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Ultrasensitive detection of chemicals and biological analytes in trace or single molecular level is highly
desirable in both scientific and technological fields, e.g., analytical chemistry, life science, materials
science, biomedical diagnostics, and forensic science, etc. With high sensitivity, high specificity, narrow
line-widths, and multiplexed non-destructive testing capabilities, surface enhanced Raman scattering
(SERS)-based sensing is the most promising approach to monitor targeted analytes in the vicinity of
nanostructured surface. An insight into the recent advances of SERS-based ultrasensitive sensing plat-
form can provide an effective reference guideline to develop an optimal detection approach for arising
real-world applications. Many SERS-based review articles mainly focus on the fundamental theory of
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SERS, nanostructured plasmonic SERS sensors, and single molecule SERS detection. However, no compre-
hensive review article targeting SERS-based ultrasensitive detection strategies, their working mecha-
nisms and illustrative practical applications has been reported yet. Hence, it is important to project
the latest SERS-based ultrasensitive detection research in a review, which will present a reference guide-

line to develop an optimal detection approach for specific detection or monitoring of analytes in highly
diluted solutions. We present a systematic classification and discussion on the recent multiple strategies
to achieve ultra-high SERS detection sensitivity. We also outline a detailed analysis on the up-to-date
applications in vitro and in vivo. Finally, we also discuss a new trend in SERS-based ultrasensitive sensing

applications.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Ultrasensitive detection of chemicals and biological analytes is
a class of important analytical science in identifying target analytes
in extremely low detection levels, which provides the fingerprint
signal of target analytes in a very small detection volume. In recent
years ultrasensitive detection of target analytes has become critical
in various scientific and technological fields ranging from analyti-
cal chemistry [1], life science [2-5], materials science [6], biomed-
ical diagnostics [7,8] to drug discovery [9,10], food security [11,12],
forensic science [13] and environment monitoring [14-16].

Detection techniques like gas chromatography (GC) [17], high
performance liquid chromatography (HPLC) [18,19], capillary elec-
trochromatography (CE) [20], gas chromatography-mass spec-
trometry (GC-MS) [21,22], enzyme cycling assays [23] and
photoluminescence determination [24,25], etc., are widely applied
for ultrasensitive monitoring of chemicals and biological analytes.
However, most of them are time-consuming, expensive, and
require tedious sample preparation processes, which may damage
intrinsic properties of analytes possessing high biological activities,
especially for some DNA/RNA, enzymes, and protein molecules.
Due to its highly efficient emission process, photoluminescence
technique can realize single molecule detection, but the molecular
structure information obtained from its broad emission band is
very limited, which sometimes results in false molecular identifi-
cation and recognition. Furthermore, prior to photoluminescence
measurement, it is necessary to ensure the presence of chro-
mophore in the proposed analyte system.

In recent years, SERS-based ultrasensitive sensing platform has
become the most promising approach to detect targeted analytes
in the vicinity of nanostructure surface because of its high sensitiv-
ity, high specificity, narrow line-widths, and non-destructive test-
ing capabilities. Briefly, SERS events usually occur when target
analytes are present near a metallic surface (Fig. 1). The SERS mea-
surement model includes three pivotal factors for enhanced Raman
signals from the adsorbed target molecules - incident light,

adsorbed target molecules, and metal nanoparticles. The enhance-
ment mechanisms explaining SERS effects are widely studied by
many researchers, and documented in several excellent reviews
and books [26-32]. To date, two major mechanism models, namely
the long-distance electromagnetic enhancement (EM) and short-
distance chemical enhancement (CE), are commonly agreed across
the research community.

Plasmonics is the science to study the light-matter interactions
on nano-sized metal structures. The main component of plasmon-
ics is the metallic nanostructure, which focuses and guides light

1(vVpu) ®|A (Vpu)l®

I(vs)®|A(vs)l*

O Metal nanoparticle
. Target analytes with Gaas \ |

Isers(Vs)= NOI(vs)|A(Vpu)l ®|A (Vse)|*®Gaas

Fig. 1. Schematic of SERS detection. Isgrs(Vs:) denotes the measured SERS signal
intensity, I(vpy) and I(vs;) are excitation laser intensity and Stokes scattering light
intensity, respectively. |A(vpu)| and |A(vs)| are the enhancement factors at
excitation field and Stokes scattering field, respectively. G.qs describes the
increased Raman cross-section of the adsorbed target analytes. N is the number
of target molecules involved in SERS process.
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down to nanometer distance, resulting in strong coupling between
incident photons and collective oscillations of free electrons on the
metal surface. Consequently, the EM mechanism stems largely
from the surface plasmon resonance (SPR) process wherein the
incident photons are resonant with collective oscillation frequen-
cies of conducting electrons on the metallic surface. For target ana-
lytes, EM enhancement is non-selective and strongly dependent on
distance. As the SPR enhancement effect decays exponentially as a
function of distance from the nanoparticles (NPs), only the analytes
approaching the metal surface obtain enormous Raman signal gain

[28]. To a first approximation, SPR effects provide a maximal |E|*
enhancement, where E=Ejca/Epump (Eioca: local electric field
amplitude close to metal surface, Epymp: the original incident field
amplitude) [28].

There are two basic SPR models - propagating SPR (PSPR) and
non-propagating localized SPR (LSPR) [33]. PSPR can be excited
on thin metal films via prism couplers or gratings, resulting in hun-
dreds of micrometers of propagation distance. Unlike PSPR, LSPR is
usually excited on the surfaces of metal NPs that are smaller than
the excitation wavelength, generating resonance effects that can be
tuned by the size, shape and composition [34]. SPR theory has
greatly contributed to the design and development of SPR-based
or SERS-based sensors through efficiently monitoring the SPR
absorption band of NPs or specifically enhancing the fingerprint
spectra of target analytes. Recently, our group has demonstrated
a SPR-based biosensor for sensitive detection of tumor necrosis
factor alpha antigen. Using a gold nanorod (GNR) as the amplifica-
tion label, the detection limit is as low as femtomolar level
(10> M). The huge field amplification gain is generated from plas-
monic coupling between antibody functionalized gold film and
antibody-conjugated GNRs [35]. More recently, our group has pro-
posed an approach to significantly produce field enhancement
through a gap between a metallic NP and a thin gain material of
approximately ~100 nm. Theoretical calculation results showed
that the thin gain film can provide several orders of local field
enhancement, which paves a possible avenue for preparing ultra-
sensitive SPR-enhanced sensors [36].

Although the EM enhancement model provides major contribu-
tion to explain the SERS effects, it is insufficient to state the com-
plete SERS phenomenon. Thus, some researchers suggested the
CE mechanism model, which becomes significant on increasing
the scattering cross-section of analytes adsorbed on metal surface,
due to the specific interactions between adsorbates and metal, e.g.,
electronic coupling, charge-transfer, etc. [37]. For identical SERS
substrates, the large variation in Raman cross-sections and adsorp-
tion efficiencies of various target analytes can produce significant
SERS detection sensitivity. In general, the most ideal Raman probes
are heterocyclic molecules, possessing sizable Raman scattering
cross-sections, larger than that of small molecules (e.g., water, fatty
acids, ethanol, acetone, etc.).

Extensive studies have been done on the optimization of SERS-
active substrates, the type of adsorption mechanism, and integra-
tion of SERS spectroscopy with analytical systems (e.g.,
microfluidic-, optofluidic-, and paper-based) to achieve ultrahigh
detection sensitivity. However, there are three primary hurdles
which limit the applicability of this technology into real-life. The
first hindrance lies on the challenge to attain reproducible single
molecule detection sensitivity in liquid medium for ultralow detec-
tion levels (i.e., below femtomolar concentration) as the SERS-
based detection is highly dependent on the ensemble binding of
analytes in hotspot regions. Second, the fabrication of a perfect
SERS substrate with highly ordered and high density hotspots is
a major inhibiting factor for increasing the SERS detection sensitiv-
ity. Third, achieving quantitative analysis in highly diluted solu-
tions remains a roadblock, due to heterogeneous liquid media,

Brownian motion of analytes or nanoparticles, and laser force. In
view of the present challenges, creating and developing a SERS-
based sensing platform with high reproducibility, sensitivity,
specificity, and efficiency would be highly preferable and valuable.

Particularly, the article is intended to present an in-depth
review and discussion of SERS-based ultrasensitive sensing strate-
gies for latest practical applications in biosensing, bioimaging,
biomedical diagnostics, cancer screening/therapy, photo-thermal
therapy, pollutants monitoring, drugs identification, etc. Using this
review article as a discussion platform, we aim to promote the
awareness of employing SERS for real-life detection applications,
and enrich more reasonable options for fundamental research
related to biosensing, bioimaging in vitro, and cancer therapy
research in vivo. Our final objective is to encourage researchers
to develop more novel, rapid, sensitive, reproducible, and multi-
functional SERS sensing platforms for monitoring target analytes
in real time.

2. Strategies for SERS-based ultrasensitive sensing

Prior to designing and constructing a SERS-based sensing plat-
form for ultrasensitive detection, one must carefully consider and
examine the following five key factors: (i) The detailed features
of the proposed target analytes: are the target analytes ascribed
to molecules or inorganic ions? If they belong to the molecule cat-
egory, one should consider their intrinsic features, for example,
molecular structure, photoluminescence, Raman scattering cross-
section, electronegativity, water solubility, affinity to nanomate-
rial, molecular weight, etc. On the contrary, if the analytes are inor-
ganic ions (eg., Hg?*, Cd?*, Pb?®*, etc.) without Raman scattering
cross-section, one should determine another suitable Raman
reporter with sizeable scattering cross-section for labeling them.
(ii) The selected incident wavelength for excitation of Raman scat-
tering and SPR of nanoparticles (e.g., ultraviolet, visible and near
infrared (NIR) excitation window), which depends on the absorp-
tion band of target molecules or nanoparticles. (iii) Once the inci-
dent light is selected, the enhancement features of SERS
substrates play an important role in amplifying Raman signals
and further developing detection sensitivity. The plasmonic nanos-
tructure in a metal containing nanostructure system is a prerequi-
site in producing SERS event. The coordination of metal
ions/nanoparticles in creating plasmonic nanostructures plays an
important role in generating huge surface plasmon resonance
effects [38]. Metallic substrates employed for SERS usually focus
on single composition-based coinage nanomaterials (e.g., gold, sil-
ver, aluminum and copper) and composite-metal nanomaterials
(e.g., alloy, metal-organic frameworks, and magnetic nanostruc-
tures). Additionally, metal-free substrates refer to non-metal
nanostructures such as semiconductor silicon, carbon-based mate-
rials and paper-based SERS substrates. Metal-free materials have
further expanded the options of SERS substrates for practical appli-
cations [39]. However, it must be highlighted that noble metal con-
taining systems are also widely involved in the design of novel
carbon-based hybrid nanomaterials and silicon-based hybrid
nanomaterials, mainly because of the SPR effects of the metal
ions/nanoparticles coordination in plasmonic hybrid nanostruc-
tures. (iv) The adsorption mechanism between target analytes
and SERS substrates is also important, because it is highly related
to the adsorption efficiency, which indirectly influences the SERS
intensity. Besides the surface modification of plasmonic nanostruc-
tures by using coordination molecules, the coordination mecha-
nism between targeted molecule and plasmonic nanostructures
also enables to further improve SERS effects [38]. (v) The place that
SERS sensing experiments will be performed: are they performed
in vivo or in vitro? Given identical analytes, the sensing strategy
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Fig. 2. Efficient strategies for SERS-based ultrasensitive detection.

will not be identical for in vivo and in vitro locations. Once these
five factors have been carefully considered, one can proceed to
design and prepare the construction of SERS sensing.

In principle, the signal intensity is highly dependent on the
excitation wavelength, SPR features of nanomaterials, increased
Raman scattering cross-sections of adsorbed target analytes, and
the adsorption interaction mechanism between target analytes
and nanomaterials. Thus, multiple efficient strategies are proposed
to achieve ultrasensitive detection sensitivity, as shown in Fig. 2
and described below.(i) Resonance enhancement techniques: Besides
SPR enhancement produced by the interactions between nanoma-
terials and incident photons, both molecular electronic transition
resonant excitation [40,41] and molecular coherence [42] can pro-
duce additional enhancement effects, which significantly con-
tribute to the SERS detection sensitivity. For example, surface
enhanced Raman resonance scattering (SERRS) and surface
enhanced coherent anti-Stokes Raman scattering (SECARS) spec-
troscopy mainly originates from resonant excitation of molecular
electronic transition, and optical coherence techniques, respec-
tively. Many recent findings demonstrate the ability of SERRS
[43,44] and SECARS [45,46] to achieve the SERS signals with single
molecule sensitivity. In addition, optical waveguide integrated
optics and devices are an ideal option to achieve high electric field
gains, due to their high light harvesting effect. In the later part of
this review, we will present and discuss their latest practical appli-
cations in SERS sensing.(ii) High quality nanostructure for SERS: It is
widely agreed that the EM enhancement mechanism, which stems
largely from SPR, mainly contributes to the total SERS enhance-
ment. At fixed excitation wavelength, the enhancement perfor-
mance of SPR is highly related with the nanomaterials used,
which are essential for achieving ultrasensitive detection sensitiv-
ity. The material properties of nanostructure, e.g., morphology, size,
composition, preparation, and stability, etc., play a key role in pro-
ducing SPR electromagnetic enhancements. The excellent SERS
enhancement features of different nanostructures will be dis-
cussed in the review article.(iii) Highly efficient adsorption mecha-
nism for SERS: For target analytes, CM enhancement mechanism
is highly related with the increased Raman scattering cross-
section of analytes adsorbed on the nanomaterials. Therefore, the

adsorption mechanism between adsorbed analytes and nanomate-
rials is an important factor which affects enhancement of SERS
detection sensitivity. High adsorption efficiency does not only
increase CM enhancement gain, but also improves immobilization
efficiency as well as capturing target analytes in the hotspots zone,
resulting in a highly reproducible SERS signal. To date, several
adsorption interaction mechanisms such as covalent bond adsorp-
tion, non-covalent adsorption, and immunoassays are reported and
proposed. Analytes with active heteroatoms such as sulfur and
nitrogen, can efficiently bind to the metal surface via covalent
bonding [47]. Particularly, the non-covalent interaction mecha-
nism is interesting because it can bind analytes onto the surface
with minimal distortion of the analytes and metal substrate. Some
widely reported non-covalent adsorption methods are charge-
selective mechanism, hydrophobic interactions, and m-7 stacking
interactions, etc. In addition, owing to its strong and specific recog-
nition reaction between antibody and antigen, immunoassays
combined with SERS [48] are also be employed to improve SERS
detection sensitivity, which will be reviewed in the corresponding
section.(iv) Multifunctional SERS sensing platform: This platform
allows one to incorporate SERS spectroscopy with some analytical
platforms (e.g., microfluidics, optofluidics, and capillary elec-
trochromatography, etc.) to address SERS signals fluctuations or
blinking in highly diluted solutions and is emerging as a powerful
quantitative analysis tool for various biological applications. In
addition, paper-based SERS sensing platform and dynamic SERS
detection method from wet state to dry state of plasmonic
nanoparticles are also introduced into the review article because
of their ultrahigh detection sensitivity. In the following part, mul-
tifunctional SERS-based sensing platforms will be comprehensively
reviewed and discussed.

3. Resonance enhancement techniques

3.1. SERRS spectroscopy

The SERRS phenomenon arises when the excitation laser is res-
onant with the electronic transition of analytes. Here, the Raman
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cross-section of target analytes can be significantly enhanced by
several orders of magnitude, due to molecular resonant excitation.
In many papers, SERS and SERRS are not distinguished, but they do
have different properties. Compared to SERS, there is a huge addi-
tional enhancement observed in SERRS mechanism. Moreover, the
SERRS intensity is wavelength-dependent. To date, SERRS spec-
troscopy has advanced to the individual resonant molecule detec-
tion sensitivity, because both molecular resonant effect and SPR
enhancement contribute to produce extremely strong Raman scat-
tering signals. The luminescent dyes or fluorescent protein mole-
cules (e.g., Rhodamine 6G (R6G), crystal violet, and malachite
green, proteins, and antibodies etc.) are good candidates for SERRS
study, due to their sizable Raman scattering cross-sections and
strong optical absorption in the visible window.

The early seminal observations in the visible window clearly
showed chances for single molecule detection limit using SERRS
spectroscopy is potentially viable. In early studies, aggregated sil-
ver colloid was the most common substrate as its broad SPR
absorption range could efficiently match with resonance excitation
of Raman scattering. Nie and Emory [49] demonstrated the intrin-
sic SERS enhancement factors on the order of 10'4-10'> because of
excitation laser line (514.5 nm) and electronic absorption of R6G
molecule Soon after, Xu et al. [50] successfully detected the mole-
cule vibrations of single hemoglobin protein molecules using
induced hot silver nanoparticles. Recently, Zhou et al. [51] demon-
strated a novel double-stranded DNA detection approach through
SERRS. In the study, there is no SERRS signal of fluorescent dye
SYBR Green I in the absence of double-stranded DNA. However,
when SYBR Green I is specifically bound to a double-stranded
DNA, a DNA-dye complex can be formed with green light emission.
Under the illumination of 532 nm laser, the SERRS phenomenon
was achieved with a linear range of 0.13-13 ng uL™' and a detec-
tion limit of 6.6 x 10712 g uL~..

