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This article gives a review of surface-enhanced Raman scattering (SERS) sensors for food safety and environmental pollution
monitoring. It introduces the basic concepts of SERS substrates, SERS enhancement factors and mechanisms, SERS probes/labels,
molecular recognition elements as well as optofluidic SERS devices (SERS sensors integrated with microfluidics). This article
places an emphasis on the design strategies of various SERS sensors by utilizing fingerprinting SERS spectra or by using SERS
probes. It highlights the applications of SERS sensors in detection of heavy metals (such as Hg?+, Pb?t, Cd?>* and Ast), inorganic
anions (nitrite, nitrate, perchlorate and fluoride), toxic small molecules (polycyclic aromatic hydrocarbon, polychlorinated biphenyls,
herbicides, pesticides, antibiotics and food additives), as well as pathogens (bacteria and viruses).
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Food safety and environment pollution are among great challenges
in the human society. There are some common pollutants in the en-
vironment and food, such as heavy metals, nitrites, phosphates, pesti-
cides, herbicides, antibiotics, hormone, pathogens and other additives.
Some pollutants initially are released into the environment, and then
accumulate in the food chain, and enter human bodies. Uptake of pol-
lutants by human poses a threat to human health to different extents."?
Hence it is essential to monitor pollutants in the environment and food.
Currently pollutants are typically measured with various laboratory-
based techniques, such as atomic absorption spectroscopy, atomic
fluorescence spectrometry, X-ray fluorescence spectrum, inductively
coupled plasma and ion-coupled plasma-mass spectroscopy, mass
spectrometry, chromatography, capillary electrophoresis, analytical
profile index (API), polymerase chain reaction (PCR), and enzyme-
linked immunosorbent assay (ELISA).>”” Although these techniques
have high sensitivity and accuracy, they rely on expensive instruments
and require professional to treat samples and operate instruments in
centralized laboratories. Additionally, analysis generally takes sev-
eral hours to days. For example, 0.024 ppb of Hg?* and 0.023 ppb of
As** in drinking water can be detected using atomic absorption spec-
troscopy with a two-step electrothermal atomizer and hydride gen-
eration atomic fluorescence spectrometry, respectively.>® However,
they need multiple sample preconcentration processing and expen-
sive instruments. PCR can improve the number of the target while
ELISA can produce amplified recognition signal, which could both
improve the detection sensitivity to pathogens. For example, oligonu-
cleotide microarray with combination of CdSe/ZnS quantum dots as
fluorescent labels shown high specificity and sensitivity of 10 colony
forming units (CFU)/mL.'"" However, the complicated procedures are
very time-consuming, and the method is also vulnerable to contamina-
tion. These laboratory-based techniques cannot meet the critical need
of rapid on-site measurement of pollutants. Therefore, it is essential
to develop portable sensors for rapid field-deplorable detection so that
pollutants can be treated in a timely manner to reduce the possible
losses of properties and life.

Researchers have been developing various sensors such as col-
orimetric, electrochemical, acoustic, fluorescent, infrared, surface-
enhanced Raman scattering (SERS) and field-effect transistor (FET)
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devices.''"1* Colorimetric sensors are inexpensive and easy to operate,
but generally cannot be used for quantification of analyte due to their
low sensitivity. Fluorescent sensors have high sensitivity and good for
quantitative analysis.'*!> Currently most of fluorescent sensors are op-
erated in the visible-light spectral range, which makes it difficult to be
used in complex sample matrix due to the interference. Electrochemi-
cal sensors are inexpensive and compact, but suffer from non-specific
adsorption and fouling of electrodes in complex sample matrix. It is
convenient to use electrochemical sensors to detect metal ions, but
complicated to construct immunoassays based on electrochemistry.
SERS sensors emerged in 1990s and were developed rapidly in the last
two decades because SERS sensors has unique features as compared
to other portable devices. First of all, it is a vibrational spectroscopy
method, which provides the fingerprint information of analytes. Sec-
ond, water molecules have no interference on the SERS signal. Third,
SERS has deep penetration depth in complex sample matrices such as
milk, fruit juices and blood when a near-infrared light is employed as
an excitation source. Therefore, SERS sensors have a great promise
in food safety and environment monitoring.

The details of SERS history,'®"'® enhancement mechanism,'*** and
applications in chemistry,?!**> bioscience,>>** and medical sciences
can be found in other review articles.?>¢ In food safety or environment
monitoring field, a few of review papers are focused on SERS detection
of pathogen bacteria,?” mercury,”®?° pesticide residues,’*3! arsenic,*?
perchlorate,?® and other targets in food safety issues.'>**35 This review
article will place an emphasis on design of SERS sensors for food
safety and environment monitoring, depending on different types of
analytes, such as inorganic ions, small molecules and pathogens.

19,20

SERS Signal Amplification and Analyte Capture

SERS substrates.—Raman scattering is extremely inefficient due
to the small scattering cross section of ~1073 cm?/molecule, which
is about 14 orders of magnitude lower than the cross sections of
fluorescent dye molecules.*® Therefore, it is essential to use SERS
substrates that are able to enhance Raman signals to achieve high
sensitivity of SERS sensors. Generally SERS substrates are designed
according to two enhancement mechanisms: chemical enhancement
(CE) and electromagnetic (EM) enhancement. It has been reported
that CE can occur in two cases. >’ In the first case, the CE effect is
typically induced by the charge transfer between the SERS substrate
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Figure 1. (a) The LSPR-induced local EM field and the decay (modified by permission of The Royal Society of Chemistry).'# (b) Finite-difference time-domain
(FDTD) simulated EM field distributions of nanostar showing “hot spots” surrounding sharp tips (modified by permission of IOP Publishing Ltd).** (¢c) EM
enhancement obtained from discrete dipole approximation (DDA) calculations at the gaps of silver sphere dimer and rod dimers as a function of gap size (modified
by permission of American Chemical Society).*” The SERS activity increases significantly with a decrease in the gap distance.

and the molecules chemically adsorbed. The charge transfer (the elec-
tronic coupling) introduces new states in the electronic structure of
the metal-adsorbate complex, which is also called “charge-transfer
states”, leading to an increase in the Raman probability (c%, ) of
the adsorbate. This increases the Raman scattering. The new charge-
transfer states could be in resonance with incident light, which could
further amplify SERS signal. In the second case, when the Fermi
level of metal matches either the lowest unoccupied molecular orbital
(LUMO) or the highest occupied molecular orbital (HOMO) of ad-
sorbate, photo-induced charge transfer will occur either between the
LUMO and the occupied state below the Fermi level, or between the
HOMO and the unoccupied state above the Fermi level. However, the
CE effect is typically ineffective given that the enhancement factor is
usually less than 100. It is worth noting that the CE mechanism is still
somewhat controversial and not understood completely.

EM enhancement originates from the enhanced localized elec-
tromagnetic field in plasmonic metal nanostructures. For example,
metal (Au, Ag, Cu and Al) nanoparticle with the size comparable or
smaller than the wavelength of incident light, localized surface plas-

mon resonance (LSPR) can be excited with a resonance frequency
5144042

Wp

wLspr = ——b— 1
LSPR m []

The &g is the dielectric constant of surrounding medium and the
wp is the plasma frequency of bulk metal which is given by

ne?

(2]

w, =
Merr€o

in which n is the density of electrons, m.g is the effective mass, e is
the charge of an electron and ¢ is the permittivity of free space. The
important material criteria for enabling strong plasmon and SERS are
that the real part of the dielectric function is negative while the imag-
inary part (denote the damping) is small at the interested wavelength
range (typically the visible and near infrared).!” These lead to the
selection of silver and gold as the SERS substrate materials. Among
them, silver has the strongest plasmon for the identical structure with
shorter LSPR wavelength compared to gold and copper, while gold
has better chemical stability and biocompatibility. In the regard of
important structural design criteria for strong plasmon and SERS,
creating high density of “hot spots” and tuning the LSPR in resonance
with the excitation light are effective to achieve highly active SERS
substrates.

