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Preface to "Nanomaterials for Surface-Enhanced
Raman Spectroscopy and Application in
Trace Detection”

Rapid and sensitive detection and quantification of trace-level chemicals is always of great
interests, because the ability of analyzing the low concentration compounds in complex sample
matrices, such as environmental, biological and food samples, enables improved understanding of
these samples and how the samples representing different systems may interact with each other.
With the advances in nanomaterials and nanofabrication, surface-enhanced Raman spectroscopy
(SERS) has been extensively developed and applied in the trace detection of various analytes in either
a simple or a complicated sample matrix. This includes, but is not limited to, the detection of
antibiotic residues in animal-producing meat products, detection of pathogenic bacteria in human
body fluid, and detection of heavy metal contamination of water. This book, consisting two review
articles and five research articles, covers the most recent progress and advancement in the
development and application of various nanomaterials in SERS trace detection. In this book, a broad
range of topics is covered, from the synthesis of novel nanomaterials that can provide improved
reproducibility of SERS signals to the development of new application protocols that can facilitate the
reliable detection of trace amounts of analytes without interfered by the sample matrices
significantly. This book is a useful source for both new and advanced researchers in the field of SERS

and its application. Hope you enjoy the reading!

Xiaonan Lu, Yaxi Hu
Special Issue Editors
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Abstract: Technology transfer from laboratory into practical application needs to meet the demands
of economic viability and operational simplicity. This paper reports a simple and convenient strategy
to fabricate large-scale and ultrasensitive surface-enhanced Raman scattering (SERS) substrates.
In this strategy, no toxic chemicals or sophisticated instruments are required to fabricate the SERS
substrates. On one hand, Ag nanoparticles (NPs) with relatively uniform size were synthesized
using the modified Tollens method, which employs an ultra-low concentration of Ag* and excessive
amounts of glucose as a reducing agent. On the other hand, when a drop of the colloidal Ag NPs
dries on a horizontal solid surface, the droplet becomes ropy, turns into a layered structure under
gravity, and hardens. During evaporation, capillary flow was burdened by viscidity resistance from
the ropy glucose solution. Thus, the coffee-ring effect is eliminated, leading to a uniform deposition
of Ag NPs. With this method, flat Ag NPs-based SERS active films were formed in array-well plates
defined by hole-shaped polydimethylsiloxane (PDMS) structures bonded on glass substrates, which
were made for convenient detection. The strong SERS activity of these substrates allowed us to reach
detection limits down to 10~* M of Rhodamine 6 G and 10~ 19 M of thiram (pesticide).

Keywords: SERS; Ag NPs; coffee ring; pesticide detection

1. Introduction

After several decades of development since it was discovered on electrochemically roughened
silver in 1973 [1,2], surface-enhanced Raman scattering (SERS) has become a powerful analytical tool
for applications of chemical and biological molecule detection, environmental monitoring, and food
safety [3-8]. SERS is able to identify molecules through vibrational fingerprint signals and can even
detect single molecules [9,10]. It is well accepted that a Raman signal can be enormously enhanced
by noble metal nanostructures with sub-10 nm gaps between them, which we call ‘hot spots’ [9]
Over the past decades, significant efforts in the areas of electron beam lithography [11], colloidal
lithography [12], chemical synthesis [13-15], and self-assembly [16-18] have been made to develop
highly active SERS substrates. All of these efforts are been focused on sufficiently high electromagnetic
field enhancement, good SERS signal stability, and convenience in fabrication and manipulation.
However, the above-mentioned requirements are hardly being met simultaneously. Electron beam
lithography, nanoimprint lithography, and colloidal lithography can fabricate highly-uniform Ag or
Au nanostructures leading to stable and reproducible SERS signals, but these methods are generally
expensive and time consuming for large-scale fabrication. Ag or Au nanoparticles (NPs) formed

Nanomaterials 2018, 8, 520; doi:10.3390 /nano8070520 1 www.mdpi.com/journal /nanomaterials
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by chemical synthesis is a very popular approach to SERS substrate preparation, and tremendous
Raman enhancement could be achieved effortlessly by rich ‘hot spots’. However, the downside of
this kind of method is that the stability cannot be guaranteed because of the uneven distribution of
‘hot spots’. For example, the NPs often aggregate in solution, which is not conducive to long-term
preservation [19]. With regard to the SERS measurement, a general and simple method is mixing
analytes with NP solutions, and then measuring the mixtures directly [20]. However, this method is
incapable of trace detection. An improved method is to dry the mixtures. It is true that the NPs will be
closely packed after drying [21-24], but this gives rise to a challenge of terrible aggregation caused by
the coffee ring effect, also resulting in signal instability. Although, a coating method has been proposed
to realize uniform and high-density Ag NPs distribution in drying process [25], this method suffers
from oxidation of Ag NPs as time goes on. Therefore, it is still a great challenge to fabricate large-scale
SERS substrates with uniform and high-density hot spots via simple and low-cost strategies.