In the ultraviolet (UV) window, aluminum (Al) nanomaterials
have more effective plasmonic response than gold and silver,
because Al nanomaterials can produce strong plasmonic resonance
in the UV light region.[52-54] Notably, some important target ana-
lytes such as DNA/RNA bases, biological coenzyme couple NAD*/
NADH, NADP*/NADPH, and explosives TNT etc., prefer to absorb
light in the UV region. Thus, Al nanomaterials are ideal substrates
for achieving ultrasensitive UV SERS detection. For example, Shan-
kar et al. [55] reported a deep UV SERRS-based ultrasensitive
detection method for adenine molecules using high ordered Al
NP arrays. Under the excitation of laser (257 nm) that well
matched with Al NP arrays, a zeptomole (10~2! M) detection sensi-
tivity was achieved. Later, they also demonstrated an ultrasensitive
detection approach for explosives TNT. The Al NP arrays can pro-
vide a real-time detection level of TNT down to 107! g in quantity
[56].

It has been confirmed that the analytes with large Raman scat-
tering cross-section can be detected by SERRS in extremely low
concentration. However, achieving the sensitive detection of ana-
lytes with extremely small Raman scattering cross-sections is an
issue that remains to be addressed. To date, a reasonable strategy
used is by means of indirect measurement. For instance, Qu et al.
[57] demonstrated a silver NP probe (SPRA band, 420 nm) for ultra-
sensitive and indirect detection of formaldehyde using 3,5-
diacetyl-1,4-dihydrolutidine (DDL, absorption band, 415 nm) on
Ag surface. The chosen 457 nm incident light satisfies the condi-
tions of SERRS effects, affording a low detection sensitivity of
107" M.

Near infrared (NIR) light (~700-900 nm) can penetrate much
more deeply through living cells or biological tissues, up to several
centimeters in optimal cases [58]. Therefore, most biomedical

applications are achieved in the NIR window, where the biological
tissue absorption coefficients are over two orders of magnitude
lower than in blue and ultra-violet light. In the NIR windows, gold
nanomaterials are the most often employed plasmonic resonance
materials for bioimaging and photo-thermal imaging in vivo. The
commonly used Raman molecules for SERRS detection in NIR win-
dow are cyanine derivatives [59-61].

In recent years, noninvasive photo-thermal imaging has drawn
a great deal of attention because of large absorption cross-section
of nanomaterials within the NIR region. Despite of low penetration
energy loss, NIR light is highly desirable for specific cell treating
using heat generating nanomaterials since it possess no damage
to adjacent normal tissue. For example, a novel SERS-encoded gold
nanorods (SPR band, 790 nm) were designed, although not per-
fectly matched with NIR excitation source 785 nm, but provide
strong optical absorption at 810 nm for photo-thermal heating
[61]. Due to resonance excitation enhancement, SERS signal of
IR-792 molecules is most intense in contrast with other SERS active
molecules, e.g., DTTC-765, DTDC-655, Nile Blue, malachite green,
etc. Moreover, IR-792 molecules could be detected in attomolar
concentrations in vitro. After injecting IR792-coded gold nanorods
into mice right flank tumor, the Raman spectra of tumors showed
IR-792 NRs signatures have little background signal from PEG-NRs
alone or from saline. More importantly, under the irradiation based
on 810 nm diode laser, saline injected mice did not reach temper-
atures above 40°C, while IR792-coded NRs-injected tumors
rapidly heated to ablative temperatures above 75 °C, highlighting
a potential avenue for integrated bioimaging and photo-thermal
therapy in vivo.

Later, novel thiophene-substituted chalcogenopyrylium (CP)
dyes were designed as SERRS nanoprobes for biomedical imaging
in vivo [62]. The novel nanoprobes are well matched with NIR laser
resource 785 nm, and contain three important components: a gold
core in the inner layer, the CP dye adsorbed on gold core, and an
encapsulating silica outer layer. Interestingly, the Cp-dye 3-based
nanoprobes have a detection limit of 100 aM compared to
IR792-based SERRS nanoprobes with 1 fM. The ability of Cp-dye
3-based nanoprobes to characterize tumor tissue in vivo was
performed by using an epidermal growth factor receptor (EGFR)-
targeting antibody. The bioimaging results showed that the SERRS
signal intensity enhanced by Cp-dye 3-based SERRS nanoprobes
was approximately 3-fold stronger than IR792-based SERRS
nanoprobes. In addition, Harmsen et al. [63] prepared SERRS gold
nanostars (75 nm), which featured a star-shaped gold core with
NIR absorption band, a Raman reporter (IR-780) resonant in the
NIR window, and a silica-based encapsulation shell. Under
785 nm diode laser irradiation, the gold nanostars can perform
precise, visual biomedical imaging in vivo for tumor premalignant
lesions of pancreatic and prostatic neoplasias with a detection limit
of 1.5 fM.

More recently, they also demonstrated high precision biomedi-
cal imaging in vivo based on real-life mouse brain tumors using
integrin-targeted SERRS NPs with a detection sensitivity of femto-
molar level [64]. In the study, the SERRS NPs were prepared as
reported in [62,63]. Then, the integrin-targeted SERRS NPs were
synthesized by a heterobifunctional linker, poly(ethylene glycol)
(N-hydroxy-succinimide 5-pentanoate) ether N'-(3-
maleimidopropionyl) aminoethane (NHSPEG4k-Mal), which can
bridge cyclic RGDyK peptides and SERRS NPs. After the injection
(26 fM/g) into a grade IV astrocytoma (GBM)-bearing mouse, the
integrin-targeted SERRS NPs can monitor tumor cell migration
through the brain, as shown in Fig. 3. Compared to normal brain
tissue, strong SERRS signals with a good profile were observed in
bulk tumor (Fig. 3a). Moreover, the RGD-SERRS signal can also be
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Fig. 3. The detection of microscopic tracts of tumor cell migration through the brain by integrin-targeted SERRS nanoparticles. (a) SERRS signal in a paraffin-embedded
coronal brain section (1-mm thickness) after i.v. injection of RGD-SERRS nanoparticles in a GBM-bearing mouse. The pronounced 1200 cm~! peak of the RGD-SERRS-NP is
only present in the tumor bulk and tumor edge and not in the normal brain tissue. (b) Immunohistochemistry analysis of two regions along the midline. Upper panels (region
indicated by arrowhead 1 in A): OLIG2 staining confirmed tumor cell invasion along the midline. Lower panels (region indicated by arrowhead 2 in a): The RGD-SERRS
nanoparticles accurately outlined the linear microscopic (2-3 cells in diameter) tumor infiltration, extending from the superiorly located bulk tumor all the way into the
inferior areas of the brain. Insets show magnified regions. (Reproduced from Ref. [64] with permission of ivyspring International Publisher.)
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Fig. 4. Energy level diagram depicting the four types of Raman processes.

detected near the medial septum, which was penetrated by GBM 3.2. SECARS spectroscopy

cells. The proposal of cell migration was confirmed by immunohis-

tochemistry analysis of two regions (arrowhead 1 and arrowhead 2 Besides resonant absorption enhancement technique, nonlinear
in Fig. 3a). Overall, the approach using integrin-targeted SERRS NPs optical coherent technique, which has higher enhancement factors
shows a great potential in the biomedical field. than linear spectroscopy, can also be employed for ultrasensitive
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Fig. 5. Properties of the monolayer p-MA molecule coated quadrumer. (a) Experimental and simulated scattering spectra of a single quadrumer before (black) and after (red)
the p-MA absorption. (b) Charge densities of the quadrumer pumped at 800 nm (green) and 900 nm Stokes (red), with respect to the subradiant and superradiant modes. (c)
Field enhancement intensity (g?) distribution at the anti-Stokes (left), pump (middle) and Stokes (right) frequencies for the p-MA 1070 cm™' mode evaluated at mid-height of
the quadrumer. (d) SECARS enhancement (Gsgcars = Gggégf\s) map for the mode in c. The maximum enhancement factor is ~1.5 x 10'° in the central gap, and significantly
lower (~2.5 x 10°) in the four peripheral gaps. Scale bar, 100 nm. (e) Single-molecule SECARS detection of bianalytes. (a) Three representative SECARS spectra showing a pure
p-MA event (top), a pure adenine event (middle) and a mixed event (bottom). (f) Histogram of occurrences of none, pure p-MA, pure adenine and mixed molecules from one
sampled array of 49 quadrumers. (Reproduced from Ref. [72]with permission of Nature Publishing Group.)

detection [65]. The best example for SECARS spectroscopy is coher-
ent anti-Stokes Raman scattering (CARS), a nonlinear optical four-
wave mixing process that employs molecular coherence [66,67].
In CARS, the pump (wp,) and Stokes (ws;) fields interact coher-
ently through the third-order susceptibility of the material, gener-
ating an anti-Stokes signal mas = 2mp,-0s.. Albeit CARS has much
higher sensitivity than spontaneous Raman scattering, it is not
however high enough for monitoring or detecting analytes in
extremely low concentrations. One strategy to achieve higher sen-
sitivities is to employ SPR technique based on nanostructures to
enhance the CARS signals. If the input (®p,, ®st) or output (®as)
frequencies are in resonance with the collective excitation of SPR
in the nanostructure, the surface enhanced CARS (SECARS) signal
from molecules adsorbed onto the nanostructure is significantly
enhanced. SECARS can attain greater signal enhancement than that
of SERS or CARS alone, because electromagnetic enhancement fac-
tor (G) in SECARS is given by the equation G ~ |gpu|*|gst|®|gas|®
(Fig. 4). However, the obtained enhancement (G) in SECARS is quite
small and much smaller than that in SERS, because the SERS

phenomenon is a two-photon process, while the SECARS is a
third-order nonlinear process. In principle, the CARS signal is
enhanced if any of the light pump, Stokes, or anti-Stokes light is
in resonance with the SPR from metallic nanoparticles. The most
ideal plasmonic SECARS configuration is when the frequency of
pump photon, Stokes photon, and anti-Stokes photon are simulta-
neously resonant with the frequency of nanostructure in the same
spatial sites.

The theoretical prediction of SECARS effects from target ana-
lytes on silver NP surface was proposed by Chew et al. [68]. In
1994, Liang et al. showed that not only the CARS signal is signifi-
cantly enhanced, but also the signal-to-noise ratio is significantly
increased because of the addition of silver nanoparticles [69]. Ear-
lier reports discussed the feasibility of combining SPR and CARS for
higher detection sensitivity. However, the SECARS background sig-
nal, originating from metal and water, limited the detection sensi-
tivity of molecules. Koo et al. [70] demonstrated an ultrasensitive
SECARS detection of deoxyguanosine monophosphate (dGMP)
and angiotensin at single molecule level with the help of aggre-
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gated silver nanoparticles, picosecond laser excitation in a collinear
geometry, and polarization control for background suppression. It
is important to note that, the pump, Stokes and anti-Stokes pho-
tons cannot be simultaneously enhanced by colloidal NPs because
the narrow surface plasmon absorption (SPA) of their one and only
band. Thus, it is necessary to design plasmonic SECARS substrates
with more versatile features than the conventionally used SERS
substrates.

Recently, novel plasmonic Fano resonance substrates, i.e., four
coupled nanodisks, were proposed and designed [71]. Typically,
the Fano resonance substrates have one dip and two shoulders,
arising from the interference between bright and dark plasmon
modes, which can match the pump, Stokes and anti-Stokes pho-
tons in the SECARS process. Thus, the single molecule SECARS spec-
tra of biological molecules p-MA and adenine are successfully
achieved and verified through a statistically rigorous bi-analyte
method (Fig. 5) [72].

In order to achieve the strongest enhancement effect by
SECARS, novel plasmonic surface enhancement nanovoids were
designed by Steuwe and coworkers [73]. In the study, there is a
strong additional enhancement of ~10° over CARS, and SECARS is
at least 10° times sensitive than SERS. The presence of nanovoid
surfaces generates a broad plasmonic absorption region such that
the pump, Stokes, and anti-Stokes light can simultaneously res-
onate with nanovoids. In addition, the high performance SECARS
imaging of benzenethiol monolayer paves the way for ultrasensi-
tive monitoring of adsorbed molecules on plasmonic nanostructure
surface by using SECARS. Very recently, He et al. [46] have explored
a strategy to regulate hotspots in the same spatial position in
SECARS process by optimizing three asymmetric Fano resonance
gold disks, producing an enhancement factor of ~3.8 x 10'?,
approaching single molecule detection sensitivity.

Unlike SERS employing continuous incident light, the main light
source for SECARS are time-resolved lasers with high intensity and
repetition frequency. Amazingly, a wave packet vibration of a sin-
gle molecule can be captured and recorded in real time by time-
resolved SECARS (tr-SECARS), equipped with individual dipolar
nano-antenna (a gold dumbbell, trans-1,2-bis-(4-pyridyl) ethylene
(BPE) molecule linked with two gold nanospheres), similar to a
plasmonic dimer, which is a perfect hotspot for single molecule
sensitivity [74]. The SECARS imaging of gold dumbbell distribution
was performed by a femto-second laser scanning CARS microscope
system, showing that the wave packet vibration of single BPE
molecule based on gold dumbbell can be readily seen through
the SECARS response. In addition, the idea in which the signal orig-
inating from single molecule level was confirmed by tracking the
probability distribution function statistic of the noise, which can
uniquely distinguish between one, two and many molecule
responses. Therefore, with the assistance of SPR nanostructure,
tr-SECARS has great potential for individual molecule or atom
imaging.

3.3. Optical waveguide-based SERS spectroscopy

Optical waveguides, which integrate optics and devices on the
microscale, are also explored for high electric field gains, due to
their significant light harvesting effect. In an optical waveguide
layer, a concentrated laser beam is reflected into a thin film with
a certain angle using a semicylindrical prism. When the thickness
of thin film is well matched with the high refractive index (n),
i.e., n (prism) > n (film) > n (substrate), the incident light gets con-
centrated and thus the optical field is significantly enhanced.
Moreover, it is very easy to obtain low cost waveguide materials,
including semiconducting materials (e.g., SiO,, Tay0s, ZnO, and
MoOs3) [75-78] and polymeric materials (polyimide and poly (dial-

lyldimethylammonium chloride (PDDA)) [79,80], which can
strengthen the charge-transfer between target analytes and
waveguide layer. Thus, the introduction of optical waveguide into
SERS can further develop the SERS detection capability compared
to isolated SERS detection. Interestingly, the optical waveguide
plays multiple roles in improving incident light coupling, guiding
and collection of the Raman scattered-light.

There are various types of waveguide structures used for SERS
detection, e.g., semicylindrical prism, planar, and tapered waveg-
uides, etc. [76,79,81]. A SERS-active sensing layer comprising of
metal NPs or film is fixed on the SERS substrate. Recently, optical
waveguide-based SERS detection has demonstrated promising
potential for various applications [82-84]. Gu et al. designed an
ultrasensitive SERS substrate based on optical waveguide-
enhanced SPR model. A Kretschmann-type prism coupled the inci-
dent light into the SiO, waveguide forming a concentrated EM
field. Several resonance modes, such as TEO, TE1, and TE2 modes
are formed in this waveguide. At the SPR resonance condition,
the Ag nanoparticles (size ranging from 40 to 70 nm) assembled
on the waveguide surface further enhance the EM field. The config-
uration can achieve stronger EM enhancement factor than single
silver NP, yielding a 1000 times enhancement in the SERS signal
for realizing ultrasensitive SERS detection of 4-MBA [80]. Fu et al.
[82] demonstrated a novel immunoassay measurement of human
IgG by using dielectric and porous anodic alumina (PAA)
waveguide-based SERS spectroscopy. In the study, the SERS signals
were amplified by the enhanced electric field SERS due to waveg-
uide resonance. In addition, self-assembled silver NPs on the sur-
face of PAA waveguide provide a more intensive electromagnetic
field due to the plasmonic coupling between Ag NPs and waveg-
uide modes. The detection limit of human IgG down to 0.1 ng mL™!
was obtained. Quite recently, a tapered waveguide composed of
ultra-sharp ZnO nanocones@Ag film@Au NP has been demon-
strated with single molecule SERS detection capabilities of ben-
zenethiol (107'° M), R6G (10~'7 M), and adenine (10! M), due
to its excellent light trapping and waveguide effects [81].