As shown in Figure 1a, the localized electromagnetic field is pro-
nounced in a very thin zone (~10 nm) from the surface of plas-
monic nanostructures and decays exponentially.'* When Raman-
active molecules are located in the enhanced electromagnetic field, the
intensity of incident light that excites Raman mode of the molecule is
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enhanced. Also, the Raman scattering light from the molecule will be
enhanced by the same localized electromagnetic field. When both the
excitation light and the Raman scattering light are in resonance with
the frequency of the LSPR, the SERS signal is maximized, leading
to the |E[* enhancement. Indeed, a shift in the frequency between
the excitation light and the Raman scattering light is smaller than the
width of the LSPR band. Hence the excitation light and the Raman
scattering light can gain the same EM enhancement approximately.
The SERS signal intensity (Psggs) can be estimated under the
effects of both the chemical enhancement and electromagnetic

enhancement?®’-38
Psrrs o« chemical enhancment x EM enhacement [3]
Psprs o< N - o, [Ao)I* - 1A (0)* - 1 (v,) 4]

where N is the number of adsorbed molecules that experience SERS;
A(v,) and A(v;) is the excitation light and the Raman scattering light
enhancement factors, respectively; /(v,) is the intensity of excitation
light. In this equation, chemical enhancement mainly contributes to
oR . The effect of CE on I(v,) is rare and negligible even though the
CE-induced photons might affect /(v,) as mentioned in several re-
ports. EM enhancement contributes to A(v,) and A(vy). In case of EM
enhancement only, the SERS enhancement factor (EF) is determined
by
EFypy = Psers
Po.sers

=A@ |A (vy)? [5]

where Py sprs is the SERS intensity in the absence of EM enhance-
ment. EM enhancement can achieve a SERS EF of ~10'°. This indi-
cates that EM is much larger than chemical enhancement. Hence EM
is dominant while the CE effect is minor or negligible in most cases.
Furthermore, the EM effect is generally applied to all Raman-active
molecules without selectivity. In contrast, chemical enhancement ef-
fect is molecule-specific in case of the physicochemical interaction of
the molecules with the SERS substrate. !

Since |A(v.))* ~|E|,? an |E|*> approximation can be considered.
Furthermore, if ignoring the Raman shift (that is, w,~w,, where w,,
wy is frequency of the excitation light and Raman scattering light,
respectively), the SERS EF due to the EM effect can be approximated'®

_ IE@)l*
|E, (@)]*
In experiments, the SERS EF can be estimated by

(6]

EM

I N,
EF = SERS/ SERS
INorm/NNorm

where Isgrs, Inorm 1S the intensity of a specific characteristic peak
in the SERS and normal Raman measurements, respectively; Nsgrs,
Nxorm 1 the number of molecules contributing to the Raman signal in
the SERS and normal Raman measurements, respectively.*’

(7]

“Hot spots”.—“Hot spots” for SERS are defined as the area where
great EM enhancement exists. First, “hot spots” appear on the regions
with sharp edges or corners, which can concentrate the electric field
distribution.*6 As shown in Figure 1b, the sharp tips (less than 10 nm
in diameter) of the Au nanostars can generate much higher local EM
field than other spots with bigger radius of curvature. Second, “hot
spots” can be created in the small gaps (<10 nm) between closely
spaced plasmonic nanostructures, where plasmon are coupled with
each other.*’*® As shown in Figure Ic, the small gaps (2 nm) between
the neighboring Ag nanospheres and neighboring Ag nanorods can
generate high local EM field as the “hot spots”. The SERS activity is
highly dependent on the space distance of the gaps.*>* For example,
when the gap size decreases from 5.5 nm to 1 nm, the SERS en-
hancement will improve from ~10° to 10''.515 Consequently, when
analyte molecules are adsorbed on “hot spots”, SERS signals of the
analyte can be enhanced by 10° or even up to 10'1.51:36:57 Ag a result,
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even a single molecule can be detected by SERS sensor.>® Therefore,
one of strategies for sensitivity improvement is to create high-density
of “hot spots” over a large area on the SERS substrate. Free-standing
colloidal nanoparticles can induce SERS “hot spots” by aggregation
in liquid.>*-%> However, the particle aggregation in liquid is difficult
to control, which makes it challenging in reproducibility. To achieve
signal uniformity and reproducibility, large-area ordered nanostruc-
tures are desirable. Periodic nanostructure arrays on solid substrates
have been developed using self-assembly,%-% electrodeposition,’""?
template-assisted fabrication,”*®° lithography,’**> and skeleton-
assisted methods.”¢1%5

Resonance with excitation light—When LSPR band is over-
lapped the wavelength of the excitation light, that is, the plasmon
is in resonance with the excitation light, it can enhance SERS activ-
ity. Fortunately plasmonic band can be tuned by tailoring the material
component, size, shape of metal nanoparticles and the medium around
the metal.'* For example, increasing the particle size will induce red-
shift of the SPR peak (Figure 2a).!%-1% Compared with sphere-like
structures, anisotropic structures show multiple LSPR bands (Figure
2b).*® For example, nanorods show two separated plasmon absorption
peaks corresponding to the transverse and the longitudinal modes,
respectively.!?!19 The longitudinal mode is sensitive to the aspect
ratio, which can be tuned from visible light to infrared light regions
(Figure 2¢).''!=116 The LSPR peak can also be tuned by the component
of materials, such as the relative ratio of gold to silver in the AuAg
alloy (Figure 2d).!'7!"® Additionally, the periodical parameter, i.e. the
distance between the neighboring nanostructures can also change the
SPR peaks.'"®

Analyte capture and recognition.—The SPR-induced local EM
field enhancement decays exponentially with the distance from the
plasmonic metal surface (Figure 1a). Generally, the strongly enhanced
EM field is within 10 nm surrounding a plasmonic nanostructure.
Therefore, the analyte molecules or SERS labels should be in a prox-
imity to the surface of the SERS substrate to achieve high sensitivity
of sensor. A maximum EM enhancement is achieved when analyte
molecules or SERS labels are located on “hot spots”. As a result, if
the analytes are not apt to be adsorbed (chemically or physically) on
the surface, extra capture strategies are needed, which will be dis-
cussed in detail in Detection of small molecules section. On the other
hand, SERS signal can be turned on or turned off by controlling the
distance between analytes and SERS substrate surface, which will be
discussed in detail in SERS Sensor Design and Applications section.

Some of analytes are SERS-active. In this case, fingerprinting
SERS band of analytes can be used to recognize analytes, which
makes it unnecessary to use molecular recognition elements (MREs)
in SERS sensors, simplifying the design of sensors. When analytes
are not SERS-active, or there is no any fingerprinting SERS band,
MRE:s along with the SERS probes/labels are required for the con-
struction of sensors, in which MREs are used to selectively capture
and recognize analytes, achieving specificity, and SERS probes/labels
are employed to transduce sensing signals. MREs include antibodies,
aptamers, small molecules, molecular imprinted polymers and etc.

SERS probes.—There are typically three types of SERS probes,
including (i) the Raman reporter molecules alone, (ii) the plasmonic
metal nanoparticles conjugated with Raman reporters, and (iii) the
sandwiched metal nanoparticle@Raman reporter @silica nanoparti-
cles, as illustrated in Figure 3. When detecting trace analytes, Ra-
man reporter molecules alone generate weak or no sensing signal.
Hence Raman reporter molecules must be close to a SERS sub-
strate after capturing analytes. To solve this problem, bare plas-
monic gold or silver nanoparticles functionalized with Raman re-
porter molecules have been developed as the SERS probes for sensor
construction. Such Raman reporter dyes typically contain -SH or —
NH, moieties because their high affinity to silver or gold substrate,
including 4-aminothiophenol (4-ATP), 4-mercaptobenzoic acid (4-
MBA), 4-mercaptopyridine. (4-MPY), rhodamine 6 G (R6G), mala-
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Figure 2. Dependence of LSPR band on the size, shape, aspect ratio, and composition of nanoparticles. (a) Optical photograph and UV-vis absorption spectra of
silver colloids with different size and shape (modified by permission of The Royal Society of Chemistry).'%® (b) UV-vis absorption spectra of gold nanospheres,
nanorods and nanostars (modified by permission of IOP Publishing Ltd).*® (c) SPR spectra of gold nanorods with different aspect ratios, showing the sensitivity
of the longitudinal band to the aspect ratio (modified by permission of American Chemical Society).''® (d) SPR related to the ratio of gold to silver in the AuAg
alloy (modified by permission of The Royal Society of Chemistry and Rehbock et al.).!!7-118
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Figure 3. Three kinds of SERS probes used in indirect detection, including (a) the Raman reporter molecules alone, (b) the plasmonic metal nanoparticles
conjugated with Raman reporters, and (c) the sandwiched metal nanoparticle @Raman reporter @silica shell nanoparticles.
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(c) turn-on signal with use of SERS probe; (d) turn-off signal with use of SERS probe.

chite green isothiocyanate (MGITC), and 5,5-dithiobis-2-nitrobenzoic
acid (DTNB). Unfortunately, such SERS probes typically suffer from
leaching out of Raman reporter molecules and aggregation in liquid,
especially in a solution with high ionic strength. This leads to poor
repeatability of detection. To solve this problem, the Raman reporter
(MGITC) have been sandwiched between a gold core and a silica shell
to form the gold nanostar @ MGITC @silica composite nanoparticles
as the SERS probes.*® Embedding of an abundant of Raman reporter
molecules inside a single SERS probe entity not only improves the
sensitivity but also prevents from leaching out of Raman reporter
molecules. The plasmonic gold nanostar core can significantly en-
hance the SERS intensity of Raman reporter molecules. The silica
shell not only renders the water solubility but also provides a platform
for further bio-conjugation. In particular, such SERS probes show
excellent dispersion and stability in aqueous solution with high ionic
strength.*® Therefore, the sandwiched gold nanostar @ MGITC @silica
SERS probes are characteristic of excellent water-solubility, high sen-
sitivity and good repeatability, which hold a great promise in SERS
Sensors.

