly improved, because the process could be carried
out on a large scale in the laboratory and was prone to human error can
now be carried out in nanoliter volumes in an automated manner. While,
microfluidic platforms require an analytical method capable of detecting
in a small volume, so SERS is very suitable for this task. Combination of
SERS and algorithmic models reduce the large data sets of variables into
small data sets from SERS spectrum. This combinations helps to detect
analytes and express the unique fingerprints at molecular level. For bi-
ologists and analytical chemists, the quantitative analysis of plant hor-
mones is still very difficult because the endogenous levels of each plant
hormone are very low. For researchers, it is a challenge to enrich these
low-content natural compounds from plant extracts in the presence of
large amounts of interfering substances. In addition, the limited number
of plant tissues available for hormone quantification is another
challenge.

Current review has covered the aspect of the latest developments and
advances in SERS, and also summarized the principles and methods of
the Raman system. Moreover, their application in the rapid analysis of
plant hormones and the challenges brought by them are explained
through the experimental conditions and the SERS spectrum. The novel
aspect of this manuscript covers the significance that laser technology
possesses as an advantage in the form of fast and reproducible detection
ability over old detection methods for plant hormones. Futuristic point
of view of SERS studies can lead to the development of more precise and
accurate testing and analysis methods. Moreover, development of on-
site rapid SERS detection techniques will further provide this tech-
nique a space to flourish significantly in common market.
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Table 1
The review summary of SERS detection applications emphasized with specifi-
cations described.

Methods Detection LOD Properties References
range
Fast solid-phase 0.1-5 pg 0.04 pg o Rapidly tracing [182]
extraction with ~ mL~’ g ! analysis
portable e Large-scale on-
Raman using site detection
Au colloidal e Complex matrix
NPs substrate and different
extraction
methods
Ligands bound 10%-1077 107M e Sensitive and [184]
Ag-NP onsilica M selective
NPs detection
e Labor extensive
Ehrlich-reaction 14.8-181 ng 2.0 nM e Accuracy and [146]
using Au-NPs g ! stability
hotspots e Low detection
limit
Synergistic effect 1mM-0.1yM 1nM e Labor-intensive [200]
and plasmonic e Low detection
NPs through limit
SERS
Synthesized 5x1078- 3.5 x o Identification [212]
ligand 7.87 x 107°° 10°8M effectively
mounted on M e Low detection
plasmonic limit
AuNPs
Optofluidic label- ~ 3.2-4.3 4 e Accuracy and [221]
free SERS CFU™! mL CFU! stability
platform mL e Wide detection
ranges
SERS-based 0.01-100, 8,10 o Identification [225]
microfluidic 0.01-100and  and 1 effectively
paper-based 0.001-200 pg e High detection
device ng mL~! mL~! limit
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