In addition to the plasmonic waveguide configuration decorated
with metal NPs or films as above mentioned, microstructured opti-
cal fibers have been considered as a promising waveguide device
for designing next generation multifunctional SERS sensing plat-
form, which can efficiently incorporate SERS spectroscopy and
plasmonic devices [85]. Wang et al. demonstrated a highly sensi-
tive, porous SERS-active optrode, where Ag NPs were in situ depos-
ited on an optical fiber end through laser-induced polymerization
method [86]. The porous structure can load several Ag NPs, which
provide strong electromagnetic enhancement for SERS. When the
as-prepared optical fiber sensor is combined with a microfluidic
chip, the SERS quantification of organic pollutants and pesticides
can be achieved with a detection limit 1.0 x 10~ M. More recently,
our group developed a solid core-photonic crystal fiber (SC-PCF)
SERS sensing platform, which is capable of quantifying the sialic
acid level on a single cell with a 2 fM sensitivity [87]. The SC-
PCF-based waveguide can be employed to acquire ultrasensitive
SERS signals, due to its high detection volume, low signal loss,
low external interference and long-distance monitoring. The
Raman tag, 4-dihydroxyborophenyl acetylene (DBA) selectively
binds with sialic acid on the cell membrane using phenyl-boronic
moiety, as shown in Fig. 6a—c. Thus, the sialic acid SERS detection
can be realized by exploiting the Raman peak located at
2000 cm™~', which belongs to the alkyne functional group. Interest-
ingly, our SC-PCF-based SERS platform (Fig. 6e) is designed to allow
DBA-tagged HeLa cell mixed with Au NP solution to be pumped
through a side channel. The propagated laser light in the central
solid core can interact with DBA-tagged HeLa cell along the entire
length of the fiber, and thus three dimensional SERS signals of
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the presence of alkyne group from DBA. (e) SC-PCF for detection of sialic acid on a

single cell using SERS method. (Reproduced from Ref. [87] with permission of Elsevier B. V.)

samples with extremely low concentrations can be obtained,
indicating that our designed SERS sensing platform is a potential
diagnostic tool to evaluate sialic acid-related diseases in
real-time.

4. High quality nanostructure for SERS-based detection

The enhancement feature of SPR is highly dependent on the
types of nanomaterials used for testing, which is essential for
achieving ultrasensitive detection. Variations of nanostructures
properties such as morphology, size, composition, surface modifi-
cation, dielectric parameter and stability, etc., play an important
role in producing SPR-driven EM enhancements. During the past
decades, many types of excellent nanostructures, e.g., aggregated
nanostructure, self-assembled nanostructure, uniformed plas-
monic nanostructure, alloyed nanostructure, carbon-based mate-
rial, silicon-based nanomaterials, magnetic nanostructure, metal-
organic frameworks, and three-dimensional nanostructure arrays,
etc., have been designed and developed for SERS-based ultrasensi-
tive detection study. To clearly understand their enhancement fea-
tures, the SERS enhancement features of these nanostructures are
discussed in the following sections.

4.1. Aggregated nanostructure

Aggregated nanostructures are the earliest sensing platforms
for SERS-based ultrasensitive detection. The most frequently used
types of substrates are simple silver aggregates, which are com-
monly prepared by the reduction of silver nitrate with sodium

citrate acid at the boiling condition (Lee-Meisel method) [88].
Under laser irradiation, the broad absorption ranges of nano-
aggregates in the size range of 10-150 nm are well suited to sup-
port and generate metallic SPR enhancement, which is sufficient
for single molecule detection. To efficiently excite metallic SPR,
the SPR absorption band of Ag NPs make a significant impact in
producing SERS effects. When the target analytes contain active
atoms, such as sulfur or nitrogen, the activation of silver colloids
is usually done via the analytes themselves, by controlling various
colloidal aggregation states. However, when the target molecules
cannot induce colloidal aggregation, salt-induced (potassium chlo-
ride or sodium chloride) aggregation can solve the problem, due to
the variation of surface charge. Early studies [26,49,50,89,90] in
SERS-based single molecule detection showed that the detection
sensitivity largely depended on the random absorption sites (hot-
spots) of nano-aggregates by addition of activator solutions.
Recently, an ultrasensitive detection approach for ozone has been
reported by using aggregated Au NPs as SERS substrate. Based on
ozone oxidization and RhS-I5 particle formations, the Rhodamine
S (RhS) acts as the Raman reporter to monitor ozone level, achiev-
ing a detection limit of 9.0 x 10~ M [91]. One main advantage of
aggregates is that the randomly encountered hotspots have unusu-
ally high enhancement efficiencies. However, the so-called hot-
spots hold a meagre proportion (<1%) of the total surface area for
adsorption [92,93], which results in an extremely poor statistics
of ultrasensitive detection events. In addition, another significant
drawback of aggregated substrates is that the hotspots of aggre-
gates are extremely difficult to repeat or predict. Thus, the mor-
phology and size of the aggregated NPs need to be precisely
controlled for producing reproducible SERS signals.
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In order to overcome these limitations, electron beam lithogra-
phy (EBL) techniques are widely employed to design and fabricate
high quality nanostructures [94]. Unlike the nano-aggregates
induced by target analytes and activator agents, the morphology
of nanoparticles in EBL can be uniquely constructed, controlled
and tuned using computer-aided design software. With the help
of EBL, it is feasible to create random, reproducible nano-
aggregates for SERS detection. Many random aggregated cells with
different morphologies are prepared by EBL. By spectral mapping,
the SERS activity of the combinatorial cell arrays create
uniform 5 x 108 enhancement factors, which are well suited to
SERS-based sensitive detection [95]. More recently, aggregated
Ag NPs-based SERS were introduced into an ELISA signal genera-
tion system for ultrasensitive detection of prostate specific antigen
(PSA) [96]. The sensing platform employed multiple signal amplifi-
cation to obtain higher Raman signal, including the additional SERS
enhancement of aggregated Ag NPs and the high enzymatic
activity of catalase. Using this technique, PSA can be detected at
ultralow concentration, in the order of 10~ ng mL~!, which is very
useful for cancer recurrence prognosis for patients. Yang et al. [97]
reported a highly sensitive SERS approach for selective detection
of arsenic ions by using cationic polymer (PDDA) and 4-
mercaptopyridine  (4-MPY)-modified Au@Ag nanoparticles
(Au@AgNPs). In the study, arsenic ions can specifically interact
with the Ars-3 aptamer, and form an As(Ill)-aptamer complex,
resulting in aggregated 4-MPY-modified Au@AgNPs complexes.
Using 4-MPY molecule as Raman reporter, the arsenic ions levels
can be determined with an extremely low detection limit of
0.059 ppb.

4.2. Self-assembled nanostructure

Owing to their uniform size, shape, strong inter-particle
plasmonic coupling, and reproducible enhancement hotspots,
self-assembled plasmonic nanostructures with well-ordered
assemblies for SERS sensing, have received wide attention
compared with irregular nanoaggregates discussed in the previous
section. The lack of sufficient hotspots limits the SERS enhance-
ment capability of individual nanoparticle, therefore, precisely
controlling them into larger size assemblies is an attractive
approach to create huge plasmonic enhancement effects. To date,
several strategies have been devised to achieve nanostructured
assemblies by electrostatic interactions [98,99], hydrophobic
interactions [100,101], covalent bonding [102,103], and specific
bio-recognition interactions [104,105], etc.

The charged nanostructures can bind oppositely charged poly-
meric films to form self-assembled monolayers via electrostatic
interactions. For example, an assembly of gold nanorods-
embedded Raman reporter (4-ATP) on silica particles was shown
as excellent SERS substrates, affording a detection limit of
0.01 ng mL~! for human immunoglobulin G (h-IgG) in immunoas-
says [106]. In addition, Li et al. [107] synthesized plasmonic assem-
blies of truncated octahedral (TOH) Au NPs by using poly
(diallyldimethylammonium chloride) via electrostatic interactions.
Interestingly, using human immunoglobulin (h-IgG) as targeted
analytes, a detection limit of 36.56 fg mL™! can be obtained.

Hydrophobic interactions are based on the aggregated tendency
of nonpolar molecules in water solution. To date, numerous practi-
cal applications have shown that hydrophobic interaction mecha-
nism is an efficient approach to prepare self-assembly of
plasmonic nanoparticles with various morphologies and sizes.
Zhong et al. [108] reported a simple approach for preparing a
self-assembly of gold nanoparticles onto a poly (methyl methacry-
late) (PMMA) template by using hydrophobic interactions. The as-
prepared SERS substrates can reproducibly detect malachite green
(MG) isothiocyanate with a concentration as low as 0.1 nM. More

importantly, the SERS-active sensor can perform in situ detection
of MG residual on real-life fish, with a lowest in situ detection limit
of down to 0.1 pM.

Thiols-type molecules are widely used as linkers for creating
hotspots, because they can strongly bind to the metal surface
and form self-assembled monolayers via covalent bonding. Gener-
ally, the asymmetric thiol linker sometimes spontaneously pro-
duces non-uniform coalescences with poor enhancement
capability [109], while the symmetric linker molecules usually
generates ordered dimeric assemblies containing a number of hot-
spots [110]. This happens due to strong plasmonic coupling as
result of the linker-enhanced local electromagnetic field in the
junctions between two NPs. Recently, Fabris et al. [111] presented
a novel Raman tags for cancer cell imaging based on dimeric
assemblies of spherical Au NPs. Several hot spots were obtained
by plasmonic coupling of inter-nanoparticles, which were linked
by a small and rigid dithiolated molecule. After incubation with
human glioblastoma cells for a short time, the Raman tags can pro-
vide faster, highly sensitive SERS mapping for cancer detection.

In terms of specific bio-recognition interactions, the most com-
monly used plasmonic sensor is the DNA-based nanostructure
assembly. DNA is an ideal candidate for assembly due to its good
availability and excellent bio-compatibility. Nowadays, DNA-
based nanostructure assemblies are a class of perfect plasmonic
SERS substrates for ultrasensitive detection, due to their high sen-
sitivity and specificity. Wu et al. [112] demonstrated a SERS
biosensor called the assembly of Ag-trimers, for ultrasensitive
detection of cancer biomarker, alpha fetoprotein (AFP). The assem-
bly of Ag-trimers sensor was prepared via the AFP aptamer. The
detection limit of AFP in human serum can approach to sub-
attomolar level, about 0.097 aM. Heavy metal ions - Hg?>* and
Ag" can specifically interact with DNA bases thymine (T) and cyto-
sine (C), respectively, forming strong and stable T-Hg?*-T and
C-Ag*-C complexes. Thus, DNA-based plasmonic sensors are per-
fect probes for monitoring Hg?* and Ag* in real time. Xu et al.
[113] developed an assembled Au NP chain sensor for ultrasensi-
tive assay of mercuric ions (Hg?*). The mercuric ions can regulate
the transformation of single-stranded DNA to form double helical
DNA using thymine-Hg?'-thymine (T-Hg?'-T) interaction. With
the aid of DNA modified-Au NP chain, a detection limit of mercuric
ions in drinking water as low as 0.45 pg mL™! is possible. More-
over, Li et al. [114] developed an approach for simultaneous detec-
tion of Hg?" and Ag" by using the assembly of triple Raman
reporter-encoded gold nanoparticle trimers. In the study, three
identical Au NPs were modified by three different DNA molecules
(DNAT1, DNA2, and DNA3), respectively. A Y-shaped DNA frame-
work was constructed by introduction of DNA4 and DNA5 mole-
cules, which were partially complementary with DNA3. Next,
three different Raman reporters, aminothiophenol (ATP), nitrothio-
phenol (NTP), and 4-methoxy-o-toluenethiol (MATT), were
employed to further modify the entire surface of Au NP-DNAI1,
Au NP-DNA2, and Au NP-DNA3, respectively (Fig. 7). When Hg?*
or Ag" appeared individually, the Au NP dimers were assembled
by forming T-Hg?*-T or C-Ag*-C complexes, producing enhanced
Raman signals of MATT or ATP. However, when Hg?* and Ag* coex-
isted, Au NP trimers were obtained, and the SERS signals of all the
three Raman reporters were considerably enhanced than that of
dimmers. With the help of Au NP trimers, the simultaneous detec-
tion limit of Hg?* and Ag* was 1.69 pgmL~! and 1.71 pg mL ",
respectively.

More recently, Xu et al. [115] designed a DNA-driven plasmonic
assembly named self-assembling nanopyramid, labeled with a
Raman reporter (Cyanine 5), for monitoring telomerase in living
K562 cells. In the study, the as-prepared plasmonic probes were
Au nanopyramids composed of four gold nanoparticles embedded
with single-stranded DNA sequences, which could be comple-
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mented by the Raman reporter sequence (RS) and telomerase pri-
mer (TP). In the presence of the telomerase and deoxynucleotides,
the TP was extended, and meanwhile the inner DNA chain was
immediately replaced, resulting in a reduced trend for SERS signal

intensity. The SERS signals exhibited a linear range from 1 x 10~'4
to 5 x 1071 [U, with a detection limit of 6.2 x 10! IU. Similarly,
Shi et al. [116] also developed a strategy for ultrasensitive SERS
detection of telomerase activity. The quadratic SERS signal ampli-
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fication was achieved by telomerase-triggered Ag NPs assembly
incorporating with silver ions-mediated cascade amplification.
With the help of the interesting quadratic amplification, the detec-
tion limit was down to a single HeLa cell.

4.3. Uniformed plasmonic nanostructure

Unlike nanoscaled aggregates, uniformed plasmonic nanostruc-
tures have almost uniform shape, regular size, and dielectric con-
stant, indicating their reproducible plasmonic enhancement
capability. One of the most important properties is that, the mor-
phology of nanostructure can define and manipulate its SPR fea-
tures. The ability to control nanostructures with uniform
morphologies makes it possible to acquire SPR enhancement. Par-
ticularly, single gold or silver nanosphere cannot meet the demand
of ultrasensitive detection, due to lack of efficient enhancement
hotspots. Thanks to the development of nanofabrication technol-
ogy, plasmonic nanostructures can be tailored with desired shapes.
Various alternative uniform plasmonic nanostructures (e.g., nanos-
tars, nanoflowers, nanopyramids, and nanosatellites, etc.) with per-
fect and reproducible SERS hotspots have been successfully
synthesized, and their ultrasensitive SERS detection capabilities
have been tested.

4.3.1. Plasmonic nanostars

Compared to spherical or smoother plasmonic NPs, the NPs
with sharp tips demonstrate much higher sensitivity for external
environment changes and larger local field enhancement gain
because of their lightning rod effects. Increasing spiked or sharp
features on plasmonic nanostructure is a useful strategy to gener-
ate higher EM effects [117]. Thus, spiky-type plasmonic NPs are
ideal SERS substrates for sensing. Herein, gold nanostars are a class
of novel spiky plasmonic NPs with a spherical core and many out-
ward branching sharp tips. Both the branch angle and the radius of
the sharp tips are the two important factors in influencing the SERS
enhancement efficiency. In addition, the anisotropic shape of gold
nanostars can generate huge plasmonic coupling between the core
and the tips, thereby enhancing the EM field close to the particle.
Moreover, the gold nanostars also show a tunable optical property
from the visible to NIR window, offering the option to yield ultra-
high enhancement factors. Lee et al. [118] fabricated an ultrasensi-
tive SERS substrate composed of high density gold nanostars
assembled on silver films. Using gold nanoparticles as seeds, gold
nanostars were synthesized using a seed-mediated method. Then
the gold nanostars were assembled on silver films. In the plas-
monic platform, multiple plasmonic couplings such as nanostar-
silver film, nanostar-nanostar, and core-sharp tips, can contribute
to huge EM field gains, resulting in an aM (10~ '8) level of detection
capability for explosive 2,4-dinitrotoluene.

In addition, the gold nanostars can also be employed in food
safety. For instance, a SERS-active sensing platform composed of
aflatoxinB1 aptamer (DNA1) modified silver nanoparticles and
complementary sequence (DNA2) modified gold nanostars were
constructed for tracing AFB1 [119]. First, both DNA1-modified Ag
NPs and DNA2-modified Au nanostars formed a super architecture
named gold nanostar core-silver NP satellites, as shown in Fig. 8. In
the absence of AFB1, the Raman reporter ATP on Ag satellites
showed quite intense SERS signals, due to the huge plasmonic cou-
pling in the sensing platform. However, in the presence of targeted
molecules AFB1, the AFB1 aptamer (DNAT1) preferred to bind with
the AFB1 molecules so that the gold nanostar core-silver NP satel-
lites architecture decomposed into dispersed nanoparticles with
decreased SERS signals. For AFB1, the SERS sensing platform has
yielded a linear detection range from 1 to 1000 pg mL~! and a
detection limit of 0.48 pg mL".

4.3.2. Plasmonic nanoflowers

The large surface area and abundant hotspots for SERS in the Ag
or Au-based flowerlike nanostructures render them useful for prac-
tical applications such as biosensing [120,121] and bio-imaging
[122-124]. Dandapat et al. [125] developed a strategy to engineer
novel Ag hierarchical building blocks for monitoring methylene
blue. In the study, the plasmonic Ag nanostructures were fabri-
cated by consecutively injecting 4-mercaptobenzoic acid, triso-
dium citrate, and ascorbic acid into silver nitrate solutions as
reducing agents. Interestingly, the Ag nanostructures possess
numerous Ag petals, and nanosized gaps of Ag petals are filled with
small Ag NPs, indicating that there are lots of hotspots in the novel
Ag hierarchical building blocks. Owing to the highly enhanced elec-
tric field gain, the SERS signals of methylene blue can be obtained
when the detection concentration is as low as 100 aM.

Similarly, an approach to synthesize green, eco-friendly, and
ultrasensitive SERS sensor based on rose petals was reported by
Chou et al. [126]. In the study, a high density Ag NP array on rose
petals can be fabricated by the addition of Ag NPs suspension
because of hydrophobic interaction. The nanosized gaps of Ag NP
arrays can significantly amplify the electric field intensity. Once
consecutive target analytes (R6G) solution was placed onto the
Ag NP arrays, the R6G molecules get concentrated and are captured
by the high-density NP arrays during the evaporation process.
Thus, the SERS signals of R6G molecules increase dramatically.
With the help of novel petal-based substrate, a measurable and
reproducible SERS detection limit for R6G is as low as femtomolar
level (107> M).