SERS Sensor Design and Applications

Detection of inorganic ions.—Motivation.—There are two cate-
gories of harmful inorganic ions in food and environmental contami-
nation: heavy metal cations and toxic anions. They are released into the
environment from both natural actions, such as volcanic emissions and
interaction of metal-rich rocks with ground water, as well as from in-
dustrial and human activities, such as mining and subsequent milling
processes, combustion of coals, chemical and electronics manufac-
turing, solid waste incineration, and food processing. Heavy metals
ion, such as arsenic (As**), mercury (Hg?"), lead (Pd**), chromium
(Cr°*+), cadmium (Cd>*) and copper (Cu®>"), can cause a variety of
human diseases and even death with low concentrations because they
accumulate in organisms but are not degraded easily.'**"'?* For exam-
ple, arsenic causes severe skin damages, circulatory systems problems
and increased cancer risk.'?*!?> Mercury can cause permanent brain
and kidney damage with serious clinical symptoms such as deafness,
visual impairment and cognitive disorders.'”® Lead can induce high
blood pressure and kidney problems for adults; and it is particularly
harmful to children, resulting in lower intelligence quotient, hyper-
activity, slowed growth in physical or mental development, hearing
problems, anemia, and kidney damage.'”’” Human intake of heavy
metal ions is mainly from drinking water and the contaminated food.
The United States Environmental Protection Agency (EPA) has en-

acted a maximum residue limits in drinking water for heavy metals,
such as 10 ppb arsenic, 2 ppb mercury, 15 ppb lead, 5 ppb cadmium,
100 ppb chromium, and 1.3 ppm copper, respectively.'?!

Nitrite (NO, ™), nitrate (NO3 ™), perchlorate ions (ClO0,~) and flu-
oride (F~) are the main harmful inorganic anion contaminants in en-
vironment and food. Besides nitrate and nitrite ions naturally occur in
soils and water as part of the earth’s nitrogen cycle through vegetable
and animal decomposition, nitrification by bacteria in aerobic environ-
ments and human activities. Production of munitions and explosives
also induce excessive nitrate and nitrite. Nitrate can accelerate eu-
trophication in aquatic environment and consequently disturb or even
jeopardize the ecosystem.'?® The perchlorate can disrupt iodide uptake
in the thyroid gland, resulting in thyroid hypertrophy or hyperplasia,
which ultimately would lead to hypothyroidism.'?® Fluoride is ben-
eficial to reducing tooth decay at recommended values (1.5 mg/L).
However, it can cause discoloration of tooth enamel at slightly higher
consumption levels and serious adverse skeletal effects at higher than
about 14 mg/L per day as reported by World Health Organization
(WHO).'*" Besides intake from drinking water, contaminated food is
also the intake source according to the survey by U.S. Food and Drug
Administration (FDA)."3! EPA has set an enforceable standard, which
is called a maximum contaminant level (MCL) in water for nitrates at
10 ppm and for nitrites at 1 ppm.'3> Health Canada and various states
in the United States commends a drinking water guidance value for
perchlorate from 1 ppb to 18 ppb.'**

Sensor design strategies.—Figure 4 shows the different strategies
for SERS detection of inorganic ions. Monoatomic heavy metal ions
cannot be directly detected by SERS sensors because there are no
chemical bonds to generate Raman scattering.'3® As a result, only
inorganic oxyanions and few oxycations can be directly detected by
their characteristic Raman vibration bands. Otherwise, building spe-
cific chemical bonds with the heavy metal ions or using extrinsic
SERS probes are needed for SERS detections.

Direct recognition of analyte with SERS spectra.—Arsenic, including
arsenate (As’") and arsenite (As**), can be directly detected by SERS
based on the characteristic vibration of As—O bond.*> Meng et al. have
revealed that arsenic ions were adsorbed on the silver surface through
formation of bidentate binuclear surface complexes (Ag0O), AsO,~ via
extended X-ray absorption fine structure investigation.'3* For As>*,
two characteristic SERS bands are shown: an intense peak in the
range of 780-812 cm™' assigned to the v; (A;) symmetric As—O
stretch mode, and a broad minor peak at 420 + 10 cm~! induced
by superposition of the v, (A;) and vs (E) stretching modes. For
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Figure 5. (a) Direct detection of arsenate based on the characteristic peaks at 800 and 425 cm™! using close-packed self-assembly films of silver nanocubes,
nanocuboctahedra, and nanooctahedra (modified by permission of Wiley-VCH).'3> (b) Positively charged Ag-NPs immobilized on glass substrate showing direct
SERS response to anions including C10,~, CN~, SCN~, and SO4>~ (modified by permission of American Chemical Society).'*>

As3*, two characteristic SERS bands assigned to the same stretch-
ing modes in the range of 721-750 cm™! and around 439 cm™!.3?
Based on these, Yang et al. have fabricated the silver nano-arrays by
the Langmuir-Blodgett assembly method (Figure 5a) for detection
As** and As>*. “Hot spots” occurred at the neighboring gaps among
the silver nanoparticles (Ag-NPs) and showed high SERS sensitivity,
which result in a low limit of detection (LOD) of 1 ppb, an order of
magnitude below the standard set by EPA and WHO.'** In addition,
Meng et al. have employed the silver nanoparticle film and the self-
assembled silver nanowire substrates for SERS detection of arsenic
species including As>* and As>* with LOD from 5 ppb to 10 ppb.*
It is worth mentioning that the position of the characteristic bands
depended on the SERS substrate, the excitation wavelength and the
experimental condition. Similarly, other oxycations such as uranyl
(UO?*) and neptunyl ions (NpO?*), can also be directly detected by
SERS.136:137

Typically, inorganic oxyanions can be directly detected using
SERS with the characteristic vibrational bands in the oxyanions. For
example, ClO,~ is directly detected by the SERS characteristic vi-
bration bands at 950 cm™! (dehydrated) and 934 cm~! (in aqueous
solution) on the Ag nanofilm deposited on a Cu foil.'*® NO;~ and
NO, ™ have been directly detected at a LOD of 0.5 ppm by the unique
SERS peaks at 1056 and 1326 cm™', respectively, using the com-
mercial gold-coated silicon substrate.!** The Raman cross-sections of
these inorganic oxyanions are not large, and their affinity with SERS
substrates is remarkably low. As a result, a positive charged layer
can be decorated on the surface of SERS substrates to enhance the
affinity and the resulting detection sensitivity. Electrostatic attraction
by a positively charged layer, such as cystamine'*’ and 2-dimethyl-
aminoethanethiol,'' is used to lower the LOD to 1 nM for ClO,~

detection. As shown in Figures 5b, the positively charged Ag-NPs re-
vealed high SERS sensitivity to thiocyanate (SCN™), ClO,~, cyanide
(CN™), and SO,>~ at LOD of 1 ppb, 8 ppb, 7 ppb, and 4 ppm, re-
spectively, due to the synergistic effect of the electrostatic, hydrogen
bonding, and dispersive interactions toward anions from the amino
and amide groups on the nanoparticle surface.'*?

Binding metal ions with SERS-active MREs.—Indirect detection
strategies have been applied to monoatomic heavy metal cations. An
effective solution is that SERS-active molecules are employed as the
MRE:s to capture and recognize the specific analyte and to transduce
the sensing signal. The first method is to detect the relative change
in the vibration bands of the SERS-active MRE after the interaction
with heavy metal ions, where this type of SERS-active MRE also
serves as the SERS probe. Typically, the plasmonic nanostructure is
functionalized with a specific SERS-active MRE, which can coordi-
nate with the metal ions. The unchanged bands of the MRE can work
as an internal standard to realize the quantitative detection. For ex-
ample, the gold nanoparticles (Au-NPs), which were functionalized
with trimercaptotriazine (TMT) MRE, were aggregated after adding
a very small amount of a sodium chloride solution, inducing the “hot
spots” for amplifying the SERS signal. Owing to the specific bind-
ing of the metal ions with the third S and two heterocyclic N atoms
in the TMT molecule, it provided quantitative assays for Hg?* and
Cd”* ions using the intensity ratio of selected vibrational bands in the
SERS spectra (Figures 6a and 6b).'** Similarly, inorganic Hg?* and
methylmercury (CH3;Hg™) have been detected at a low LOD of 250
pM by the Au-NPs on polystyrene microbeads, which were function-
alized with a monolayer of 4-MPY, where MPY was a SERS-active
MRE (Figure 6¢).'* Complexation of Hg>* and CH;Hg" to the N
atom of the MPY ring induced a change in the characteristic bands
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Figure 6. Detection of metal ions using the SERS-active molecular recognition elements (MREs) that binds with metal ions, showing the spectral profile change
of MRE with concentration of heavy metal ions. (a) The intensity ratios at 432/ 971 and 485/ 971 cm™! versus the concentration of Hg?* and (b) at 971/485 and
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Society of Chemistry).!#*