The coffee-ring is a pattern left by a puddle of a particle-laden liquid after evaporation, which is
almost familiar to everyone [26]. It is difficult to eliminate this ubiquitous effect from many applications,
including the printing, assembly, and distribution of nano/molecular materials [27,28]. Closely packing
Ag or Au NPs is the easiest way to obtain SERS substrates that might have a substantial enhancement
of detection signals. The coffee-ring effect will make the Ag or Au NPs form as a ring, so that the
distribution of the ‘hot spots’ is nonuniform and uncontrollable [22,23,29].

Herein, we present a convenient and inexpensive strategy to fabricate large-scale SERS substrates
with stable and ultrasensitive performance. It involves a green chemistry synthesis method of Ag NPs
and a facile approach of dropping the Ag NPs/glucose solution to form a flat film array for SERS
detection. Viscous forces from the ropy glucose suppresses the coffee-ring effect, and thus leads to
a uniform and compact deposition, but not aggregation of Ag NPs. Due to the wettability of the Ag
NPs/glucose film, uniform distribution of analytes is also realized. These make the SERS signal more
consistent and sensitive. In this strategy, no toxic chemicals or sophisticated instruments are required
to fabricate the SERS substrate. In addition, thanks to the protection of glucose, oxidation of the Ag
NPs is avoided, which results in their long-term storage (at least 6 months). Finally, we demonstrate
the application of such SERS substrates for detection of R6G (Rhodamine 6G) and thiram (pesticide)
down to 107* M and 1071% M, respectively.

2. Materials and Methods

2.1. Materials

Silver nitrate (99.9%), R6G (Cp8H31N203Cl, 99%) and thiram (CgH12N2S,, 99.9%) were purchased
from Sigma-Aldrich (Darmstdt, Garmany), Ammonia (25% w/w aqueous solution) and D-glucose
were supplied by Beijing Chemical Works (Beijing, China), and SYLGARD 184 Silicone Elastomer Base
and SYLGARD 184 Silicone Elastomer Curing Agent were purchased from Dow Corning Corporation
(Midland, MI, USA). All the reagents used in this work were of analytical grade. Deionized water
(Milli-Q purification system, Millipore Co., Bedford, MA, USA) was used for all experiments.

2.2. Characterizations

UV-visible spectra were recorded with a 1 cm path length quartz cell using an Agilent Cary
8454 spectroscopy system (Agilent Technologies Inc., Santa Clara, CA, USA). Polydimethylsiloxane
(PDMS) surfaces were treated with a BD-20AC laboratory corona treater (Electro-Technic Products Inc.,
Chicago, IL, USA). Scanning transmission electron microscope (STEM) measurements were conducted
on Tecnai G2 F20 (FEI, Hillsboro, OR, USA). The Raman spectra were obtained using a Renishaw
inVia Reflex Raman Microscope and Spectrometer (inVia Reflex, Gloucestershire, UK) equipped with a
633 nm laser and 50 x objective. The integration time of all spectra acquisition for each measurement
was set to be 10 s. The laser power was 1.7 mW. Four spots on the same SERS substrate were examined,
and the spectra were averaged for final analysis.
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2.3. Preparation of Ag NPs

The Ag NPs were prepared according to our previous reports [30]. Briefly, approximately 1 mL
of ammonium hydroxide was added drop by drop into a fast stirring silver nitrate solution (85 mg
in 10 mL water). A dark-brownish precipitate was formed and then dissolved as the amount of
ammonium hydroxide is increased. Subsequently, a small amount of as-prepared Tollens solution
(40 puL) was added into a fresh solution (40 mL) of D-glucose with a concentration of 0.1 M to 0.5 M.
After four hours at room temperature, Ag* ions were reduced by glucose in the presence of ammonia,
and the color of the glucose solution turned to yellow, indicating the formation of Ag NPs [31].