4.3.3. Plasmonic nanopyramids

Plasmonic nanopyramids support both localized and propagat-
ing SPR, and have demonstrated excellent SERS detection capabil-
ity. For example, ordered, inverted Au nanopyramids were
employed to detect nitro-based explosives, providing reproducible
detection limits of tens of pg (10-'%g) [127]. In addition, Wang
et al. [128] demonstrated the single molecule detection strategy
for dopamine and serotonin using a graphene deposited Au
nanopyramid platform. The Au nanopyramids decorated with sin-
gle graphene layer possess high density hotspots, resulting in
ultrahigh SERS enhancement factors. In a short time of 1s, dopa-
mine and serotonin is detected and distinguished at the single
molecule level.

Notably, pyramid-type nanocomposites can also be employed
for SERS detection in practical applications. For instance, Zhao
et al. [129] designed an ultrasensitive SERS sensor named silver
decorated-gold pyramids, to monitor vascular endothelial growth
factor (VEGF). The sensing platform composed of gold nanopyra-
mids and a specific Raman reporter 4-NTP modified-Ag NPs. In
the absence of VEGF, the 4-NTP modified-Ag NPs are well inte-
grated with gold nanopyramids, resulting in quite intense SERS sig-
nals of 4-NTP. However, in the presence of VEGF, the 4-NTP prefer
to bind VEGF so that Ag NPs get released from the adsorption sites
of Au nanopyramids, leading to reduced SERS signals of 4-NTP.
Thus, the detection concentration of VEGF can be quantified by
measuring the SERS intensity of 4-NTP, achieving a detection limit
as low as 22.6 aM.

In addition, a novel SERS sensor encoding silver pyramids for
ultrasensitive, simultaneous, and multiplexed detection for disease
biomarkers such as PSA thrombin, and mucin-1 was designed by
Xu et al. [130]. In the study, the SERS sensor was a silver pyramid
composed of four Ag NPs, which was modified by identical Raman
reporter 4-ATP. Owing to strong plasmonic coupling between four
Ag NPs, the silver pyramid can be used to monitor single biomarker
PSA (Fig. 9a). However, when the other three Ag NPs were modified
by Raman reporter molecules 4-ATP, NTP, and MATT, respectively,
the DNA frame encoded specific disease biomarker aptamers was
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Fig. 9. Scheme of Ag pyramids self-assembled by DNA frame for SERS analysis of biomarkers. (a) Ag-pyramid-mediated singlet SERS assay for PSA, Ag NPs were modified with
4-ATP, PSA aptamers were inserted in each side of DNA frame. (b) SERS encoded multiple Ag-pyramidal detection of biomarkers (PSA, thrombin, and mucin-1), three Ag NPs in
each pyramid were modified with 4-ATP, NTP, and MATT, respectively, and three aptamers were inserted in three sides of the DNA frame, respectively. (Reproduced from Ref.

[130] with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

employed to form Ag pyramids. Due to the specific bio-recognition
interaction, the presence of designated disease biomarkers could
alter the geometries of Ag pyramids by shortening the gap length,
resulting in large SERS enhancement (Fig. 9b). More importantly,
the Ag pyramids sensing platform can reach a detection limit of
at least aM level, paving a way for performing early disease diagno-
sis and biomarker screening assays in clinical science.

4.3.4. Plasmonic nanosatellites

Plasmonic nanosatellites-type structures composed of a metal-
lic core and multiple satellite NPs around the core, demonstrate
intense plasmonic coupling between high density satellite NPs.
The strong plasmonic coupling remarkably increases the EM field
intensity between the core and satellite NPs, resulting in enormous
enhancement in hotspots. Consequently, the design of
nanosatellites-type structures offers a new path to construct high
quality SERS sensing platform.

Recently, Feng et al. [131] demonstrated a novel plasmonic
nanostructure platform including gold nanorods (Au NRs) as core
and multiple Ag NPs as satellites for biomarker Mucin-1 sensing.
In the study, the Raman reporter 4-ATP modified-Ag NPs and Au

NRs were functionalized by the aptamer for Mucin-1 and its partial
complementary sequences, respectively. In the absence of Mucin-
1, the Au NRs core-Ag NPs satellite nanostructures were well con-
structed through DNA hybridization. Many SERS hotspots were
produced by plasmonic coupling between Au NRs and Ag NPs, gen-
erating intensive SERS signals of 4-ATP in the absence of Mucin-1.
However, in the presence of Mucin-1, the specific bio-recognition
interaction between aptamer and Mucin-1 allowed satellite-Ag
NPs release from gold nanorods. Thus, the SERS intensity of 4-
ATP notably decreases with increased detection concentration of
Mucin-1, providing a detectable limit of 4.3 aM. Similarly, Ma
et al. [132] developed an ultrasensitive SERS sensor for PSAs by
using aptamer directed core-satellite nanostructures, affording
for a detectable limit for PSAs down to 4.8 aM.

4.4. Carbon-based materials

It is undoubtedly that carbon-based materials which possesses
large surface area with high capacity of adsorption sites such as
graphene, graphene oxide, carbon nanotubes, are a class of emerg-
ing platforms for gathering target molecules. Graphene is an excel-
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lent, uniform, two-dimensional material with single carbon atom
layer packed into a honey-comb plane structure. Graphene oxide
(GO), a good alternative for graphene, can be treated and function-
alized by various chemical approaches. Graphene and GO nanoma-
terials attract considerable attention in SERS-based sensing
applications due to their excellent CE effects arising from charge-
transfer between graphene/GO and target analytes. The rich aro-
matic rings (m electron systems) in graphene/GO structure are
good adsorption sites, which can efficiently capture aromatic tar-
get analytes through interesting m—m stacking interaction mecha-
nism, showing that GO is a preferred option for aromatic
molecule detection. Also, the negatively charged oxygen-based
functional groups in GO structure can capture positively charged
target analytes via electrostatic interaction mechanism. Moreover,
since the surface plasmon frequency of graphene/GO lies in the
mid-infrared or terahertz region, isolated graphene and GO are
not believed to produce EM enhancement effects in visible and
NIR window. It is impossible for single graphene or GO nanomate-
rials to achieve high SERS detection sensitivity using only CE
effects. Fortunately, the drawback can be addressed by attaching
noble metal NPs (e.g., Ag and Au).

4.4.1. Graphene/GO-based hybrid nanostructure

Various graphene/GO-based hybrid nanostructures such as Ag
NPs@GO, Au NPs@GO, Ag NPs@graphene nanosheets, Ag
nanoshells@GO, Au/Ag NPs@GO@Au/Ag NPs sandwich, and Au
NPs@GO@Ag NPs sandwich, etc.,[133-137] are reported for ultra-
sensitive SERS detection. Fan et al. [138] reported an ultrasensitive
SERS substrate for HIV DNA detection. The SERS platform was syn-
thesized with GO attached onto popcorn-shaped gold nanoparti-
cles, which yielded high CE gain as well as supported huge EM
gain due to the gold nanopopcorn tip with concentrated EM field.
With the assistance of the GO-based hybrid nanomaterials, a
detectable limit of fM (10'> M) is achieved, opening a new avenue
for sensitive HIV DNA detection in the biomedical field. In addition,
Liu et al. [137] designed a novel hybrid material sensor for ultra-
sensitive detection of TNT using SERS. The SERS substrates were
constructed by p-aminothiophenol (PATP) functionalized Ag NPs
attached to graphene nanosheets. Interestingly, the Raman repor-
ter PATP can be paired together to form azo compounds model.
The target molecule TNT and hybrid sensor can serve as
m-acceptor and m-donor, respectively. The - stacking interaction
between them can effectively induce many hotspots, which can
guarantee a detectable SERS signal of TNT as low as 10~'' M.

Under NIR light irradiation, GO incorporated with Au nanos-
tructures are also ideal candidates for drug delivery and photother-
mal therapy (PTT) due to their high drug-loading capacity,
excellent therapeutic effect and high photothermal conversion effi-
ciency. Recently, a novel multifunctional sensing platform based
on GO and Au NP core polyaniline shell (GO-Au@PANI) nanocom-
posites was designed for SERS imaging and PTT cancer ablation
in vivo [139]. In the study, PANI showed good NIR absorption with
excellent stability and low cytotoxicity, which highlighted its
potential to be used as a photothermal absorber decorated Au
NPs surface. With the help of m-n stacking and electrostatic inter-
action mechanism, the as-prepared GO-Au@PANI nanohybirds was
prepared by Au@PANI core-shell composites attached to GO
nanosheets. When a small amount of GO-Au@PANI entered the
cancer cells, intensive SERS signal from PANI was generated.
Through measuring the signal intensity of PANI, the GO-Au@PANI
nanocomposites can work as a NIR SERS probes to perform
in vivo bio-imaging in 4T1 cancer cells. Moreover, high perfor-
mance photothermal ablation for cancer cells was also demon-
strated in vitro and in vivo. Thus, the multifunctional theranostic
and sensing platforms for integrated real-time SERS imaging and

photothermal therapy can be an excellent option for cancer
therapy.

4.4.2. Graphene quantum dots-based hybrid nanostructure

Graphene quantum dots (GQDs) are a new type of zero-
dimensional graphene nanosheet, which are derived from 2-
dimensional graphene sheets. GQDs have attracted extensive
attention in optoelectronic devices, bio-imaging, and photochemi-
cal catalysis because of its excellent photoluminescence and
electronic properties. Besides their potential applications,
GQDs-based hybrid materials can also be employed to perform
SERS sensing study, which has been paid little attention by scien-
tists. For example, sensitive detection of hydrogen peroxide
(H20,) and glucose was realized by using DNA-mediated silver
NP and GQDs hybrid compound (DNA-mediated Ag NP@GQDs) as
a sensing platform [140]. More recently, Ge et al. [141] designed
and synthesized a highly sensitive SERS substrate named silica
(Si0,) supported Ag NPs and GQDs compounds for R6G detection.
Under UV light irradiation, the GQDs solutions were used to reduce
Ag® and synthesize Ag-GQDs nanocompounds. With the help of
electrophoresis deposition technique, the nanocompounds were
captured by a SiO, supported Si substrate. Due to m-7n stacking
interaction, the SERS signals of Rhodamine 6G (R6G) molecules
on Ag-GQDs compounds were considerably enhanced. More
importantly, the spatial gaps between Ag NPs and GQDs are the
hotspots sites for enhancing the Raman scattering signals of R6G,
providing a detection limit of 8 x 10714 M.

Besides its excellent photoluminescence feature, GQDs also pos-
sess strong simultaneous Raman scattering background, making it
possible to perform dual-mode detection based on its fluorescence
and Raman scattering. Recently, a novel dual-mode sandwich-
typed immunoassay platform was designed to monitor
tuberculosis CFP-10 antigen [142]. In the study, the newly
designed magnetic Fe;04,~Au-GQDs nanocomplex can simultane-
ously work as a SERS sensor and fluorescence imaging platform.
The magnetic plasmonic nanomaterials (Fe304-Au NPs) act as SERS
substrate, while GQDs are the reporter of fluorescence and Raman
signals. Both high quality SERS mapping and fluorescence imaging
were successfully obtained with a highly sensitive detection limit
of 0.0511 pg mL™..

4.4.3. Carbon nanotubes-based nanostructure

In carbon-based material family, carbon nanotubes (CNTs) are
one typical member with cylindrical nanostructure containing
highly ordered carbon atoms covalently linked in a hexagonal
geometry. To date, the single-walled nanotubes (SWNTs) and
multi-walled nanotubes (MWNTSs) are the main substrates for
science research. SWNTs are a single layer of graphene cylinders,
while MWNTs have multiple layers. The tube diameters of CNTs
can be tailored to as small as 1 nm while the lengths can reach
up to several centimeters. Owing to its extraordinary optical and
electronic properties such as large surface area, highly hollow, light
mass density, and unique charge-transfer capacity, etc., CNTs have
been exploited in designing desirable optical platforms for chemi-
cals and biological molecules sensing and imaging in vitro and
in vivo [143,144].

SWNTSs possess huge Raman scattering cross-section and well-
known, intensive, sensitive and tunable Raman bands (G*, G7),
making them ideal Raman labels for biosensing. SWNTs-based
Raman label for protein detection in ultralow concentrations was
introduced in [145]. In the study, protein human serum albumin
(HSA) was immobilized on gold-coated glass slides by self-
assembled cysteamine monolayer covalently linked with a six
arms, branched poly(ethylene glycol)-carboxylated terminated
PEG. Then, PEGylated phospholipids functionalized SWNTs were
performed to incubate with antibody named goat anti-mouse
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immunoglobulin G (GaM-IgG), which are employed to capture ana-
lyte (antibody HSA). As a result of strong plasmonic coupling in
sandwich model, the Raman bands of SWNTs attributed to breath-
ing vibration mode (below 500 cm™'), longitudinal G* and trans-
verse G~ mode (1590 cm™!) were significantly enhanced. Because
its high signal-to-noise ratio and narrow peak width, the G-mode
signal intensity can be employed to achieve quantitative detection
of antibody HSA, affording a detection limit down to 1 fM.

In addition, CNTs decorated with metal NPs provide higher SERS
detection sensitivity than isolated CNTs, because both EM and CE
enhancement effects contribute to the SERS signals. A sensitive
sensor composed of single wall CNTs and deposited gold nanopar-
ticles, was reported for monitoring Hg vapor concentration [146].
Due to strong plasmonic coupling between the Au NPs and CNTs,
an extremely low detection limit down to 2 ppb was achieved.
Recently, Zhang et al. [147] demonstrated a highly efficient SERS
sensor prepared via decoration of walled carbon nanotube/gold
nanoparticle (CNT/AuNP) hybrid nanocomposites onto a filter
membrane. The coupling between high density gold nanoparticles,
inter-carbon nanotubes can produce numerous hot spots, guaran-
teeing their strong SERS enhancement capability. When the detec-
tion concentration of MG was reduced to 1 pM, the characteristic
band at 1615 cm™ corresponding to MG could still be measured.
More recently, a novel SERS sensor for monitoring heavy metal
ions such as (Pb?*, Hg?*, and Cd?*) was reported [148]. In the study,
the substrate, namely CoFe,0, NPs functionalized-porous anodic
alumina (PAA) membrane, was used to grow long helical-
structured carbon nanotubes (CNTs) with a diameter of less than
20 nm. The SERS sensor CNTs/PAA exhibited a high sensitivity of
up to 1 ppb for heavy metal ions. Compared to their corresponding
bare solutions, the normalized sensor response values are about
22, 16, and 10 for Pb?*, Hg?*, and Cd?*, respectively.

4.5. Silicon-based nanomaterials

With ultrahigh surface-to-volume ratio, excellent biocompati-
bility, convenient surface modification, and sensitive response, sil-
icon (Si) nanomaterial is one of the most important semiconductor
materials, which have shown great potential for practical applica-
tions, such as optoelectronic devices, catalytic analysis, bioimag-
ing, biosensing, cancer diagnosis and therapy, etc. [149,150].
Silicon materials incorporated with noble metal nanoparticles
(Ag or Au) can further develop the SERS effects because of strong
charge transfer between semiconductor Si and metal surface. Thus,
Si-based hybrid nanomaterials are superior to isolate Au NPs or Ag
NPs sensors, due to their higher enhancement capability and better
reproducibility. In the past decades, various Si-based hybrid nano-
materials such as Ag/Au NPs-decorated silicon nanowires
[151,152], Ag/Au NPs-decorated silicon nanocones [153], Ag NPs-
decorated silicon nanospikes [154], Au/Ag NPs-decorated silicon
wafers [155] etc., have been prepared for SERS sensing.

Ag/Au-decorated Si nanowires are the most widely used sub-
strates for SERS sensing. Galopin et al. [156] synthesized Ag
nanoparticles decorated Si nanowires by (Ag NPs) using in situ
deposition technique. The as-prepared Si-based hybrid composites
could reach a detection limit of 107* M for R6G. He et al. [157]
developed an ultrasensitive DNA sensor by in situ fabrication of
Ag NPs on Si nanowire, providing a lowest detection of 1 fM. Zhang
et al. [158] deposited Ag NPs coated with silica layers onto highly
ordered silicon nanowire array (SINWA) by using chemical etching
and metal reduction approaches, and used as SERS substrates, with
a detection limit for R6G as low as 10~'® M. In addition, Peng et al.
[159] demonstrated an ultrasensitive SERS sensor for R6G, fabri-
cated by depositing Au NPs on etched Si nanowires, observing a
detection limit of 10~!" M. Recently, a sensitive SERS sensor for
tracing Hg?* was presented, fabricated using Au NPs decorated-Si

nanowire array. In the presence of Hg?*, intensive SERS signals
could be detected by forming thymine-Hg?*-thymine base com-
plex, resulting in a lowest detection concentration of 1 pM (0.2
ppt) for Hg?* [160].

Furthermore, highly ordered Si nanocone arrays decorated with
Au/Ag NPs have also shown their excellent SERS enhancement
capability. The ultrasensitive SERS signals of R6G were achieved
at concentrations as low as 107> M [153]. Also, reusable Si nanos-
pikes decorated with Ag nanoparticles were fabricated by fem-
tosecond laser pulses writing and in situ grown methods. They
yielded a detection limit of 1 pM for R6G when used as SERS-
active substrates [154].