Journal of The Electrochemical Society, 165 (8) B3098-B3118 (2018)

e Rt e e e e G i e e e B

B3105

: (b) -

. Hg*
A °/V
* &-ATP
SERS
Signal

5'-HS-(CH,)¢-CTTGTTTCTCCCCCCTGTTTCTTG-TAMRA-3'
HS
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The Royal Society of Chemistry).'% (d) Shortening the distance of SERS probe from the plasmonic structure by change in aptamer conformation (modified by

permission of Royal Society of Chemistry).'%*

of MPY at 777 cm™' and 526 cm™!, respectively. Normalized by the
ring breathing of SERS band at 1096 cm™!, quantitative detection
has been realized, where the intensity ratios of the peaks of 777 and
526 cm™! to 1096 cm™! increased with an increase in the Hg?* and
CH;3Hg™ concentrations, respectively. Di-(2-picolyl)amine (DPA) can
also worked for this strategy.'* At the presence of Hg?*, the previ-
ous peak at 1060 cm™! became stronger with increasing the Hg?*
concentration, realizing the quantitative detection of Hg>* by the in-
tensity ratio of 1060 cm™! peak to 1020 cm™! peak whose intensity
is not affected by Hg?*. The other SERS-active MREs for heavy
metals, such as 4-(N-piperazinyl) terpyridine dithiocarbamate,'#¢ 2-
mercaptobenzimidazole'*'*® and 4-MBA,'**!>" have been anchored
on different SERS substrates to detect Zn**, Cu** and Pb** ions,
respectively. Recently, Guselnikova et al. have reported that the di-
ethylenetriaminepentaacetic acid (DTPA) functionalized gold grating
array demonstrated the selective detection of various heavy metal
ions (LOD of 10~'* M), such as Hg?*, Pb>*, Cd**, Co?* and Cu?*."!
DTPA could entrap the heavy metal ions from the solution, leading
to pronounced Raman shift of the carbonyl vibrational band at 1515—
1600 cm~!, depending on the atomic number of heavy metal ions,
enabling the selective detection in the mixture of metal ions.

“Turn-on” signal with use of SERS probe.—If both the analyte and
the MRE are not SERS-active, a SERS probe/label will be added into
the sensor to transduce the sensing signal. In the “turn-on” sensing
principle, the signal of SERS probe is switched on when an analyte is
present in an assay; and the SERS intensity increases with an increase
in the concentration of analyte. For example, As*t ions were detected
by glutathione (GSH)/4-MPY-modified Ag-NPs at a LOD of 0.76
ppb.'>? Figure 7a shows the MPY molecules (SERS probes) and the
GSH molecules (MREs) bound to the Ag NP surface. When As>* ions
were added to the assay, the As** ions bound with GSH anchored on
the surface of Ag-NP. Binding of As** with GSH resulted in the aggre-
gation of Ag-NPs, which created “hot spots” between the neighboring
Ag NPs, turning on the sensing signal of the SERS probe (MPY). Sim-

ilarly, various MREs, such as chelating polymer,'>* cysteine,'** 2,5-
Dimercapto-1,3,4-thiadiazole,'> tetramethyl-rhodamine (TAMRA)-
labelled aptamer,'*> polyaromatic ligands,'*® polyaniline,'’ 1,4-
diethynylbenzene,'*® and MBA,'* have been reported for quanti-
tatively and selectively detecting Cr®" (LOD = 1.45 nM),'®® Cd**
(1 wM), Hg?* (1 pM), and Cu®* (10 pM), respectively.

Besides small molecules, DNA is also an effective MRE for metal
ions. For example, strong interaction of Hg?* with thymine (T) and
Ag* with cytosine (C) in the DNA chain result in the formation of
the T—Hg?* —T and the C—Ag*—C pairs, respectively.'®"'®> Kuang’s
group has constructed a SERS sensor for Hg?* detection by turning
on the sensing signal through DNA hybridization, achieving a LOD
of 4 pM (Figure 7b).'? In their design, two T-rich single stranded
DNA were anchored on the gold nanostars firstly. The Hg** ions and
the SERS probe (4-ATP) were added into the assay. Once the Hg?*
ions were present, the two DNA strands were hybridized because of
formation of T-Hg?*-T, resulting in self-assembling of gold nanostars
into dimers. This made the SERS probes (4-ATP) on the gold nanos-
tars exposed to the “hot spots”, which tuned on the SERS signal. In
addition, Wu’s group has coupled a SERS probe (the sandwich gold
nanostar @Raman-reporter @silica NP) with an ordered gold nanohole
array pattern via DNA hybridization (Figure 7c), and realized the de-
tection of Ag* and Hg?" in human saliva at a LOD of 1.7 pM and 2.3
pM, respectively.!®® As compared to the colloid-suspension assays,
the chip-based SERS sensor showed higher sensitivity and better re-
peatability. Besides double-stranded DNA, single-stranded DNA (ap-
tamer) has been used as the MRE for heavy metal ion detection as
well. For example, Chung’s group has reported an aptamer-modified
gold microshell for Hg** detection at LOD of 50 nM (Figure 7d).'®*
A long aptamer linked to a SERS probe at the far end was anchored
on the surface of gold microshell firstly. Once the Hg?* was present
in the assay, the aptamer was folded into a hairpin structure because
of the formation of T—Hg?* —T, bringing the SERS probe close to the
gold microshell with less than 10 nm, turning on the SERS signal.
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Similarly, an aptamer-modified Au-NP@silicon nanowire array
showed a low LOD of 1 pM for Hg** by formation of the hairpin
structure in the presence of Hg?*.!%

“Turn-off” signal with use of SERS probe.—In the “turn-off” sensing
principle, the SERS probes/reporters are initially close to a plasmonic
nanostructure. The SERS reporters’ SERS signal becomes diminished
during capture of analytes; and the SERS reporters’ signal intensity
decreases with an increase in the concentration of analyte. It can be
realized in three ways: (i) pushing the SERS probes away from the
plasmonic nanostructure, (ii) reducing the number of the SERS probe
on the plasmonic nanostructure, or the number of “hot spots”, and (iii)
deactivating the plasmonic metal.

Figure 8a shows that the SERS probes were attached to the sur-
face of a plasmonic gold popcorn.!®® After Hg** ions were added
into the assay, the SERS probe-Hg?" complex was formed, and
detached away from the plasmonic nanostructure, which reduced
the SERS signal with increasing the Hg?* concentration. Similarly,
the 4,4'-dipyridyl (Dpy) functionalized Au@Ag nanoparticles on
silicon substrate was developed to detect Hg?* at a LOD of 10
fM.'¢7 Other SERS probes, such as R6G,'%%!1% methimazole'” and
2-mercaptoethanesulfonate,'”! have been applied for this strategy. An-
other typical example is shown in Figure 8b.!7? At the initial state, a
plasmonic gold nanostructure was functionalized with Aptamer 1, be-
ing paired with a complementary Aptamer 2 with one end linked with
a SERS probe. The SERS probe was close to the gold nanostructure
initially, showing strong SERS signal. When Hg?" ions were present,
Aptamer 2 bound with the Hg?* ions, and formed a hairpin structure,
leading to dissociation of Aptamer 2 with Aptamer 1. This moved
the SERS probe away from the gold nanostructure. Using the similar
strategy based on the gold nanowires on a gold film,'”® Hg>*, Ag*
and Pb*" were detected simultaneously at LOD of 500 pM, 1 nM,
and 50 nM, respectively. These two studies along with other reports
showed that aptamers and double-stranded DNA were effective for
design of SERS sensors based on the “turn-off” mechanism.!’>-!7

The “turn-off” mechanism can also work by reducing the num-
ber of plasmonic nanoparticles.'”® The Au-NPs/rGO initially showed
strong SERS signal of rGO (bands at ~1350 cm~! and 1610 cm™1)
initially. The presence of Pb** ions induced detachment of the gold
NP away from the rGO sheet due to the dissolution of Au-NP by
S,05%~ and O,. Detachment of the Au-NPs away from the rGO sur-
face reduced the SERS signal of rGO. This SERS sensor was able
to detect Pb>* with a linear range from 5 nM to 4 pM at a LOD
of 1 nM. Figure 8c shows a SERS sensor based on the competitive
absorption.!”” Initially, rhodamine B (RB) was immobilized on the Au
NPs, showing high SERS intensity. When the Hg?* ions were present
in the assay, RB molecules were released from the surface of Au NPs
due to the stronger competitive adsorption of Hg>* via electrostatic
interaction, reducing the SERS signal. This SERS sensor showed a
LOD of 0.5 ppb toward Hg?>*. Additionally, the Hg?* ions could
be reduced to Hg" atoms by reductant (like citrate) anchored on the
plasmonic structures and subsequently attached on the surface of the
plasmonic structures. This led to deactivation of SERS performance
due to the SERS-inactive effect of mercury, besides detachment of
SERS probe molecules from the surface of plasmonic structures, re-
ducing the SERS signal. This sensing principle was also demonstrated
with the citrate-reduced Ag-NPs and the Au-NPs with different SERS
probes. 78150