4.6. Alloyed nanostructure

Among all the noble metals, Ag is the best plasmonic enhance-
ment material but it gets oxidized easily in air. However, gold pos-
sesses the best biocompatibility, which can be employed to hinder
the oxidation of Ag while improving its stability. When pure Ag
nanostructures cannot exhibit satisfactory optical properties,
alloying is an efficient strategy to tailor the plasmonic property
of Ag-based nanostructures. To date, several types of Ag-based
alloy nanostructures are prepared and reported [161,162].

One popular substrate used for SERS is the Ag-Au alloyed nanos-
tructure, which can be prepared by the reduction of HAuCl, and
AgNOs at different molar ratios. Recently, Zhao et al. [163] showed
a double detection approach for ochratoxin A (OTA) and aflatoxin
B1 (AFB1) using Ag@Au core-shell nanoparticles. In the study
(see Fig. 10), two SERS tags were prepared by embedding 4-NTP
and 4-ATP at the junction between Ag core and Au shell, respec-
tively. Then the metal surface of Ag@4-ATP@Au NPs and Ag@4-
NTP@Au NPs were modified by the aptamer-O and aptamer-A,
respectively. Probe-O/Probe-A functionalized magnetic nanoparti-
cles (MNPs) were employed to capture SERS tags via hybridization
interactions, leading to formation of MNPs@Ag@4-ATP/4-NTP@Au
NPs core-satellite complexes. The MNPs@Ag@4-ATP/4-NTP@Au
NPs composites showed strong SERS enhancement effects, due to
the strong plasmonic coupling between the approaching satellite
Ag@Au NPs as well as plasmonic coupling between the Ag core
and Au shell. In the presence of OTA and AFB1, both of two target
molecules compete with probes on MNPs for combining with the
aptamers, resulting in the release of Ag@Au NPs and further reduc-
tion in the SERS signal of Raman tags. The obtained detection limits
of OTA and AFB1 are 0.006 ng mL~! and 0.03 ng mL !, respectively.

Meanwhile, an ultrasensitive approach for monitoring bisphe-
nol A (BPA) in water was performed by using DNA-embedded
Au/Ag alloyed NPs [164]. Thiolated probe DNA was embedded on
the surface of Au NPs (40 nm) prepared by citrate-reduction proce-
dure. Next, DNA-embedded Au NPs were encapsulated with a sil-
ver shell to enhance the Raman signals. Finally, Cy3-labeled
aptamer was combined with DNA-embedded Au/Ag NPs via DNA
hybridization. In the presence of BPA, aptamer DNA molecules
are released from surface of NPs, forming a stable aptamer-BPA
composite. Herein, the SERS signals of aptamer DNA molecules
gradually decrease with increasing BPA concentration. The ultra-
sensitive quantification of BPA can be achieved by monitoring
the SERS signal reduction. There is an ultrasensitive detection limit
of 10 fM for BPA, which is expected to have potential applications
in sensing hazardous materials.

4.7. Magnetic nanostructure

Magnetic nanostructures including nanoparticles and
nanocomposites exhibit novel physical and chemical features com-
pared to single component nanomaterials. The presence of mag-
netic field in the magnetic nanostructures can efficiently induce
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Fig. 10. Schematic of simultaneous detection of OTA and AFB1 using SERS labels embedded Ag@Au CS NPs. (Reproduced from ref [163] with permission of American Chemical

Society.)

electromagnetic enhancement hotspots, making them ideal candi-
dates for SERS-based sensing. With their unique magnetic respon-
siveness, magnetic nanostructures have developed as a powerful
analytical tool for bioimaging [165], biosensing and fast separation
of target analytes (eg., chemicals, biomolecules, bacteria, and living
cells) [166-168].

Among numerous magnetic nanostructures, the core-shell
structured nanocomposites are well known magnetic hybrid sys-
tems used for SERS sensitive detection. For example, Hu et al.
[169] fabricated silver-coated Fe30,@SiO, composite microspheres
with excellent ferromagnetic and SERS properties. Using R6G
molecule as target analytes, the SERS signals can be measured in
concentrations as low as 1 fM (107!> M). Recently, Song et al.
[170] have demonstrated novel silver-deposited silica-coated
Fe304 magnetic particle (Fe30,@Si0O,@Au) for ultrasensitive detec-
tion of MG. The as-prepared Fe;0, particles were coated with sili-
con shell, resulting in formation of Fe30,@SiO, magnetic particles.
Next, the surface amination of Fe;0,@SiO, particles was performed
by poly (allylamine hydrochloride) (PAH). Through electrostatic
interaction mechanism, the product Fe;0,@SiO,@Au particles were
yielded by mixing Fe30,4,@SiO, magnetic particles and Au NPs solu-
tions. The resulting Fe30,@SiO,@Au magnetic particles show a
good magnetic separation activity toward MG molecules. More-
over, there is a sensitive SERS response in the range from 10 fM
to 100 uM, generating an ultralow detection limit of 2 fM.

In terms of biosensing, magnetic nanostructures have presented
great potential capability. For instance, Zengin et al. [171]
described a simple and highly sensitive sandwich assay for moni-
toring tau protein by using anti-tau protein functionalized hybrid
magnetic (Fe,03) nanoparticles incorporated with anti-tau immo-
bilized Au NPs, providing a detection limit less than 25 fM. Pang
etal. [172] designed a novel, superparamagnetic and ultrasensitive
platform named multifunctional Fe;0,@Ag magnetic NPs, which
can be used for microRNA determination and duplex-specific
nuclease signal amplification. With the aid of DNA/RNA hybridiza-
tion, the microRNA molecules can be captured and immobilized on
the surface of Fe;0,@Ag NPs. In the presence of endonuclease
duplex specific nuclease (DSN), one target microRNA molecule
can rehybrid a number of DNA probes to open signal-amplifying
recycling. Moreover, the superparamagnetism of Fe;0,@Ag NPs
allow a direct quantitative analysis of microRNA concentration.
The obtained detection limit of microRNA was as low as 0.3 fM,
triggering a novel approach for microRNA detection in point-of-
care clinical diagnostics.

In addition, Zhang et al. [167] demonstrated a multifunctional
magnetic Fe304-Au core-shell NP platform for simultaneous
detection of bacterial cells by using SERS. Because of the strong
magnetic property of the FesO4core, the FesO4—Au core-shell
NPs can be concentrated into a small dot under an external mag-
netic field. Interestingly, the small dot shows relatively strong plas-
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Fig. 11. Schematic illustration of the formation of sandwich structures and SERS
hot spots when both SERS tags (anti-CEA/4-ATP/Fe304-Au NPs) and SERS-active
substrates (anti-CEA/Au NPs) were bound to the CEA, which was expressed on the
A549 cell surface, based on the specific antigen-antibody interactions. The
formation of the SERS hot spots at the junction of SERS tags and SERS-active
substrates results in an enhanced SERS signal of the Raman reporter, which could be
used to detect cancer-related membrane proteins on cancer cell surfaces. (Repro-
duced from ref [173] with permission of The Royal Society of Chemistry.)

monic enhancement property because of the nanostar-shaped gold
shell and high density of hotspots induced by magnetic stacking.
Taking advantage of both magnetic and SERS features, the novel
platform can provide a detection limit of bacteria better than
0.1 ppb. More recently, Qiu et al. [173] demonstrated an ultrasen-
sitive SERS approach for detecting living cancer cells by Fe;04-Au
hybrid NPs substrates, which are labeled with a Raman reporter
molecule 4-aminothiophenol (4-ATP) and an antibody of carci-
noembryonic antigen (CEA). The SERS tags and anti-CEA-labeled
Au NPs serve as SERS substrates to improve SERS detection sensi-
tivity. In the presence of CEA positive-expressed lung cancer cells
A549, a sandwich configuration (Fig. 11) between SERS tags and
SERS substrates was formed at the surface of living cancer cells,
due to specific antigen-antibody recognition mechanism. The
sandwich model can provide excellent SERS hotspots in the gap
of SERS tags and SERS substrates. Thus, the SERS signals of Raman
reporter 4-ATP can be successfully measured on cell surfaces. This
approach shows ultrahigh detection sensitivity, where CEA is mea-
surable at ultralow A549 cells concentrations of 10 cells mL™".

4.8. Metal-organic frameworks

Metal-organic frameworks (MOFs) are a class of important por-
ous crystalline materials that combine metal ions or metal ions
clusters with rigid organic ligands via a coordination interaction
[174,175]. In addition, MOFs possess many advantages such as
large surface area, good stability, high porosity, tailorable chem-
istry, ordered and tunable nanostructure cavities [176], making
them promising candidates for SERS substrates (eg., Ag or Au
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embedded frameworks)
analytes.

Through a solution impregnation approach, ultrasensitive SERS
substrates were in situ fabricated by embedding gold nanoparticles
(Au NPs) into a solid matrix MIL-101 that can efficiently load Au
NPs and prevent them from migration [181]. The as-prepared Au
NPs/MIL-101 composites not only incorporate localized surface
plasmon resonance enhancement property of Au NPs, but also pos-
sess high adsorption capability of MOF for target molecules, result-
ing in concentrated molecules in the vicinity of hotspots. Using the
Au NPs/MIL-101 composites as SERS substrates, the detection lim-
its of R6G and benzadine is down to 41.75 fM, 0.54 fM, respec-
tively. Likewise, another ultrasensitive SERS substrate for
monitoring dopamine was prepared by in situ synthesis of Ag
NPs on the surface of a solid matrix MIL-101(Fe) [182]. The as-
synthesized SERS substrate exhibit high adsorption performance
and thus can capture and concentrate analytes in the vicinity of
the enhancement hotspots generated by high density Ag NPs.
Using dopamine as targeted analytes, there is a good linear detec-
tion range from 1.054 pM to 210.8 nM, and a detectable limit
approximately 0.32 pM can be obtained.

Lately, an ultrasensitive SERS-based immunosensor for moni-
toring biomarker N-terminal pro-brain natriuretic peptide (NT-
proBNP) was designed by synthesizing MOFs combining magnetic
NPs (Fig. 12) [183]. In this study, the three-dimensional framework
MOF-3 (IRMOF-3) with amination moieties was employed to syn-
thesize IRMOF-3@Au tetrapods (Au TPs)@toluidine blue (TB),
which act as excellent SERS substrates for biomarker monitoring
due to their large surface area of IRMOF-3 and abundant hotspots
generated by Au TPs. Then the second anti-NT-proBNP (Ab2) was
further immobilized on the surface of IRMOF-3@Au TPs@TB, result-
ing in a formation of immunosensor IRMOF-3@AuTPs@TB@Ab2. To
develop the detection sensitivity of the immunosensor, magnetic
nanocomposites (CoFe,0,@Au NPs) were used to immobilize pri-
mary antibodies (Ab1) and BSA to form CoFe204@AuNP-
s@Ab1@BSA. With the help of sandwich immunoassay protocol,

[177-180] for monitoring targeted

magnetic separation, and magnetic enrichment approaches, the
enhanced Raman band at 1420 cm™! ascribed to Raman reporter
TB was used to label the concentrations of biomarker NT-proBNP.
Finally, the multifunctional SERS platform could provide a detec-
tion limit of NT-proBNP as low as 0.75 fg mL™".

4.9. Three-dimensional nanostructure arrays

It is well-known that hotspots are essential for ultrahigh SERS
gain because of their excellent EM magnitude, desirable for ultra-
sensitive sensing. In the past decades, most reported hotspots for
SERS have been found in zero-dimensional tip-like, one-
dimensional rod-like, two-dimensional planar nanostructures
[184-187]. Nevertheless, the ordered SERS substrates from zero
to two-dimension space have quite limited hotspots compared to
three dimensional nanostructures. Therefore, it is highly desirable
to fabricate plasmonic nanostructures with uniform and high den-
sity hotspots for practical applications. The three-dimensional (3D)
nanostructure has shown great promises for SERS-based sensing
applications due to extraordinary intense plasmonic coupling. A
3D SERS substrate is much superior to a 2D substrate, as it offers
larger surface area for capturing more analytes, highly ordered
metal NPs distribution, high density hotspots for giant enhance-
ment in 3D space, and excellent repeatability.

A simple and novel 3D hotspots matrix that can maintain hot-
spots in 3D space between every two neighboring Ag NPs, was cre-
ated by evaporating a droplet of trisodium-citrate reduced Ag NPs
colloids on a hydrophobic silicon wafer (contact angle ~ 107°) that
treated with fluorosilane [188]. During the evaporation process,
the inter-particle gaps become smaller so that the Ag NPs are
orderly deposited on the silicon wafer surface. Unlike dry state
SERS substrate, the 3D geometry show excellent particle dispersity,
and uniformed inter-particle distance, both of which can produce a
large number of hotspots and huge Raman enhancement. The hot-
spots can serve as trapping wells to gather more molecules. Inter-
estingly, even a single molecule of R6G (0.5 aM) located in the 3D
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hotspot matrix can generate a significant SERS signal with good
repeatability. Wang et al. [189] demonstrated a novel, sensitive
and simple SERS platform with 3D hotspots. The SERS platform
was a single droplet of concentrated Ag NPs with analytes depos-
ited on a highly hydrophobic cover glass. Due to liquid adhesive
force, solvent evaporation, and hydrophobic interaction existing
in the platform, the hotspots were generated into a 3D space.
The resulted 3D hotspots demonstrated an ultrasensitive detection
for R6G molecules with a lowest detection limit of 10 aM.

Another ultrasensitive SERS sensing platform named slippery
liquid-infused porous SERS (SLIPSERS) for enriching and delivering
analytes into a specific SERS detection area in both aqueous and
non-aqueous liquids was reported (Fig. 13) [190]. In the study,
the slippery substrate was prepared by infiltrating Teflon mem-
branes (pore size, 200 nm) with a perfluorinated liquid (DuPont
Krytox GPL 100). The preparation process guaranteed that the sub-
strate surface is immiscible to both the aqueous and non-aqueous
phases. When one droplet of analytes and Au NPs or Ag NPs mix-
ture solutions was deposited on SLIPSERS, the mixture droplet
evaporated at a constant contact angle without obvious pinning
at the contact line, until the Au NPs aggregated together to form
a three-dimensional nanoaggregate, which is a high-quality hot-
spot for SERS detection. Moreover, the sensing platform can per-
form ultrasensitive detection in most commonly used aqueous
and non-aqueous solvents (eg., ethanol, acetone, toluene, and
dichloromethane, etc.) when the concentrations of targeted ana-
lytes are in the order of attomolar level. With the help of the SLIP-
SERS platform, the quantified detection levels of R6G molecules
range from 750 fM to 75 aM.

Furthermore, various 3D nanostructured composites such as
branched nano-trees [191], nano-butterfly wing [192], branched
nanodendrites [193], nanoporous cylinder arrays [194], nanoring
cavity arrays [195], colloidosomes [196], laser writing of 3D blocks
[197], Au@Ag nanorod arrays [198], etc., have been synthesized for
SERS detection, greatly enriching 3D SERS substrate family mem-
bers and providing more options for pursuing ultrasensitive SERS
detection sensitivity. Li et al. [199] designed an ultrasensitive
three-dimensional plasmonic architecture named gold triangle
nanoarrays for protein biomarker human immunoglobulin G
detection. In the presence of protein biomarker, the antibody mole-
cules immobilized on gold triangle nanoarrays because of
immunoassays recognition interaction, and were then linked with
the gold nanostar@Raman reporter@silica, forming a 3D sandwich
nanocomposites and high density hotspots in 3D space. With the
aid of SERS immunosensor, a low detectable limit of human
immunoglobulin G protein was 7 fg mL~!. Recently, Li et al. [200]
reported a novel SERS substrate named Ag NPs decorated PAN-
nanohump arrays with large-scale 3D hotspots. The SERS substrate
was prepared by printing polyacrylonitrile (PAN) films with uni-
form nanohump arrays and Ag NPs depositing approaches. Inter-
estingly, high density 3D hotspots could be obtained by tuning
the curvature of flexible PAN film during Ag-depositing process.
The synthesized Ag-NPs@PAN-nanohump array films exhibited
excellent SERS performance in the detection of explosives TNT,
with low detection limit of 10712 M.

Notably, the semiconductor material (eg., Silicon [201], ZnO
[202], and TiO; [203,204]) functionalized-3D plasmonic arrays also
shown outstanding performance in ultrasensitive detection via
SERS. For example, Huang et al. [201] developed a 3D SERS sub-
strate with cactus-like nanostructure for monitoring MG. In the
study, the plasmonic substrate was synthesized by growing many
silicon nanoneedle scaffolds on Ag dendrites and decorating with
Ag NPs, respectively. The hierarchical scaffolds possess a number
of high-density hotspots, resulting in huge amplification of SERS
signals. Using MG as targeted analyte, a low detectable limit with
good reproducibility is down to 10~!> M. A novel and efficient SERS

3D substrate named Gold@silver/silicon pyramid (Au@Ag/3D-Si)
was designed to probe R6G [205]. The SERS substrate was com-
posed of silicon pyramid arrays, 30 nm Ag film deposited on silicon
pyramid, 10 nm Au film outside Ag film. The stable SERS response
of Ag film, chemical stability of Au film and the large field enhance-
ment capacity of 3D-Si pyramids, contributed to superior detection
sensitivity. Using R6G as probe molecule, the performance of
Au@Ag/3D-Si substrate is far better than 3D-Si, Ag/3D-Si and
Au/3D-Si substrate, indicating that it is possible to create more
opportunities for label-free SERS detections in the future. In addi-
tion, Tan et al. [203] designed a large-scale 3D nanostructure by
decorating silver NPs on TiO, nanorods scaffold. The as-prepared
3D nanostructure demonstrated excellent SERS enhancement
capability due to presence of high density hotspots in Ag NPs. Tak-
ing the advantage of 3D nanostructure, a detection limit of MG was
as low as 1 pM. Later, Dai et al. [204] developed an ultrasensitive
3D SERS substrate based on TiO, nanowire arrays to target R6G,
and the achievable detection limit was 10715 M.

5. Highly efficient adsorption mechanism for SERS

In general, intensive SERS signals are generated when the target
analytes have high affinity to SERS substrate. Highly efficient
adsorption mechanism is quite helpful to develop the SERS detec-
tion sensitivity for the target analytes located in the vicinity of
nanostructure surface. Such target molecules containing active
moieties such as thiol group (-SH), and cyanide (-CN), can be
adsorbed via covalent bonding. In addition, the heterocyclic mole-
cules such as pyridine, bipyridine, adenine, etc., prefer to interact
with metal surface via their active atoms. The charged analytes
can also be captured by oppositely charged SERS substrate. How-
ever, not all the target analytes in nature exhibit strong affinity
to nanoscaled surface, such as single cyclic aromatic molecules
(eg., benzene, toluene, nitrobenzene, phenol, etc.) and polycyclic
aromatic hydrocarbons (PAHs, eg., biphenyl, naphthalene, fluorene,
anthracene, pyrene, etc.). Thus, it is still a challenge for detecting
the target molecules with poor affinity to metallic surfaces. There-
fore, it is necessary to choose a reasonable adsorption mechanism
towards nanomaterial substrates for different kinds of target ana-
lytes. To date, several well-known adsorption mechanisms used
for SERS detection have been proposed, such as covalent bonding,
hydrophobic interaction, charge-selective mechanism, m-7 stack-
ing interaction, and immunoassays, etc. These as-proposed mecha-
nisms will be outlined and discussed along with their practical
applications in the following sections.

5.1. Covalent bonding

For target analytes with thiol group, the formation of covalent
bonds (Ag-S and Au-S) is usually employed to immobilize target
analytes on noble metal surface [206,207]. The target analytes con-
taining diazonium moiety prefer to react with other aromatic dia-
zonium groups via forming a diazo bond [208]. Acting as important
Raman reporters for monitoring the biological molecule DNA, fluo-
rescent dyes are also used to attach with DNA by covalent bonding
[209,210]. In addition, due to specific covalent binding for hydro-
xyl, the boronic acid moiety is used to perform sensitive SERS
detection of dietary source glucose and fructose [211,212].
Recently, a sensitive detection strategy for monitoring heavy metal
ions (Hg?*) was designed by using strong covalent bonding mech-
anism [213]. In the study, the 2-mercaptoethanesulfonate func-
tionalized silver NPs exhibited intensive SERS signals due to the
formation of Ag-S bonding. However, as the binding capacity
between mercury and sulfur is stronger than that of between silver
and sulfur, the presence of Hg?" prevents the adsorption of 2-
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mercaptoethanesulfonate on Ag NPs surface. The as-obtained SERS
intensities of 2-mercaptoethanesulfonate decrease with the
increasing concentrations of Hg?*. Using the Raman band at
795 cm~! for quantitative analysis, a reliable detection limit of
Hg?* is as low as 2.4 nM L~'. Moreover, an interesting SERS-
based sensor for monitoring thrombin in low concentrations was
reported [214]. The Au NPs were first functionalized with a Raman
reporter 4-ATP. Typically, the 4-ATP possesses two moieties, one of
which is the thiol group (-SH) used to bind Au NP via covalent
bonding, while the other is a diazonium moiety, capable of reacting
with aromatic residues of thrombin protein by forming a diazo
bond. Finally, the covalent linked thrombin was introduced into a
substrate coated with silane and glutaraldehyde, resulting in the
formation of a sandwich model 4-ATP@thrombin@antithrombin@
heparin. The detection limit of thrombin with the sandwich model
is recorded at 10713 M.

5.2. Hydrophobic interactions

Wettability is an important property for plasmonic nanostruc-
tures because it defines the capability of maintaining contact with
a liquid. As is well known, hydrophilic surfaces should have affinity
to the target molecules with good solubility in water, resulting in
shrinking of the target molecule droplet and rapid evaporation
due to large surface contact. However, hydrophobic surfaces too
allow a deposited liquid droplet to evaporate and maintain its
quasi-spherical shape during the volume reduction process. Briefly,
super-hydrophobicity can be classified when a quasi-spherical
water droplet on metal surface possesses a contact angle greater
than 150° and a planar angle less than 10° [215,216]. For SERS
detection, hydrophobic surface enables to control and concentrate
water-insoluble target molecules on plasmonic enhancement hot-
spots area. Essentially, both hydrophobicity and hydrophilicity can
act as a working mechanism employed in SERS-based practical
applications. Particularly, if a substrate surface possesses both
highly hydrophobic and hydrophilic moieties, it can act as a multi-
functional organic solvent-water separation platform system for

detection of environment pollutants such as polycyclic aromatic
hydrocarbons (PAHs) and pesticides. In general, there are two steps
to prepare hydrophobic metal surface, the first is construction of
nanometer or micrometer scaled structure, second is modification
of the surface by using low surface energy molecules [217,218].
Thus, hydrophobic interaction mechanism has become an efficient
approach for SERS-driven detection [189,219,220].

For example, novel plasmonic nanostructure arrays with super-
hydrophobic surface are prepared by multiple micro-nano fabrica-
tion processes [221]. In the study, clean Si wafer is coated with a
positive resist layer through optical lithography technique. Then,
a Ag layer is grown on the treated-Si wafer based on the reduction
of metal Ag* using electroless deposition method. The hydrophobic
surface is achieved by coating a thin film of polymer Teflon onto
the cylindrical pillar structure arrays prepared by reactive ion etch-
ing process. When a droplet of R6G water solution (a diameter,
2 mm; initial concentration 1 fM) is deposited on the superhy-
drophobic device, the precipitation solute of R6G gets concentrated
and precipitated onto a small area nearby the silver nanostructures
due to high hydrophobic interaction, as confirmed by SEM and flu-
orescence imaging (Fig. 14a-b). Using the extremely small concen-
tration of R6G (10 aM), the resulting SERS mapping analysis
(1650 cm™!) demonstrates that the hotspots induced by hydropho-
bic interaction mechanism can provide ultrasensitive detection
capacity (Fig. 14d-f).

In addition, a super hydrophobic plasmonic substrate named Ag
decorated polystyrene (PS) nanotubes was prepared by melting PS
onto an anodized alumina (AAO) template and subsequent silver
evaporation. The super hydrophobic SERS substrate is capable of
achieving a ultralow detection limit of 400 ppt level for organic
pollutant crystal violet [222]. Recently, Jayram et al. [223] synthe-
sized super hydrophobic silver decorated zinc oxide (ZnO) nanos-
tructure thin films by using thermal evaporation method. Prior to
Ag deposition process, the treated ZnO nanowires thin films show
super hydrophobic property possessing a contact angle of 163°.
Taking the advantage of super-hydrophobicity, the as-prepared
SERS substrate can provide a reproducible detection limit of R6G
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as low as 1071% mol L. Thereafter, they designed another type of
SERS substrate named silver coated copper oxide (Ag@CuO)
nanoflowers thin film, which can efficiently incorporate superhy-
drophobic property with high enhancement ability of Ag@CuO
nanoflowers. Using R6G as target molecules, the SERS substrate
can provide a detection limit of 1071° mol L~ [224].

5.3. Charge-selective mechanism

Similar with wettability, electronegativity determined by Zeta
potential, is another important property of nanomaterials. With
the help of charge-selective mechanism, the charged SERS sub-
strates prefer to capture oppositely charged target analytes. For
example, Ag NPs deposited on negative- and positive-type Si
wafers have demonstrated enhanced SERS signals for positively
charged molecule acridine orange and negatively charged dye
molecules fluorescein, respectively [225]. In addition, for positively
charged dye R6G, Ag NP on negative-type porous Si nanostructures
are obviously superior to the corresponding positive-type Si nanos-
tructures [226]. Moreover, Baik et al. proposed that the Ag NPs
deposited on p- and n-type Si nanowires exhibit higher charge
selectivity than the Au NPs [227]. Thus, charge-selective adsorp-
tion mechanism can be considered as an efficient way to capture
charged molecules using n-type and p-type substrates.

In many SERS-based charge selective detection studies, trinitro-
toluene (TNT) is one of the commonly used target analytes via
charge-selective adsorption mechanism [228-232]. Recently, an
ultrasensitive =~ SERS-based  detection system for 2,4,6-
trinitrotoluene (TNT) by the electrostatic interaction mechanism
between positively and negatively charged gold nanoparticles
was proposed [232]. The TNT molecule can induce 1-cysteine mod-
ified gold substrates to form a Meisenheimer complex with a neg-
atively charged aromatic ring which is employed to immobilize the
4-mercaptopyridine (4-MPY) modified-Au NPs (positively charged)
through electrostatic interactions (Fig. 15a-c). More importantly,
with the help of another type of negatively charged Au NPs because
of electrostatic interaction, the generated nano-dumbbells struc-

ture can provide many enhancement hotspots for SERS (Fig. 15d-
e). Thus, the SERS signals of TNT are greatly enhanced. The mea-
surement results show that the nano-dumbbells structure can pro-
vide an ultra-sensitive detection limit of 1 pM and a linear
response ranging from 9 to 180 nM, proving its strong potential
in detecting various explosive materials.

Moreover, charge-selective-based SERS platform can also be
used to detect mercury ions [233], food dyes [234,235], biological
proteins and enzymes [236,237]. Recently, Chen et al. developed
a simple and sensitive sensing strategy for recognition and detec-
tion of trypsin based on the electrostatic adsorption interaction.
The polycationic protamine not only served as a substrate for
enzyme hydrolysis but also acted as a medium for SERS enhance-
ment, which could bind negatively charged 4-MPY-functionalized
AgNPs and induce their aggregation. A detection level down to
0.1 ng mL~! for trypsin was obtained [238].

5.4. -1 stacking interaction

In natural substances, especially in various biological and
non-biological systems, m-m stacking effect is a well-known
non-covalent interaction mechanism, occurring in aromatic rings
containing 7 electrons. Indeed, m-m stacking interaction plays a
pivotal role in DNA/RNA bases stacking [239,240], protein folding
[241,242], supramolecular architecture design [243], material
science [244], chemicals and biological analytes recognition
[245]. In SERS study, n-7 stacking interaction is particularly inter-
esting because it can efficiently bind aromatic target analytes on
metal surface without destroying the morphology of nanoparticles
and distortion of the target analytes. Thus, for the aromatic ana-
lytes that do not interact with metal surface, m-7 stacking interac-
tion is the most promising approach to improve the adsorption
efficiency between aromatic analytes and SERS substrate, and fur-
ther achieve ultra-high SERS detection sensitivity.

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic
materials, which contain two or more than two aromatic moieties.
Although they have sizable Raman scattering cross-sections, they
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exhibit feeble SERS spectra when they are directly deposited on
bare metal surfaces because of their poor affinity to metals.
Fortunately, with the aid of m-m stacking interaction, PAHs can
be selectively detected by some special SERS substrates, such as
single-walled carbon nanotubes [246], humic acids-based Ag NPs
[247], calixarene-functionalized Ag NPs [248], 4-aminothiophenol
(4-ATP) functionalized ZnO-Ag hybrid nanoflowers [249] and poly
(sodium 4-styrenesulfonate) (PSSS)-decorated Ag NPs [250]. More
recently, our group designed a novel SERS sensing platform named
PSSS-decorated Ag NPs in one step under room temperature [250].
The as-prepared SERS substrate has no SERS background interfer-
ence compared to humic acids-based Ag NPs with strong back-
ground noise. More importantly, it can sensitively detect the
PAHs by the proposed m-7 stacking interaction mechanism, which

provides high SERS intensity and very low detection limits (FAD, 10
aM; fluorescein, 10 pM).

5.5. Immunoassays

It is well-known that cancer is the leading fatal cause human
life, due to its widespread incidence and high mortality rate. Thus,
early detection of cancer symptom screening is crucial to improve
chances of survival. The levels of protein biomarkers in living cells
or organisms are considered as the readouts of physiological and
pathophysiological environments, because these protein biomark-
ers are typically released from cells or organs. For instances,
o-Fetoprotein (AFP) is a well-established biomarker for early diag-
nosis of liver cancer [251], while carcino-embryonic antigen (CEA)
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and neuron-specific enolase (NSE) are well-known biomarkers for
lung cancer [121,252]. Notably, the cancer biomarkers usually exist
in very low concentrations during the early stage of cancer, and are
quite difficult to detect. To improve diagnostic accuracy and treat-
ment response, development of an ultrasensitive assay for specific
detection of biomarker proteins is preferred.

Among the specific antigen-antibody interactions, immunoas-
says are the most commonly used approaches for biological protein
detection. Antibody is used as molecular recognition site because
of its high affinity and specificity to a specific antigen. Moreover,
each antibody has a unique affinity for a specific antigen. Thus,
the antibody-antigen interaction is very strong. Recently, the inte-
grated platform based on immunoassays and SERS has received
great attention, because it can perfectly combine the advantages
of both immunoassays and SERS, resulting in high detection sensi-
tivity. SERS-based immunoassay sensing platforms are widely
exploited in cancer screening [252,253] biomedical diagnostics
[168,254], food safety [255,256] and environmental monitoring
[257,258].

In many SERS-based immunoassay studies, indirect detection of
proteins or biological molecules by labeling with an active Raman
reporter molecule is a commonly used approach. An ultrasensitive
SERS biosensor for detecting folic acid was reported by employing
Au NP-Ag NP heterodimers, which were formed via antigen-anti-
body interaction [258]. Under slight stirring, the as-prepared Au
NPs and Ag NPs were modified by antibody and antigen, respec-
tively. Then the Raman reporter molecule 4-aminothiophenol
(4-ATP) further was labeled on the surface of conjugated
antibody-Au NPs and antigen-Ag NPs, respectively. In the absence
of folic acid, the antibody-Au NPs and antigen-Ag NPs forms a
dimer, which yield very strong SERS signals of 4-ATP. However,
in the presence of folic acid, the antibody-Au NPs gets released
from the dimer. As the SERS intensity of 4-ATP is inversely propor-
tional to the folic acid content, the detection levels of folic acid can
be quantified by measuring SERS intensity of 4-ATP. With the help
of the dimer hotspots and antigen-antibody immunoassay mecha-
nism, the SERS-based immunoassay sensor has achieved an ultra-
sensitive detection ranging from 0.005 ng mL~! to 1 ngmL™' and
a detection limit of 0.86 pg mL™".

In addition, a sandwich assay is a commonly used approach for
achieving ultrasensitive SERS detection of analytes, because it can
create more enhancement hotspots. There are three main compo-
nents in a sandwich model including a supporting substrate
labeled with analyte-specific antibodies, analytes, and analyte-
specific SERS tags. Here, the SERS tag is usually a noble metal sub-
strate labeled with the specific antibodies and Raman reporter
molecules. Once the sandwich structure is formed, the concentra-
tions of analytes can be qualitatively or quantitatively detected
by measuring SERS signals of the labeled Raman reporter.

Song et al. [252] reported a highly sensitive, specific and simul-
taneous SERS-based sandwich immunoassay for two protein mark-
ers carcinoembryonic antigen (CEA) and neuron-specific enolase
(NSE), which are strongly related with lung cancer screening. In
the typical sandwich immunoassay, there are two analyte-
specific SERS tags (CEA SERS tags, NSE SERS tags), two analytes
(CEA, NSE) and a supporting substrate, namely gold coated mag-
netic NPs (GMNPs) modified with two targeted analyte specific
antibodies, as depicted in Fig. 16. The CEA SERS tags are
prepared by consecutive surface modifications of flower-like
Au NPs with Raman reporter molecule 4-mercaptobenzoic
acid, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS) and antibody-CEA. The fabrication
of NSE SERS tags is similar to the process of CEA SERS tags with a
slight difference in the Raman reporter molecule and antibody
for NSE SERS tags being 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)
and antibody-NSE, respectively. On the other hand, the immune

supporting substrate is synthesized by labeling both anti-CEA
and anti-NSE on surface of GMNPs. The detection principle is sim-
ple; two types of SERS tags will bind together with the immune
supporting substrate via their corresponding specific antigens
and form sandwich-like composite, providing excellent SERS
enhancement hotspots. The SERS-based immunoassay results
show excellent specificity and ultrahigh sensitivity. The detection
limit of CEA and NSE in human serum specimens is 1.48 pg mL™!
and 2.04 pg mL~!, respectively. Thus, the proposed SERS-based
immunoassays are expected to provide another reliable approach
for early cancer screening in clinical diagnostics.