Detection of small molecules.—Motivation.—Small molecules
(usually lower than 900 daltons in molecular weight) in environment
and food include polycyclic aromatic hydrocarbon (PAHs), polychlo-
rinated biphenyls (PCBs), herbicides, pesticides, antibiotics, various
chemicals from industrial wastewater and illegal food additives. PAHs
and their derivatives are produced by the incomplete combustion of or-
ganics partly from natural combustion such as forest fire and volcanic
eruption, but mostly from anthropogenic emissions like combustion
of fossil fuels.'®!-185 PAHs are found in water, air, sediment, soil, and
food, showing highly toxic, mutagenic and/or carcinogenic effect to
both animals and human.'3¢!8” PCBs are produced in industrial scale
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and used all over the world through the 1930’s to 1980’s as cool-
ing/isolation fluids in closed systems like transformer and vacuum
pumps, and also as fire retardants for electric/electronic equipment. '8
They can cause a variety of adverse health effects on immune system,
reproductive system, nervous system and endocrine system.'® It is
difficult to degrade PCBs in the environment and organism, resulting
in a worldwide distribution and persistent harms. Pesticides are used
to prevent, destroy, repel, or mitigate a pest, or is plant regulators,
defoliants, desiccants, or nitrogen stabilizers.!*® More than 1000 pes-
ticides are widely used in modern agriculture. Pesticides can exist in
farm products and be partly released into the environment, which in
turn results in human exposure through intake of pesticide residues in
food and drinking water.'”! To make food delicious, look better, or be
preserved for a longer time, some illegal or excess additives are added
into food. For example, in September 2008, tens of thousands of in-
fants in China were hospitalized, and several of them even died due to
the intake of melamine in infant milk powder.!*> Therefore, EPA has
enacted a maximum residue limit for toxic small molecules in drink-
ing water, such as 5 ppb for benzene, 0.2 ppb for benzo(a)pyrene, 0.5
ppb for PCBs, 40 ppb for carbofuran, 2 ppb for chlordane, 70 ppb for
2,4-Dichlorophenoxyacetic acid (2,4-D), and 0.2 ppm for dalapon,
respectively.'?!

Sensor design.—Figure 9 schematically illustrates the design
strategies of SERS sensors for detection of small molecules. Some
of small molecules, especially dyes and aromatic molecules, have rel-
atively large polarizability, which could generate considerable SERS
signal. If such small molecules have some special functional groups
such as thiols, amines and cyanides, they can be adsorbed firmly on
the plasmonic metal surface through these chemical bonds. Hence,
these molecules are easily excited to generate the characteristic SERS
bands and measured directly with these SERS bands. However, if the
small molecules cannot be adsorbed onto the plasmonic surfaces, for
example, when the nonpolar organic pollutants meet a hydrophilic
SERS substrate (Au and Ag), they cannot be directly captured by
the bare plasmonic metal nanostructures. Hence the plasmonic metal
surface has to be functionalized.

Direct recognition of analyte with SERS spectra.—If a small molecule
analyte is SERS-active, and tends to be adsorbed chemically or phys-
ically on the surface of a plasmonic metal nanostructure, it can be
directly detected using various SERS substrates. The target analytes
are identified by the characteristic SERS vibration bands and quanti-
fied by the band intensity.!** For example, Meng et al. have prepared

a self-assembled monolayer of silver nanocubes (Ag-NCs) on a flex-
ible transparent polyethylene (PE) film, achieving a flexible SERS
substrate (Figure 10a).%* The “hot spots” both at the sharp corners of
individual NCs and between the neighboring Ag-NCs contributed to
highly sensitive detection of thiram adsorbed on silver surface through
the Ag-S band. The flexible SERS substrate was employed to detect
10 nM methyl parathion in an orange by directly placing the SERS
substrate on the orange peel, which demonstrated a great potential in
practical food safety application. In addition, food additive such as
melamine has been directly detected by the Ag-NPs decorated basil
seeds'®*!%% and the gold nanofinger chips at a LOD as low as 120
ppt in water or 100 ppb in milk.'"”® SERS substrates are the key to
the success of SERS sensors. It is desirable to create high density
of “hot spots” in a large area through ordered nano-array patterns.
Figure 10b shows a large-scale flexible film of Ag-NPs decorated
polyacrylonitrile (PAN) nanohump array pattern, which was able to
detect methyl parathion (the pesticide residual) by swabbing the peel
of apples.'”” Recently the ordered porous anodic aluminum oxide
(AAO) membranes and the polystyrene sphere assemblies were used
as templates to create highly ordered three-dimensional (3D) silver
nanorod (NR) array’*”” and the Ag-NR bundle array (Figure 10c).%
The 3D hierarchical structure not only generates more “hot spots”
without increasing the footprint, but also creates stronger localized
EM field. For example, “hot spots” were generated due to strong EM
field coupling among the narrow gaps (2 nm) between the neighboring
Ag-NRs at the top ends, as shown in Figure 10c. The Ag-NR bundle ar-
ray showed SERS enhancement of 108 with good uniformity and high
reproducibility (RSD < 10%). This SERS substrate was employed to
detect multiple trace organic pollutants (methyl parathion and 2,4-D)
simultaneously. Meng’s group have also developed the Ag nanohemi-
sphere array,”>7%3 the silver nanosheet-assembled cubes array,”® and
the silver dendrite clusters on the patterned sites for direct detection
of pesticides and plasticizers. Antibiotics like potassium benzylpeni-
cillin was measured with the self-assembled silver colloid film.'*®
Moreover, three antibiotics including chloramphenicol, ciprofloxacin
and enrofloxacin have been detected with the silver dendritic substrate
at a LOD on the nM order.'*

To enable direct detection by SERS substrates, analytes must be
close to the SERS substrates through chemical binding or physical
absorption like via Van der Waals’ force. However, it is challenging
to capture high nonpolar and hydrophobic molecules such as PCBs
with SERS substrates. It is noted that the water solubility decreases
with increasing the degree of chlorination in PCBs. Consequently only
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Figure 10. Various SERS substrates for direct detection of small molecules. (a) Self-assembled monolayer of Ag-NCs on a flexible transparent polymer film for
detection of thiram, PCB-3 and methyl parathion on contaminated oranges (modified by permission of The Royal Society of Chemistry).** (b) A Large-scale
flexible Ag-NP@PAN-nanohump array;'®7 (c) a hierarchically ordered array of Ag nanorod bundle array with “hot spots” between the neighboring Ag nanorods;3
(d) 3D SERS substrate of cone-shaped ZnO nanorods decorated with Ag-NPs (modified by permission of Wiley-VCH).2?

high concentration of PCBs (higher than 1 pM) can be directly de-
tected, especially for those with high degree of chlorination.®7>76:197
However, low LODs have been reported in some cases. For exam-
ple, 100 pM or 10 pM of PCB77 (3,3’,4,4’-tetrachlorobiphenyl) was
determined by the silver dentritic nanostructure film and the 3D hy-
brid SERS substrate of ZnO nanorods and Ag-NPs (Figure 10d),
respectively.???! The close-packed 3D structures probably trapped
the PCB molecules in the structure for direct detection. However, it’s
necessary to mention that, for the 3D Ag-NPs/ZnO nanorod hybrid
substrate, photocatalytic degradation of PCB77 may happen based on

the previous research.?”? Intermediate products, which have similar
chemical structures but higher affinity to the SERS substrate, could
cause interference.

Capture of analytes with surface-functionalized SERS substrates.—
When analytes cannot be directly absorbed on a bare SERS substrate,
surface functionalization is performed on the SERS substrate surface.
For example, hydrophobic organic molecules are used to modify the
surface of SERS substrates to adsorb more nonpolar organic pollu-
tants that have very low affinity to SERS substrates, like PAHs and
PCBs. Graphene or molecules with benzene ring could also improve
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that do not adsorb on metal surface (modified by permission of The Royal Society of Chemistry and American Chemical Society, respectively

the affinity of SERS substrate to the analytes because of the w—m
interactions. Alternatively, the materials that have high adsorption ca-
pability such as metal-organic framework (MOF) are incorporated
with SERS substrates to enhance analyte capture.

Haynes et al. have successfully detected PCB47 (2,2°,4,4’-
tetrachlorobiphenyl) and PCB77 using the decanethiol-modified sil-
ver film on a silica nanosphere array based on the hydropho-
bic interactions between PCBs and decanethiol, achieving a LOD
of 50 pM.20320% Decanethiol was also decorated on a vertically
aligned Ag nanoplate-assembled film, achieving a low LOD of
100 nM for PCB77.7" A sol-gel film encapsulated Ag-NPs func-
tionalized with 25,27-dimercaptoacetic acid-26,28-dihydroxy-4-tert-
butylcalix[4]arene (DMCX) was synthesized in situ for detection of
PAHs in seawater at a LOD of 0.3 nM for pyrene and 13 nM for
naphthalene due to the formation of the host-guest complex with
DMCX.? It has been reported that cyclodextrin had a hydropho-
bic inner surface, which could capture the guest molecules PCBs
to form stable host-guest inclusion complexes, and thus effectively
trap and detect PCBs.2%2% Thio-cyclodextrins were also decorated
on the large-scale well-separated Ag nanosheet-assembled micro-
hemispheres and Ag nanorods array (Figure 11a), which can create a
large number of “hot spots” at the small gaps between the neighboring
Ag nanosheets or Ag nanorods, showing high sensitivity toward PCBs,
that is, 300 nM PCB77, 10 nM PCB1 (2-chlorobiphenyl), 20 uM
PCB29 (2,4,5-trichlorobiphenyl) and 20 uM PCB101 (2,2’,4,5,5’-
pentachlorobiphenyl).”>”>"” Meng et al. have developed a sponge-like
SERS substrate made of the rGO-wrapped Ag NCs for selectively
detecting dithiocarbamate pesticides from aromatic pesticides, such
as methyl parathion, DDT, isazofos, thiophanate-methy, and carben-
dazim, which were adsorbed on rGO via the T—T interaction between

) 211,212

the rGO and the aromatic rings (Figure 11b).2!° The hybrid structure
of MOF and plasmonic structure, either through decorating MOF on
the plasmonic structure surface (Figure 11c) or imbedding the plas-
monic nanoparticles in the MOF matrix (Figure 11d), were used to trap
and subsequently detect a range of similar volatile organic compounds
such as benzene, toluene, nitrobenzene, 2,6-di-tert-butylpyridine, ben-
zadine, p-phenylenediamine and tumor marker alpha-fetoprotein in
human serum using the high adsorption capability of MOF.?!!:212
Physical trapping of analytes close to SERS substrates.—Physical
trapping is another strategy to capture analytes to the SERS substrate
surface. For polar or charged analytes, electrostatic attraction can be
used to concentrate the analytes on the SERS substrates. Polar analytes
can be selectively attracted to an oppositely charged electrode applied
with a small potential (electrostatic preconcentration), lowering the
LOD accordingly.?!*?!5 For example, polar antibiotics, such as 6-
aminopenicillanic acid and penicillin G, were selectively concentrated
and detected on the surface of Ag-NPs grafted germanium nanowires
on a copper grid by changing applied potential, showing a LOD of
2.4nM and 0.9 nM, respectively (Figure 12a).?'* Similarly, aniline and
phenol derivatives can be selectively adsorbed from a mixture of polar
pollutants on the silver-electrodeposited screen-printed electrodes by
controlling the polarity of the applied potential.>'*

Moreover, mechanical force can also be used to confine the an-
alytes close to a SERS substrate to enhance the SERS signal. For
example, if the SERS substrates are coated with the temperature-
or humidity-sensitive materials, change in temperature or humidity
will trigger the shrink or expansion, reducing the space between
the SERS substrate and the analytes, enhancing the SERS signal.
For example, the Au-NPs coated with a thermally responsive poly-
(N-isopropylacrylamide) (pNIPAM) microgel can trap the analytes.
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Figure 12. SERS sensors through physical trapping of analytes. (a) Electrostatic preconcentration of polar molecules using the Ag-NP-grafted germanium
nanowires on a copper grid, showing selective detection of opposite polar molecules by changing potential polarity (modified by permission of Wiley-VCH).?!3 (b)
A compact electrical heating-controlled SERS fluidic system based on Au-nanorods/Ag-NPs@ZnO-nanotaper@Cu wire (modified by permission of the authors
and the institute).”!” (c) A humidity-sensitive Ag-NCs@PAAS network, trapping the analytes in the small gaps among the Ag-NCs during dehydration-induced

shrinking (modified by permission of Tsinghua University Press and Springer).>'®

When it is heated up, pNIPAM will shrink and carry the analyte
molecules toward the plasmonic Au NPs.?!® Following this mecha-
nism, the thermo-responsive microgel was used in a compact electrical
heating-controlled SERS fluidic system for capture and detection of
trace small molecule pollutants such as 100 nM methyl parathion in
water (Figure 12b).2!7 A constantan wire covered with the ZnO nano-
tapers decorated with Ag-NPs was inserted into a glass capillary filled
with a mixture of the pNIPAM microgels and the Au-nanorods col-
loids. After the analyte solution was filled into the capillary, the system
was heated by applying a potential on the constantan wire. As a result,
the pNIPAM microgels shrunk, immobilizing the analyte and driving
the Au-nanorod close to both each other and the Ag-ZnO nanotapers.
This created high-density of “hot spots” due to multi-type plasmonic

couplings in a 3D space, amplifying the SERS signal. Additionally, the
humidity-sensitive materials were used to capture analytes. Meng et al.
have developed a networked polyacrylic acid sodium salt (PAAS) film
entrapped silver-nanocubes (Ag-NCs@PAAS) to physically confine
the analytes at the surface of Ag-NCs (Figure 12¢).?'® In the presence
of analyte solution, the dry Ag-NCs@PAAS substrate would swell
because of the bibulous PAAS, pushing away the neighboring Ag-
NCs. Consequently the analytes diffused into the interspace among
the neighboring Ag-NCs. After drying, the PAAS shrunk and pulled
the Ag-NCs back to the aggregated state with the analytes in the small
gaps between the Ag-NCs, inducing the “hot spots” and strong SERS
signal. Using this substrate, melamine, adenine, methyl parathion,
glucose molecules and their mixture have been sensitively detected.
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Figure 13. Indirect detection of small molecules with assistance of MREs. (a)
The presence of TNT turned on SERS activity of 4-ATP-decorated Ag-NPs
on silicon wafer due to the formation of TNT—4-ATP complex (modified by
permission of American Chemical Society).221 (b) Detection of PCB77 with
an SERS-active aptamer MRE (modified by permission of The Royal Society
of Chemistry).??? (c) Detection of ATP using the SERS probe-linked aptamer
(modified by permission of American Chemical Society).??*

Indirect detection with use of MREs.—To detect small molecule ana-
lytes with low polarizability, MREs are used to selectively capture the
targets. TNT (2,4,6-Trinitrotoluene) is not easily detected directly due
to its low polarizability and poor affinity to plasmonic Au or Ag nanos-
tructures. Therefore, SERS-active 4-ATP was used as a MRE to cap-
ture it.!”721%22! For example, Chen et al. developed a 4-ATP-modified
Ag NP-silicon wafer (AgNP@Si) substrate for TNT detection (Fig-
ure 13a).2?! When TNT was present in the assay, the TNT—4-ATP
complex was formed, transforming 4-ATP from a nonresonant state
to an electronic state, and lighting up SERS signals of 4-ATP. As a
result, this sensor showed a linear range from 10 pM to 100 nM with
the RSD of less than 15% and a LOD of 1 pM, 5 orders of magnitude
lower than the MCL value suggested by EPA. Figure 13b revealed
an aptamer-modified SiO, @ Au core/shell nanoparticles, in which the
aptamer selectively bound to PCB77. As a result, the intensity ra-
tio of bands 656 cm~! and 733 cm™! in the aptamer changed with
variation of the PCB77 concentration, enabling quantitative measure-
ment of 1 WM PCB77.722223 In addition, Wu et al. have developed an
aptamer-based SERS sensor for detection of adenosine triphosphate
(ATP).2?* The SERS probe-linked DNA was covalently bound to the
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Table I. NIAID-categorized pathogen and examples.??S

Category Pathogens examples

-Bacillus anthracis

-Clostridium botulinum toxin (botulism)
-Yersinia pestis (plague)

-Variola major (smallpox) & related pox
viruses

-Francisella tularensis

-Viral hemorrhagic fevers
-Diarrheagenic E.coli

-Pathogenic Vibrios

-Shigella species

-Salmonella

-Caliciviruses

-Hepatitis A

-Microsporidia

-Nipah and Hendra viruses

-Additional hantaviruses

-Tickborne hemorrhagic fever viruses
-Tickborne encephalitis complex
flaviviruses

-Yellow fever virus

A: Highest risk to national
security and public health

B: Second highest priority

C: Third highest priority and
include emerging pathogens

Au chip (Figure 13c¢), in which the SERS probes (the sandwiched Au
nanostar@MGITC@SiO, NPs) were brought in proximity with the
Au chip. Strong SERS signal can be detected from such an ensemble.
When the ATP molecules were present in the SERS assay, two ATP
molecules were intercalated into each aptamer by forming the non-
canonical G/A base pairs, leading to the dissociation of the duplex
DNA. Consequently, the SERS probes were detached from gold film
surface, reducing the SERS signal, achieving a LOD of 12.4 pM for
ATP.