6. Multifunctional SERS sensing platform

In order to address the issue of fluctuation of SERS signals and
poor reproducibility of SERS events at ultralow detection levels,
multifunctional integrated SERS sensing platform is a new emerg-
ing detection system, which not only integrates the advantages of
analytical approaches such as microfluidics [259,260], optofluidics
[261,262], dielectrophoretics [263,264| and capillary electrophore-
sis [265,266] but also allows one to quantitatively detect analytes
in highly diluted solutions. In addition, the introduction of paper-
based plasmonic platforms into SERS-based ultrasensitive sensing
study [267,268] has received considerable attention in recent
years, because of their low cost, light weight, easy to control, wide
accessibility, and low-carbon footprint making paper a perfect
alternative to traditional substrate materials such as glass, semi-
conductors, and plastics.

Yang and coworkers [269] proposed a new ultrasensitive detec-
tion strategy named dynamic surface enhanced Raman spec-
troscopy (DSERS), which is based on measuring the Raman
signals of the mixture solution containing nanoparticles and target
analytes from wet state to dry state during the state translation
process of SERS substrate. This detection technique demonstrated
good capability of achieving ultrahigh detection sensitivity. Herein,
the three types of functionalized SERS sensing platform and their
practical applications will be outlined briefly.

6.1. Microfluidics-assisted SERS sensing platform

The isolation of useful SERS signals from SERS signals fluctua-
tions and blinking originating from diffusion motions of both tar-
get analytes and noble metal NPs, inhomogeneous distributions
of adsorbed analytes on metal surface, and possible laser forces
exerted on either metal NPs or analytes are the major challenges
to achieve quantitative analysis of target analytes in highly diluted
concentrations [49,270]. Fortunately, the implementation of
microfluidic techniques into SERS-based detection can address
and suppress the unwanted signals, because microfluidics can con-
fine and manipulate a solution, liquid, and colloids-type suspen-
sion in micro-scaled channels. In contrast to the commonly used
macroscopic devices such as sample cell and capillary, microfluidic
chips integrated with SERS detection offer many advantages, such
as extremely small sample consumption, short response time, high
portability, and high detection sensitivity [271,272]. To date, there
are two main types of microfluidics-assisted SERS sensing plat-
forms such as metal colloids-based microfluidics SERS systems
capable of manipulating a mixture composed of metallic NPs and
analytes within a liquid, and second, highly ordered metal
nanostructure-embedded microfluidic systems that possess plas-
monic nanostructure coated on channel interface with fixed gaps
for tailored plasmonic enhancement [273]. For metal colloids-
based microfluidics platform, the obtained SERS signals highly
depend on the electromagnetic hotspots induced by plasmonic
nanoparticles aggregation. However, uniform nanostructure-
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embedded microfluidics platform can afford identical SERS
enhancement sites for analytes due to their ordered distribution
of hotspots.

6.1.1. Metal colloids-based microfluidics-SERS platform

Injecting small amount of mixture solutions (metal colloids and
diluted target analytes solutions) into microfluidic channels not
only serves as an efficient platform for monitoring mixture solu-
tions, but also significantly improves SERS sensing sensitivity.
Under high power laser irradiation, continuous flow in channels
can effectively dissipate heat energy and protect analyte molecules
from being damaged by laser [274]. More importantly, the SERS
signals can be repeatedly detected by processing the Raman signals
in a continuous detection volume replacing previous static condi-
tions. Thus, the combination of microfluidics with SERS redefines
multifunctional SERS-based sensing platforms, which are superior
to common SERS detection study. In recent years, microfluidics-
assisted SERS sensing platforms have been applied in various
bio-analytical studies such as protein detection [275,276],
immune-sensors [277,278], DNA/RNA assay [279-281], cells
sorting/identification [282,283] and environment monitoring [284].

Recently, Zhou et al. [285] presented a rapid and sensitive
detection method for determining bovine serum albumin (BSA)
on a microfluidic chip incorporated with SERS spectroscopy. The
microfluidic chip contains a T-shaped channel and two modified
pneumatic valves. Interestingly, at the bottom of the channel, there
is a modified poly (dimethylsiloxane) (PDMS) pneumatic valve and
nanopost arrays, which are used to trap gold nanoparticles and
form gold aggregates, producing efficient hotspots for SERS detec-
tion. When there is a pressure on the nanopost arrays, the channel
becomes narrow in front of the valve, resulting in trapped Au NPs.
Quantitative detection analysis of BSA is performed in the region
forming Au aggregates by measuring the peak intensity at
1615 cm™' ascribed to BSA fingerprint vibration. With the help of
the proposed microfluidic chip, the detection limit of BSA can reach
as low as picomolar level. Lately, a quite simple and rapid silica
gel-based microfluidic platform for glycoprotein and streptavidin
sensing was demonstrated with a femtomolar level detection sen-
sitivity [286]. The microfluidic system was prepared by combining
silica gel-based thin layer chromatography (TLC) plate and multi-
functionalized silver coated gold NP (Ag@Au nanoparticle)
enabling plasmonic enhancement. In silica gel, micrometer-



Y. Yuan et al./Coordination Chemistry Reviews 337 (2017) 1-33 25

scaled pores and channels act similar to microchannels in a
microfluidic device. For SERS substrate, multifunctional Ag@Au
NPs are modified with 4-mercaptopyridine and glucose, respec-
tively. The 4-mercaptopyridine acts as Raman reporter, while glu-
cose interacts with proteins. After injecting protein solutions and
Ag@Au NPs colloids into two individual channels, the aggregation
of Ag@Au NPs induced by protein in channel interface can provide
significant EM enhancement effects. The resulting SERS signal of 4-
mercaptopyridine molecule is used for labeling concentration, with
a reproducible detection limit of 1 fM and 10 fM for glycoprotein
and streptavidin, respectively.

Immunoassay sensor is the most popular approach to detect
disease-related biomarkers. Recently, a novel SERS-based
immunoassay sensor for quantitative and sensitive detection of
anthrax biomarker poly-y-d-glutamic acid (PGA) was developed
in a microfluidic device [287]. PGA can compete with PGA-
conjugated gold nanoparticles to adsorb anti-PGA-immobilized
magnetic beads in the microfluidic channel. Subsequently, mag-
netic immune-complexes are trapped by solenoids embedded
within the microfluidic device, and their SERS signals can be
directly measured. With the help of SERS-based microfluidic sen-
sor, the detection limit of PGA in human serum can be determined
as low as 100 pg mL ™.

In addition, another efficient SERS immunoassay for quantita-
tive detection of HBsAg antigen with a level of 0.01 IU mL™! was
presented in a microfluidic system [288]. In the study, the SERS
immunoassays were performed on a sandwich structure with three
layers (Fig. 17a-c), such as Hepatitis B virus antibodies (anti-
HBsAg) anchored on GaN/Au-Ag surface through a 6-amino-1-
hexanethiol (AHT) layer, Hepatitis B virus surface (HBsAg) antigen
captured by anti-HBsAg, and Raman reporter basic fuchsin-labeled
Au nanoflowers (antibody-FC-AuNFs). More importantly, the
microfluidic chip allows us to perform and manipulate each step
of the whole immunoassay process (Fig. 17d). There are four inlets
(X, Y, Z, and O) used for injecting the following reagents: Bovine
serum albumin (BSA) in PBS buffer solution, Hepatitis B virus sur-
face (HBsAg) antigen in human blood plasma, Raman reporter-
labeled Au-nanoflowers, PBS buffer solution, respectively. The
labeled detection area (DA) is the place where sandwich structures
are formed and detected by SERS. Hepatitis B virus surface (HBsAg)
antigen can is quantified in this channel by measuring SERS signal
of basic fuchsin (FC). It can be envisioned that the proposed SERS
immunoassay could provide useful reference for other important
biomarkers and point-of-care analysis in the disease diagnosis
field.

Living cell is a class of complex organism composed of many
biological components such as proteins, DNA, lipids, and carbohy-
drates, etc. SERS spectroscopy is well-suited to specifically detect
target analytes having multiplexed components, while microfluidic
chips are excellent systems employed to trap and capture cells in
liquid solutions. Recently, a synergistic and portable system for
specific identification, rapid detection and monitoring bacteria
was demonstrated by combination of nanostructured dielec-
trophoresis (DEP) with SERS [289]. In the study, a nanoelectrode
array made of vertically aligned carbon nanofibers was embedded
in a microfluidic chip for capturing and concentration bacteria into
a200 pm x 200 um region. In addition, a SERS substrate composed
of iron oxide-gold (I0-Au) core-shell nanoovals (50 nm) labeled
with a Raman reporter QSY21 was employed to attach and label
bacteria via specific immunochemistry technique. The concentra-
tion of E. coli can be determined by measuring the SERS signal of
Raman reporter QSY21. For pathogen E. coli cells, the integration
of SERS and effective microfluidic DEP nanotechnology can signif-
icantly shorten detection time and improve detection sensitivity
with a detection limit s of E. coli as low as 210 cfu ml~".

6.1.2. Uniform nanostructure-embedded microfluidics-SERS platform

Interestingly, metal colloids-based SERS microfluidic chips can
essentially support the ultrasensitive detection of targeted ana-
lytes in a controllable flow, however the implementation of metal
colloids in microfluidic channel may introduce new problems, such
as a longer mixing reaction time between analyte molecules and
metal NPs, cross-contamination and channel clogging due to large
scaled aggregation of metal NPs. Nevertheless, these problems can
be overcome by employing highly ordered metal nanostructure-
embedded microfluidics device [273,290]. In these systems, the
ordered nanostructure arrays do not flow with target analytes.
More importantly, the regular nanostructure arrays can generate
a uniform distribution of hotspots, which guarantee a huge EM
enhancement gain and high reproducibility. In recent years, an
increasing trend in SERS-based sensitive detection study resorts
to the introduction of uniform nanostructure arrays embedded into
solid-state microfluidics chip [291,292].

The following two steps are required to fabricate ordered
nanostructure arrays embedded into microfluidics system- first,
in-situ preparation of uniform SERS nanostructures inside
microfluidic channel, and second, construction of microfluidic
channels on top of uniform SERS nanostructures. Parisi et al.
[293] demonstrated a microfluidic system with integrated novel
Ag NPs decorated nanowall structures for ultrasensitive detection
of crystal violet. At room temperature, Ag NP decorated nanowall
structure was prepared in a microfluidic channel through in situ
electrodeposition of Cu-core/C-sheath nanowall structure and sub-
sequent galvanic replacement reaction. In the microfluidic channel,
Ag NP decorated nanowalls produce highly quality hotspots for
SERS detection. When crystal violet was used as the target analyte,
the microfluidic system integrated-SERS substrate provided a
detection limit as low as 50 pM. In addition, a SERS-based
microfluidic device embedded with highly uniformed Ag nanodot
arrays was demonstrated for performing multiplexed detection of
low-concentration target analytes [294]. The highly ordered Ag
nanodot array was prepared by depositing Ag on an ultrathin ano-
dic aluminium oxide (AAO) film. Because of huge gain in EM field
arising from Ag nanodot array, the multiplexed SERS signals of ade-
nine and thiram can be realized in an ultralow detection concen-
tration. More recently, a novel device for specific detection of
polychlorinated  biphenyls (PCB77) wusing aptamer-based
SERS-microfluidic sensor was proposed [295]. To construct the
microfluidic chip, the ordered Ag nanocrown arrays used for pro-
ducing hotspots were embedded in a microfluidic channel at the
bottom of ordered structure polydimethylsiloxane (PDMS) film.
Another similar PDMS sheet was integrated with the ordered
PDMS sheet forming a microfluidic chip. Moreover, with the
assistance of a thiolated aptamer by forming Ag-S bonds, the target
analyte molecules (PCB77) can be immobilized on SERS detection
area, further developing SERS detection sensitivity of PCB77. This
SERS-based microfluidic chip can obtain a lowest detectable
concentration of 1.0 x 10~8 M, indicating its application for trace
detection of organic pollutants.

6.1.3. Optofluidics-based SERS platform

Optofluidics is an emerging platform, which can synergistically
integrate the optical systems and microfluidics [296,297] to
develop the performance of analytical measurements at the micro-
scale, such as refractive index sensing [298], fluorescence [299],
optical trapping and manipulation [300,301] and SERS [302,303].
Optofluidics-based SERS platform is perfectly suited for sensitive
detection of chemicals and biological analytes in extremely diluted
concentrations because it can provide more reproducible and reli-
able SERS detection sensitivity compared with common SERS or
microfluidics system. To date, many optofluidics-based SERS plat-
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forms for chemicals and biological sensing have been reported
[304-306]. Previously, an optofluidic ring resonator was designed
to work as SERS-based sensing platform, which acted both as
microfluidic sample delivery function and as a ring resonator,
resulting in a detectable concentration of R6G as low as 400 pM
[307]. Later, White et al. [308] reported a 3D optofluidic network
system composed of packed nanoporous silica microspheres,
which can be employed to trap and capture Ag NPs and adsorbed
analytes, resulting in significantly improved SERS detection perfor-
mance. A detectable limit of R6G is as low as 400 aM can be
reached in 2 minutes after loading of R6G solutions into microflu-
idic channels. Thereafter, the research group developed an optoflu-
idic SERS system based on the porous microfluidic matrix by
integrating an automated micromixer and optical fibers into the
device, affording an estimated detection limit of 63 ppb, 50 ppt
for food contaminant melamine and fungicide thiram, respectively
[309].

Guo et al. [310] developed a novel optofluidics-based SERS plat-
form using a flow-through multihole capillary, which can provide a
rapid, reliable, and 3D ultrasensitive detection for target molecule
R6G, because of its large contact area for sample adsorption, inher-
ent fluidic channels for sample delivery, and ordered structure for
waveguide. Prior to injecting R6G solution into the channel, Au NPs
were deposited on the inner surface of channel. Interestingly, the
detection manner can be performed in two models including trans-
verse and longitudinal method (Fig. 18). In the transverse method,
the excitation laser is perpendicular to the capillary, and detectable
SERS signals are determined by detection volume. However, due to
the SERS excitation direction parallel to the capillary in the longi-
tudinal method, the excitation light can be guided within the wall
by total internal reflection, and quasi-guided by the hole via multi-
reflection. Finally, the collected SERS signal is coupled back and
guided into detectors by the wall and hole. The proposed
optofluidics-based SERS system can provide a detection limit bet-
ter than 100 fM for R6G. In addition, Deng et al. [309] developed
an optofluidic-based SERS platform by integrating quasi-3D gold
plasmonic nanostructure arrays in a poly-(dimethylsiloxane)
(PDMS) chip. The excellent performance of the optofluidic SERS
platform was tested by measuring the signals of pesticide
malathion. Highly reproducible SERS signals of malathion can be
obtained in low concentrations ranging from 0.01 to 10 ppm.
Moreover, when the flow rate was increased to 0.3 mL min~!, the
obtained detection sensitivity was as low as 0.001 ppm. More
recently, a novel optoelectrofluidic platform for SERS detection of

4, 4-bipyridine in situ was developed via Au decorated polystyrene
microparticles, which showed highly active hotspots [311]. Owing
to dielectrophoretic force mechanism, the Au/polystyrene
microparticles can be concentrated at the middle of gold elec-
trodes. Under optimal experimental conditions, the
dielectrophoretic-assisted optofluidic platform can detect 4,
4-bipyridine in 100 pM levels. All in all, the combination of optoflu-
idic and SERS can provide an automated sensing platform for on-site,
highly sensitive detection of food and water contaminants.

6.2. Paper-based SERS sensing platform

As a class of both cheap and versatile materials, paper has been
widely used for traditional writing, printing, packaging, and wiping
for a long time in our daily life. However, with the development of
modern technology, the innovative applications of paper have been
developed into many scientific and technological fields far beyond
its conventional functions, such as point-of-care clinical diagnosis
[312-314], food safety [315], forensics [316], and environmental
monitoring [317-319]. Moreover, there is an increasing demand
for paper-based sensors for our daily-life applications, e.g. pH test-
ing paper, pregnancy testing strips, blood glucose dipsticks, and
urinalysis dipsticks, etc. Multifunctional paper-based plasmonic
sensing platforms [220,320-322] integrated with plasmonic
nanostructures and SERS have received tremendous attention,
due to its light weight, flexibility, low cost, high accessibility, and
good biodegradability. In addition, the 3D, porous, and heteroge-
neous interface of paper is well-suited to fabricate multifunctional
SERS substrates not only possessing a number of hotspots, but also
offer other important functions such as high specificity, multi-
plexed detection, sample separation and concentration. These
excellent advantages of paper make it a promising alternative for
ultrasensitive detection of analytes in practical applications. Exten-
sive studies in recent years have attempted to integrate plasmonic
nanostructures onto various papers, such as filter paper [323,324],
printing paper [325] and cellulose paper [326]. The paper-based
SERS substrates are usually prepared by depositing concentrated
metal nanoparticles on paper surface using various approaches
such as inkjet printing [326,327], screen printing [324,328], dip
coating [147,329,330], in situ growth [331,332], vacuum deposition
[333] and laser irradiation [334,335].