Detection of pathogens.—Motivation.—The pathogens are classi-
fied into three categories by U.S. National Institute of Allergy and In-
fectious Disease (NIAID) as shown in Table 1.?2 Pathogens including
bacteria, virus and fungi, which are present in food and environment,
pose high risk of health hazards worldwide. They can be reproduced
rapidly and disseminated through air, water and food chain. Food-
borne illness outbreaks happen worldwide. The Center for Disease
Control and Prevention (CDC) has estimated that about 1 in 6 Amer-
icans (48 million) get sick; 128,000 are hospitalized; and 3,000 died
from food-borne disease each year.?”® In U.S., 714 people got sick
and 9 died in a Salmonella outbreak for peanut butter in 2009; and
907 people were ill and 1 died for the imported Mexican cucumbers in
2015.%27 Consequently, the demand for rapid, accurate, sensitive, se-
lective detection of food- and water-borne pathogens is continuously
rising for public health.

Sensor design.—Fingerprinting SERS spectra of some pathogens
could be obtained because of the presence of specific nucleic acid,
amino acid, proteins, polysaccharides, carbohydrates and lipids. The
SERS spectra obtained may be analyzed statistically via the pattern
recognition. Besides direct recognition with SERS spectra, pathogens
are also captured and recognized by MREs, and detected with assis-
tance of SERS probes.

Direct recognition of analyte with SERS spectra.—Compared with
inorganic ions and small organic molecules, pathogens have much
larger size and more complicated chemical components, including
proteins, nucleic acid, enzymes, and various inorganic and organic
agents. Although SERS spectra have fingerprint feature, the compli-
cated spectra of pathogens make it not straightforward to identify the
specific target in some cases. And there is no any complete SERS
spectrum database for pathogens.?” Therefore, chemometrics is used
to assist the qualitative and quantitative analysis of the SERS spectra
obtained. Multivariant data analysis are the commonly used statisti-
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cal approach,? ' including principal component analysis (PCA) and

partial least squares (PLS) regression.

Generally, there are three different strategies for SERS sensing
of pathogens: (i) placing the whole pathogens cells directly on a
solid SERS substrate; (ii) mixing pathogens with plasmonic metal
NPs in a solution to induce aggregation or a sandwich structure; and
(iii) assembling plasmonic metal NPs directly onto the surface of
pathogens.

Biomarkers from Bacillus, such as calcium dipicolinate (CaDPA)
or dipicolinic acid (DPA) in bacterial spores, can be used for di-
rect SERS detection of Bacillus.?*® The SERS peak at ~1001 cm™'
assigned to the ring breathing vibration was used for DPA quantifi-
cation. Van Duyne et al. have used a silver film over the polystyrene
nanosphere substrates to detect the CaDPA in anthrax spores, achiev-
ing a LOD of 2.6 x 10* spores.??>?% Silver colloids were also used
to detect and quantify the DPA biomarker in Bacillus spores at a level
of 5 ppb (29.9 nM).??!

In some cases, SERS spectra obtained from the cell wall (nucleic
acids, proteins, polysaccharides, carbohydrates, and lipids) were used
for direct recognition.”*>23* For example, the bacterium Geobacter
sulfurreducens was detected by the in vivo reduced Au** within the
cytoplasm close to the inner cell membrane, and recognized by the
SERS band at 1250 cm™!, which was associated with proteins in
cell membrane and cytosolic proteins.>*? In addition, Haisch et al.
deposited Ag NPs directly on the cell wall of bacteria to detect the
living bacteria in drinking water (Figure 14a).** They found that the
SERS enhancement with in-situ growth of Ag NPs on the bacteria
surface was about 30 folds higher than that in the case of a simply
mixed colloid—bacterial suspension. Three strains of Escherichia coli
and one strain of Staphylococcus epidermidis were discriminated by
hierarchy cluster analysis, achieving a LOD of 250 cells/mL after
SERS mapping.

Viruses could also been directly detected via their characteris-
tic SERS vibration bands. For example, various viruses such as
norovirus, adenovirus, parvovirus, rotavirus, coronavirus, paramyx-
ovirus and herpersvirus, have been discriminated with the gold
nanostructures.?*®¥” Moreover, Tripp et al. have used a silver nanorod
array to directly detect human respiratory viruses (Figure 14b). The
SERS bands at 527 cm ™! and 546 cm ™' could be assigned to a disulfide
stretching mode for respiratory syncytial virus. Multivariate statisti-

cal analyses, including soft independent modeling of class analogy
(SIMCA) and PCA, were employed to effectively discriminate three
types of wild strains of respiratory viruses and the DNA sequences
with a single gene mutation.*8
Indirect detection with use of MREs.—Whole pathogens can be indi-
rectly detected by combining the SERS probes with MREs such as
antibodies, aptamers and small molecule ligand (e.g. glutaraldehyde,
and 3-mercaptophenylboronic acid). For example, on-line screening
of Salmonella Choleraesuis and Neisseria lactamica have been real-
ized with integration of nanoaggregate-embedded beads SERS probes
and microfluidic device (Figure 15a).2%° The probes were silica-coated
dye-induced aggregates of a small number of Au NPs, immobilized
with specific antibody on the bead surface as the MRE. Strong sig-
nal can be created owing to the presence of “hot spots™ at junctions
between Au NPs, showing a detection capability down to a single
bacterium (70 CFU/mL). Compared with ELISA, this SERS sens-
ing strategy provided higher sensitivity and required lower amount
of antibody. Salmonella typhimurium was detected with a spiny Au
NP-based SERS sensor.?** The spiny Au NP were functionalized with
4-MBA as the SERS probe, and linked to a thiolated aptamer as the
MRE for the capture of S. typhimurium. This sensor showed a dy-
namic detection range from 10 CFU/mL to 10° CFU/mL at a LOD
of 4 CFU/mL. Similarly, using two different specific bonding ap-
tamers, S. typhimurium and S. aureus were detected simultaneously
at a LOD of 15 CFU/mL and 35 CFU/mL, respectively.?*! In addi-
tion, viral zoonotic pathogens, West Nile virus and Rift Valley fever
virus were detected by the Au NPs coated with the SERS probes and
the specific antibody.?*? It showed a LOD of 5 fg/mL in a phosphate
buffered saline buffer (PBS) and 25 pg/mL in a PBS spiked fetal
bovine serum. Similarly, other antibodies or small-molecule ligands
(e.g. glutaraldehyde,?* and 3-mercaptophenylboronic acid) have also
been used as the MREs for SERS detection of other bacteria such as
E. coli, Salmonella typhimurium DT10.24-24

Besides using MREs for the recognition of whole pathogen, SERS
sensor can identify pathogen through detecting the characteristic DNA
extracted from pathogens. Recently, hepatitis B virus (HBV) DNA
was successfully detected with a SERS sensor based on the typical
sandwich configuration (Figure 15b).>*® A single-stranded capture
DNA complementary to the HBV DNA was immobilized on a periodic
Au triangle nanoarray pattern. The assay also contained the detection
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DNA linked to a SERS probe (the sandwiched Ag nanorice @Raman
label@SiO, NP). When the HBV DNA appeared in the assay, the
HBV DNA was hybridized with both the capture and the detection
DNA strands, which made the SERS probe coupled to the periodic
Au triangle nanoarray pattern, generating the “hot spots” in the 3D
space. As a result, such a sensor achieved a LOD of 50 aM for HBV
DNA.

Integration of SERS Sensors into Microfluidic Chips

Previous review papers have dealt with microfluidic
platforms,?**->>2 and paper-based lateral flow strip.2>3->>® Herein this
article just highlights the SERS sensors integrated into microfluidic
chips. The combination of SERS with microfluidics also refers
as lab-on-chip SERS, or optofluidic SERS devices, which realize
sample-pretreatment, detection and flow control with a single
microfluidic chip. This enables automation, miniaturization and
portability for field-deployable applications. Generally, an active
microfluidic system includes micropumps, microvalves, micromixers
and detectors. SERS sensors have been integrated into two types
of active microfluidic systems: the continuous flow platform and
the segmented (or droplet) flow platform. The continuous SERS-
microfluidic systems are capable of highly reproducible measurement
and effectively dissipation of heat, which benefits to photosensitive
or heat-sensitive analytes. However, the analysts may sometimes
get enriched over time on channel walls, leading to the memory

effect. And the molecular diffusion induced mixing in the continuous
flow microfluidics is relatively slow with the typical microfluidic
channel width. In contrast, the segmented flow microfluidic devices
avoid mixing between two miscible liquid streams by introducing
a gas phase or oil phase.'”>?°?% The segmented flow platforms
can separate the continuous sample flow and colloidal nanoparticles
by droplets of an immiscible fluid phase. The memory effect can
be reduced because the droplets avoid significant liquid exchange
between the liquid segments.