Recently, a paper-based SERS platform was demonstrated for
non-invasive and highly sensitive cancer screening [336]. In the
study, the SERS substrate was prepared by using dip coating
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approach. A piece of common laboratory used filter paper was
immersed into plasmonic gold nanorods solution for 24 hours to
form a three-dimensional heterogeneous SERS substrate. Owing
to the specific molecular changes between cancer and normal cells,
the cancer screening can be performed by characterizing the two
peak intensity ratios (Ijgpoj1440 and li440/1340). The diagnostic
results show that the paper-based SERS platform can effectively
distinguish cancer cells from normal cells in 20 patients, affording
a sensitivity of 100% and specificity of 100%, respectively. Bardhan
et al. [337] designed novel paper-based SERS dipsticks and swabs
for sensitive detection of chemicals, proteins, and pesticide
residues on a real fruit apple by incorporating multi-branched
plasmonic gold nanoantennas on a filter paper. Typically, the
as-prepared gold nanoantennas consisted of a spherical core with
some protrusions, the tip of which could produce huge EM field
gain. Thus, the paper-based SERS substrate was obtained by soak-
ing cellulose filter paper in concentrated gold nano-antennas solu-
tion. Using 1,4-benzenedithiol and human serum albumin as target
analytes, paper-based SERS dipsticks can give a detectable limit of
100 pM and 100 fM, respectively. More importantly, the paper-
based SERS swabs can detect 4-aminothiophenol (62.5 pg) in solid
state form, and methyl parathion (26.3 mg) on a real-life apple.
Additionally, a multifunctional paper-based SERS sensing sys-
tem was prepared by dipping self-assembled Au NPs arrays onto
the sharp tip (30°) of an arrow-shaped chromatographic paper
strip [338]. As a plasmonic SERS substrate, the self-assembled Au
NPs monolayer on the paper surface was employed to generate
numerous SERS hotspots. In addition, the paper-based SERS plat-
form also integrates two important functions such as separation
and pre-concentration because of capillary force and polarity dif-
ference. Owing to tip enhanced capillary-driven force, the small
tip area of the paper strip can produce much faster drying of sol-
vent than other regions. Using R6G as analytes, the multifunctional
paper-based SERS sensing system can provide a sub-attomolar
detection limit of 50 x 10~ M. More recently, an eco-friendly
and ultrasensitive paper-based SERS substrate was designed by
deep-ultraviolet laser irradiation method [335]. Prior to laser illu-
mination, discontinuous metal films were prepared by depositing
metal film on a hydrophobic treated filter paper. Owing to the pho-
tothermal effect induced by laser and low thermal conductivity of
paper, highly density quasi-3D NP arrays were formed on the paper
surface, which can provide a great number of highly effective hot
spots for SERS detection. Moreover, the paper-based SERS substrate
can provide stable and reproducible SERS signals within the effi-
cient detection area. Using R6G as target analyte, the paper plat-
form can achieve a detection limit of attomolar (10~'® M), which
almost approaches single molecule detection performance.
Through successive ionic layer absorption and reaction (SILAR)
method, Kim et al. [339] introduced an innovative fabrication
approach to directly synthesize Ag NPs onto the paper surface
employed for real biosensing. Interestingly, the surface of paper
consists of two parts such as a hydrophilic area and a hydrophobic
area. The former is employed to synthesize Ag NPs and measure
SERS signals of sample, while the latter is used to prevent Ag NPs
from depositing onto the paper surface. One SILAR fabrication cycle
consists of treating the as-prepared paper substrate in silver nitrate
solutions followed by rinsing with distilled water. Next, the paper
substrate is transferred into sodium borohydride solutions for 30 s
and rinsed with distilled water again. The plasmonic enhancement
capacity of Ag NPs grown on paper surface can be monitored by
tuning concentration of reactive solutions and treated cycle times.
Owing to capillary effects, rough and porous properties of paper,
the Ag NPs stacked 3D nanostructure can produce strong
plasmonic coupling effect between inter-particles as well as
inter-layers. The applicability of the proposed paper-based SERS
platform was tested by using two real samples such as

HPV-infected human cervical fluid and carcinogenesis-associated
MG solution. The multifunctional paper-based SERS platform can
not only specially distinguish three types of HPV (HPV-16, HPV-
52, and HPV-58) in low detection concentration, but also obtain a
MG detection as low as 10 pM (<0.004 ppb), which is much less
than the standard limit of 2 ppb in experimental testing.

6.3. Dynamic SERS-based sensing platform

Since initial discovery of SERS in 1974, highly sensitive detec-
tion approaches based on SERS have been developed by many
famous research groups, such as Van Duyne’s group, Kneipp’s
group, Etchegoin and Le Ru’s group, Nie shuming’s group, Tian
zhongqun’s group, Halas and Moskovits’s group, et al. In general,
the widely used and accepted method for SERS detection is either
plasmonic nanostructure-enhanced readout in wet state (eg., metal
colloids) or in dry state (eg., films, self-assembled arrays, islands,
etc.). Recently, Liu et al. [269,340] have proposed another new
strategy to achieve ultrahigh sensitive detection of target analytes.
The new approach called dynamic surface enhanced Raman spec-
troscopy (DSERS) can perfectly bridge wet state and dry state of
metal nanostructures by measuring time-dependent SERS signals
from the wet state to the dry state.

Unlike wet state-based and dry state-based detection methods,
the performance of DSERS approach is highly related with the state
translation of metal nanostructures from wet state to dry state.
During the solvent evaporation process, SERS signals of target ana-
lytes are repeatedly collected in a fixed integration time. In addi-
tion, with the aid of capillary force, the Raman signal
amplification of analytes is switched by the hotspots through
forming self-closed metal nanostructure, which works in agree-
ment with the previously reported Au nanofingers for analyte trap-
ping and SERS sensing [341]. Thus, the basic detection strategy is
that, in wet state, the metal nanostructures show a self-approach
performance through the solvent capillary forces, resulting in the
spontaneous formation of hotspots in a 3D place, which are bene-
ficial for ultrasensitive SERS detection and molecule trapping
[342]. However, when the metal nanostructures are completely
transformed into a dry state, the solvent capillary forces disappear
immediately, and the metal nanostructures recover their original
positions, indicating the evanescence of Raman hotspots.

In contrast to wet state or dry state detection for SERS, DSERS
possesses obvious advantages. First, DSERS is a very simple and
recyclable process and does not involve any complicated nanos-
tructure fabrication [343]. Second, it can guarantee a high detec-
tion sensitivity and good reproducibility of SERS events. Third,
the used solvent acts as a switch for signal measurement, and some
negative effects generated by laser illumination, such as photo-
bleaching, photo-degradation, and photo-heating, can be signifi-
cantly weakened. Due to these outstanding advantages, D-SERS
has become a practical sensing platform in many scientific fields,
e.g., cellular secretion assays [344], pesticide residue monitoring
[345,346], drugs tracing [347] and illegal additives identification
[348].

Qian et al. [340] presented an extremely simple and sensitive
DSERS approach for R6G detection. Prior to DSERS detection, the
plasmonic substrate was simply prepared by dropping 5 pL mix-
ture composed of Ag-shell/sphere colloids with R6G ethanol solu-
tion. With the help of D-SERS strategy, the fingerprint Raman
signal ascribed to R6G can be achieved with a concentration at
10-'® M, which significantly superior to traditional SERS method
using Ag nanospheres substrate without any signal of R6G when
the concentration is at 1078 M. Later, a visual online detection
and rapid accurate identification of drugs in body fluid has been
proposed using DSERS [347]. Due to its huge enhancement effects
and good reproducibility, the Au nanorods were used as D-SERS
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Fig. 19. SERS spectra of different drugs (A - PHE, B - DIP, C - BEN, and D - CHL) with different concentrations adulterated in BDS using ‘TLC-DSERS’ method versus ‘TLC-SERS’

method. (Reproduced from Ref. [348] with permission of Elsevier B. V.)

substrates. Without any sample pretreatment, the SERS spectra of
urine and methamphetamine (MAMP) in urine were recorded by a
portable Raman spectrometer. With the assistant of DSERS and
support vector machine (SVM) model, a screening readout was
performed to determine the presence of drugs in urine. The multi-
functional sensing platform requires only 2 pL of human urine and
takes no more than 2 min to complete the testing process. More
importantly, when the concentration of drug MAMP is down to
0.1 ppm, it still affords an identification accuracy of better than
90%.

Very recently, a novel method DSERS combined with thin layer
chromatography (TLC) was proposed and used for sensitive, online
detection of illegally adulterants in botanical dietary supplements.
[348]Under UV illumination, four commonly used reference adul-
terants (PHE, DIP, BEN and CHL) in BDS were separated on a TLC
plate, respectively. Using 50% glycerol silver colloids as plasmonic
substrate, the DSERS detection was continuously performed in 120
seconds, and integration time for every spectrum was 10 seconds.
The strongest SERS spectra of four chemicals in various detection
concentrations are shown in Fig. 19. In contrast to the obtained
detection limit of TLC-SERS by used of silver colloids, the detection
limits of TLC-DSERS for chemicals (PHE, DIP, BEN and CHL) was
increased by 1-2 orders of magnitude, yielding 0.01 ug pL~! for
PHE, 0.01 pg puL~"' for DIP, 0.01 pug pL~! for BEN, and 0.005 ug pL~!
for CHL, respectively. Moreover, the novel TLC-DSERS method can
successfully indentify one sample containing BEN in ten real-life
BDA samples.

7. Summary and future outlook

In summary, SERS-based ultrasensitive sensing platforms are
the most promising approach to monitor and identify targeted ana-

lytes including molecules and inorganic ions in ultralow concen-
trations, and they have been successfully employed in various
interdisciplinary applications related with chemistry, biology,
medical, nanoscience and biophotonics. In the article, we system-
atically reviewed and discussed the ultrasensitive sensing strate-
gies based on the latest practical applications by introducing
resonance enhancement techniques, high quality nanostructures,
highly efficient adsorption mechanisms, and multifunctional inte-
grated SERS-based sensing platforms.

Various studies have confirmed that the SERS platforms incor-
porated with resonance enhancement techniques and devices
including resonant adsorption, optical coherence, and optical
waveguide, can essentially develop a higher ultrasensitive detec-
tion capability compared to common SERS. However, some major
challenges restrict their use for real-life applications. For example,
due to limited output wavelength, and matching the plasmonic
resonance frequency efficiently with frequency of electronic transi-
tion of analytes in SERRS study are still a reason of concern. A pos-
sible solution to address this issue is to design the SERS substrates
with a wide SPA band region or multiple resonance band, which
can efficiently match the plasmonic coupling between incident
light and SERS substrates, and absorption excitation between inci-
dent light and targeted analytes. Recently, the appearance of dou-
ble resonance SERS substrates which can provide much higher
enhancement gain than the single resonance model has been
reported [349,350].

The SECARS technique involves the use of expensive femtosec-
ond or picosecond lasers as light sources, which can lead to melt-
ing, change in shape and even fragmentation of nanoparticles. Prior
to SECARS detection, the coating and decoration of nanoparticles
needs to be performed to protect nanoparticles from damage.
While low spectral resolution induced by ultrashort pulses and



Y. Yuan et al./Coordination Chemistry Reviews 337 (2017) 1-33 29

strong non-resonant background interference also hinder the per-
formance of SECARS, these drawbacks can be suppressed by optical
approaches, such as laser pulse shaping and time-resolved detec-
tion [351]. Since CARS is a weak third-order nonlinear process,
the main challenge for SECARS detection is tailoring the plasmonic
substrates to achieve the strongest CARS enhancement effects such
that the pump, Stokes and anti-Stokes photons are resonant with
the SECARS substrates simultaneously in the same spatial position.
The Fano resonance model are presently the ideal plasmonic meta-
materials with strong plasmonic coupling to address this concern
[352-355]. Thus, more novel, sensitive, stable, and specific plas-
monic Fano resonance nanostructures need to be proposed for
improved CARS detection sensitivity.

Optical waveguide-based sensing platforms have also demon-
strated high performance for SERS detection. Among various
waveguide devices, the famous Kretschmann configuration semi-
cylindrical prism is the most widely used model for SERS sensing.
The SERS-active sensing layers are usually noble metal NPs or films
which provide plasmonic EM enhancement gain. Additionally, the
coating of semiconducting and polymeric materials can further
generate SERS effects due to the development of charge-transfer.
Meanwhile, it should be noted that semicylindrical prism cannot
be employed to detect analytes in liquid solutions. Fortunately,
the development of optical fiber waveguide sensor addresses the
dilemma. Due to its ultra-high detection sensitivity, the optical
fiber waveguide sensors are considered as ideal candidates for
the next generation SERS substrate. Typically, the optical fiber sen-
sor integrated-microfluidic device is expected to dominate SERS
detection as it improves the detection sensitivity considerably as
well as performing quantitative measurement of target analytes.

Plasmonic nanostructures play the important role of mediators
that couple incident light with targeted analytes. We have summa-
rized various plasmonic nanostructures with ultrahigh SERS
enhancement capability, such as nanoaggregates, nano-
assemblies, ordered plasmonic nanostructures, alloys, carbon-
based materials, Si-based nanomaterials, magnetic nanomaterials,
MOFs, and 3D nanostructured arrays. A number of practical studies
in biosensing, bioimaging, bioseparation, cancer screening/therapy,
biomedical diagnostics, pollutant monitoring, and food safety, etc.,
have confirmed the ultrahigh SERS detection capability of plas-
monic nanosensors by optimizing of their SPR features such as
morphology, size, composition, surface modification, and dimen-
sionality. However, external force-driven nanoaggregates usually
exhibit random morphology and unexpected enhancement hot-
spots. Therefore, good reproducibility of SERS events remains a
major bottleneck which needs to be addressed. A possible solution
at present, is to employ electron beam lithography and nano-
imprinting methods, which can design software-aided random
nanostructures. In summary, designing and creating novel plas-
monic nanostructures with high sensitivity, high specificity, high
reproducibility, high compatibility, and high stability needs major
focus of the future research to bring SERS based ultrasensitive
sensing at the forefront.

The roles of efficient adsorption mechanisms including covalent
bonding, hydrophobic interaction, charge-selective mechanism,
m-1 stacking interaction, and immunoassays are elaborated in
developing the adsorption efficiency of plasmonic nanostructures
towards various target analytes, and further improve their SERS
detection sensitivity. For SERS detection, covalent bonding is suit-
able for the analytes containing active heterocyclic atoms (eg,, S, N,
0), while positive-type target analytes prefer to be adsorbed on the
surface of oppositely charged plasmonic nanostructures via elec-
trostatic interaction. Super hydrophobic nanostructure surface
not only enables a liquid droplet containing target analytes to
maintain its quasi-spherical shape for a long time, but also can effi-
ciently regulate and concentrate water-insoluble target molecules

onto plasmonic hotspots area, resulting in huge amplification of
SERS signals originating from target analytes. More interestingly,
m-1 stacking interaction is a typical non-covalent method to
immobilize and capture aromatic analytes close to the plasmonic
nanostructure. Thus, it provides an effective guideline for monitor-
ing the aromatic molecules that have low affinity to metal surfaces.
An important factor to keep in mind is the creation of plasmonic
SERS substrate possessing m-m stacking adsorption capacity.
Polymer-decorated NPs may offer a possible solution to this,
wherein the used polymer template consists of a number of aro-
matic moieties (1w donators), which can be capped and wrapped
on the metal NPs surface. Poly (styrenesulfonate) (PSS)-based poly-
mer family can be used as potential templates as they provide
excellent © donators. In addition, another possible approach is to
fabricate carbon-based hybrid nanomaterials such as graphene-
based, graphene oxide-based, carbon nanotubes-based nanocom-
posites, because of their abundant 7 electron systems in molecular
structure. Furthermore, immunoassays offer high affinity and
specificity between antibodies and antigens. The famous sandwich
configuration of the SERS-based immunoassays platforms is widely
employed in biophotonics and nanomedicine fields for disease bio-
marker monitoring, cancer screening and biomedical diagnostics.
Thus, more novel SERS-based immunosensors capable of precisely
in vivo bioimaging and cancer therapy would be preferred and
valuable for future study.

In the past decades, various multifunctional integrated SERS
sensing platforms have sprung up for addressing the quantitative
analysis issue of SERS. The integration of SERS with microfluidic
or optofluidic chips has helped to overcome the SERS signal varia-
tion issue in highly diluted solutions as well as to achieve the
quantitative determination for analytes with ultralow detection
sensitivity. However, one major challenge for developing multi-
functional microfluidics-based and optofluidics-based systems is
the high cost and sophisticated fabrication techniques involved
(focused ion beam (FIB) and electron beam lithography (EBL)) in
integrating the uniform solid plasmonic arrays into microchannels.
For a larger practical outlook, the SERS substrates prepared by low
cost and simple fabrication methods are more reasonable. For
example, the introduction of inexpensive and versatile paper-
based plasmonic substrates into microfluidics device has demon-
strated its great potential in SERS detection [356,357]. In addition,
the portable miniaturization of optofluidics-based SERS devices
integrated with lasers and Raman spectrometers may possibly
set the standard for designing next generation SERS-based detec-
tion platform for on-site measurement. Unlike the classical wet
and dry state SERS detection strategies, D-SERS is the latest emerg-
ing sensing approach, which can bridge the wet state and dry state
approaches. Recent research developments and applications of
using DSERS as outlined in the review have confirmed that it
indeed possesses ultrahigh detection capability by monitoring
the state transformation of metal nanoparticles, providing a new
methodology for future SERS detection study. Overall, with the
rapid advancement of modern technology, we foresee that there
will be more ultrasensitive detection strategies related with SERS
to emerge within the next few years.
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