Figure 16a shows a continuous flow SERS device integrated with
the Ag NPs functionalized with GSH (MRE) and 4-MPY (SERS
probe).! When the As** ions and the functionalized Ag NPs are
introduced into the microfluidic channel, the As** ions bound to GSH,
leading to the aggregation of functionalized Ag NPs. This resulted in
the “hot spots” between the adjacent Ag NPs, amplifying the SERS
signals of 4-MPY. Such an optofluidic SERS device exhibited a linear
range from 3 to 200 ppb at a LOD of 0.67 ppb. Figure 16b shows
a droplet microfluidic device for detection of Hg?* ions in water,
achieving a LOD of 10 pM.!7? The aptamer-linked SERS probes were
immobilized on the surface of Au-Ag core—shell NPs via hybridization
of a complementary DNA covalently linked to the NP. Small water
droplets containing the Hg?* ions were separated from each other by
an oil phase, which flowed along the microfluidic channel. When Hg?*
ions bound to the aptamer, a hairpin structure was formed, leading to
detachment of the SERS probe-linked aptamer away from the Au-Ag
NPs. This tuned off the SERS signal.
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Figure 16. (a) A continuous flow microfluidic device for detection of As>* with Ag-NPs conjugated GSH and 4-MPY (modified by permission of The Royal
Society of Chemistry).! (b) A segmented flow microfluidic device for Hg?* ion detection with aptamer-modified Au/Ag core-shell nanoparticles (modified by

permission of The Royal Society of Chemistry).!”?

Active microfluidic devices need mcirovalves and pumps for driv-
ing and controlling the flow, which increase the cost and have relatively
large footprint for whole systems. Passive microfluidic devices such
as lateral flow strips utilize the capillary forces to drive and control
the flow, which do not require the pumps and the associated con-
trol systems. In particular, paper-based lateral flow strips (PLES) are
inexpensive, user-friendly, and easy to operate. Therefore, integra-
tion of SERS sensors with PLFS arouses strong interest.>>® A typical
SERS PLFS consists of several porous carriers including a nitrocel-
Iulose membrane, a sample pad, a conjugate pad and an absorption
pad (Figure 17).2°® When the liquid sample is dropped onto the sam-
ple pad, liquid will flow through the conjugate pad by the capillary
force. Meanwhile, the analyte bind with the SERS probes through the
conjugated antibodies, forming complexes of target analyte-detection
antibodies labeled SERS probes. Finally, the resulting complexes flow
to the test line, and are captured by the capture antibody. As a result,
the SERS probes are accumulated on the test line through the for-
mation of sandwich structure. The excessive SERS probes, which are
not immobilized on the test line, continue to diffuse and are captured
by the other antibodies anchored on the control line. Consequently,
two greyish bands are displayed on both the test line and the control
line. A portable Raman spectrometer is employed to record the signal
of SERS probes at the test line, which is correlated with the analyte
concentration. So far, pathogens and heavy metals have been detected
selectively.?>+262

Conclusions and Perspectives

Most of the papers on SERS sensors have been published since
2000s; and the number of relevant papers increased in 2010s, indicat-
ing expedited development and increasing applications of SERS sen-
sors. In the last two decades, various plasmonic metal nanostructures
have been developed as the SERS substrates to improve the sensitiv-
ity, repeatability and massive production of SERS sensors. Among
various plasmonic Au, Ag, Cu and Al materials, Au is the most ap-
pealing to SERS sensors due to its high stability and reasonably strong
plasmon. Ag has the strongest plasmon and is widely used in SERS
research but the stability is of concern in some cases. Cu was not used
because it was considered as weak plasmonic material. Recent studies

reveal that Cu nanocubes exhibit strong and narrow LSPR peak.?63-266

Al typically shows the SPR peak in ultraviolet range.”s’ Hence it
is not widely used either. Recently, plasmonic semiconductors such
as WO;,, MoOj;, Cu,_,S, with high charge carrier concentration
by heavily doping also attracted interests in SERS,?® catalysis,?®
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and solar energy field.?’%?"! The shape of the plasmonic nanoparticle
has the most effect on enhancement of localized EM field. Among
nanospheres, nanorods, nanocubes, nanostrars, nanocages and other
shapes, nanostars are the most attractive due to their strongly en-
hanced EM field, easy synthesis and tunable LSPR band at around
785 nm, which is in resonance with the popular near-infrared laser
source. Chip-based SERS substrates become very popular for SERS
sensors. In particular, large-area ordered nano-array patterns, which
are fabricated with the massive production processes, are of particu-
lar to SERS sensors because of their tailorable plasmonic properties
and better controllability and repeatability than the disordered pat-
terns. In the nano-array patterns, “hot spots” are created not only
surrounding individual nanostructures, but also in the narrow gaps
(typically < 10 nm) between two neighboring nanostructures. Cou-
pling of SERS probes (containing plasmonic NPs) onto a periodic
nano-array pattern can increase the local EM field of “hot spots” and
extend “hot spots” into a large space without increasing the foot-
print. By utilizing this configuration, Wu’s group has developed a
SERS immunoassay,?’”> which mimics the configuration of ELISA.
This lab-on-chip style of SERS immunoassay can be directly applied
to the real-world complex sample matrices such as urine, milk fruit
juice and blood serum/plasma, and even shows higher sensitivity than
ELISA.

Some of analytes can be identified with SERS spectra because the
fingerprinting SERS bands can be obtained from these analytes. To
distinguish SERS spectra with small difference, chemometric analy-
sis such as the pattern recognition method is necessary to categorize
and quantitatively analyze the SERS spectra. Currently the height
of individual SERS peaks selected is typically used for building the
calibration curve for quantification of analyte concentration. Alterna-
tively, it is interesting to use the whole SERS spectra for quantification
of analyte concentration by utilizing the statistical algorithms.

When analytes are SERS-inactive or not able to generate finger-
printing SERS bands, MREs and SERS probes are typically used in
SERS sensors to recognize and transduce SERS signals. Organic Ra-
man reporter molecules such as MBA and MGITC generally are not
directly used as the SERS probes/labels in sensors because they have
extremely low scattering cross section, generating very weak SERS
signal. Instead, these Raman reporter molecules are typically conju-
gated with a plasmonic nanoparticle to obtain strong SERS signal.
In particular, the sandwich-structured SERS probes (e.g., Au nanos-
tar@MGITC @silica NPs) are of particular interest into SERS sensors
because they are of characteristic of excellent water-solubility, strong
SERS amplification capability and easy conjugation with MREs or
bio-molecules.*®

The goal of sensor development is to realize the on-site or real-
time detection in the field or in the point-of-care (POC) settings.
Because SERS-based lab-on-chips are necessary for realizing automa-
tion, miniaturization and portability in many cases, more efforts are
needed to develop optofluidic SERS devices. On the other hand, both
the size and cost of Raman spectrometers have been reduced dramat-
ically in the last two decades. Handheld spectrometers become com-
mercially available. It is desirable to develop portable SERS detection
systems that integrate the SERS sensors, the microfluidic modules,
the miniaturized Raman spectrometer and the user-interface control
together. For example, this kind of integrated SERS detection systems
may look like a carry-out briefcase (or box).

Current smartphones are equipped with several components that
can be interfaced with sensors, including camera, global positioning
system (GPS), Bluetooth, computer and an open software develop-
ment platform for adding applications. Therefore, integration of sen-
sors with smartphones has been under rapid development in recent
several years, which is shifting the paradigm of sensor development.
Indeed a smartphone was integrated into a Raman microscope to en-
able the phone’s camera to capture Raman images.”’

The development of smartphone and 3D printing technology sig-
nificantly pushed POC devices toward low-cost, user-friendly, on-
site and on-time diagnostics. A variety of PLFS, microfluidic plat-
forms, and wearable sensors have been designed for such as metal
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ions,”’* glucose,?’> and pathogens®’ based on paper, plastic, or flex-

ible polymers materials. Besides with SERS, POC devices utiliz-
ing fluorescence, colorimetry and electrochemistry have also been
developed.!>?6:276277 Compared to these POC devices, SERS-based
devices have advantages in specificity and resistance to interference
because of the fingerprint effect. However, SERS sensors have some
limitations. First, lenses are typically used in SERS readers, which
require the accurate position of SERS substrate. Second, the size and
cost of SERS readers need to be further reduced toward wide applica-
tions in the POC settings.
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