2.4. Fabrication of SERS Substrates

Firstly, the thin PDMS films with a thickness of 0.5 mm were prepared by mixing a Slygard
184 elastomer with a curing agent in a 10:1 ratio at 70 °C for two hours. Then the PDMS films were
punched to form an array of holes with a diameter of 5 mm. Subsequently, the punched PDMS films
were treated by O, plasma using a BD-20AC laboratory corona treater (Electro-Technic Products Inc.,
Chicago, IL, USA) for 30 s. Then, the treated PDMS surface was bonded to a glass slide under 70 °C
for 2 h. Finally, 100 uL of prepared colloidal Ag NPs were dropped into each hole of the PDMS films.
After the droplets were evaporated, the pie-shaped substrates of Ag NPs were formed, and then
stored at room temperature for SERS detecting. The fabricated SERS film array and the SERS detection
process is shown in the Figure 1.

‘ - Raman ) danly
Y Analyte
\"\
= | w'?"‘)\)/
& s S 5
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Glass Closely packed

PDMS Ag NPs

Figure 1. Schematics of the SERS detection process. The Ag NPs are closely packed and surrounded by
massive solid-state glucose. Moreover, analytes can be distributed uniformly in the SERS substrates by

infiltration and capillarity.

3. Results and Discussion

3.1. Characterization of Ag NPs

UV-vis absorption spectra of the colloidal Ag NPs synthesized in 0.5 M glucose is given in
Figure 2a. The absorption peak was around 415 nm, exhibiting a sharp plasmon absorption maximum.
It indicated that the Ag NPs were monodispersed and relatively uniform in a stable colloidal
solution [30,31]. A TEM image of Ag NPs is given in Figure 2b. The size of the Ag NPs was 35 - 3 nm
(the UV-vis absorption spectra and TEM images of the Ag NPs synthesized in 0.1-0.5 M glucose
are given in Figures S1 and S2). Since the amount of glucose is excessive, the Ag* ions have been
completely reduced. Moreover, it was a green and highly-efficient synthesis method that does not
need a heating condition or any relatively toxic organic surfactants.
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Figure 2. (a) UV-vis absorption spectra of the Ag NPs, and the inset shows a photograph of the Ag NP
colloid, and (b) TEM image of the Ag NPs, and the size of Ag NPs were 35 & 3 nm.

3.2. Suppression of the Coffee-Ring Effect/Pie-Shaped SERS Substrates

When a drop of liquid dries on a solid surface, the liquid evaporates first from the edge and is
replenished by liquid from the interior, which results in capillary flow in the drop during its drying
process. The suspended particles are driven to the edge by the capillary flow, and then left highly
concentrated along the original drop edge, finally depositing in a ring-like pattern after evaporation [28].
Many attempts to suppress and ameliorate the coffee ring effect have thus far focused on manipulating
the capillary flow [32-35]. In our strategy, the solution became viscous owing to the existence of
massive glucose during the evaporation of the as-prepared colloidal Ag NPs, and the capillary flow is
therefore burdened by viscidity resistance, which prevented the suspended particles from reaching
the drop edge and ensured their uniform deposition. Figure 3a shows the evaporation process of a
drop of as-prepared colloidal Ag NPs dropped onto a clear glass directly. As the water evaporates, the
concentration of the glucose is increased, which resulted in an increasing viscosity of the solution [36].
Finally, the droplet had turned into a rigid film and the coffee-ring effect was almost eliminated after
evaporation. As the droplet turned to a rigid film, the volume shrunk dramatically, therefore the gap
between the Ag NPs would decrease and even turn into an aggregate, which exhibits higher SERS
activity [37]. In order to make the rigid film well-shaped and standardize the fabricating process,
the colloidal Ag NPs were dropped into an array of holes, which were defined by PDMS structures
bonded on the glass substrates (Figure 3b). Figure S3 shows the extinction spectrum of the SERS
substrate with 0.2 M glucose. Thanks to the protection of glucose, oxidation of the Ag NPs was also
prevented, which resulted in superior stability of the SERS substrates. From the test, the stability and
sensitivity of SERS signals could remain for at least 6 months (Figures S4 and S5). The characteristic
peaks of R6G were still very distinct after 6 months, and the intensity of the peaks was comparable to
the intensity when the substrate was deposited.
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Figure 3. (a) The evaporation process of a drop of the solution, and (b) a photograph of colloidal Ag
NPs dropped into an array of holes. The holes were 5 mm in diameter, 1 mm in depth, and 10 mm apart
for standardized fabrication and convenient measurement of the SERS films in array. (c) The fabricated
pie-shaped SERS substrates after evaporation. The scale bar is 1 cm.

3.3. Optimal Concentration of Glucose

According to the enhancement mechanism of SERS signals, more sensitive SERS signal could be
realized when analytes are close enough to the Ag NPs surface. In our strategy, the glucose protected
the Ag NPs from oxidation while preventing the touch between the analyte and the Ag NPs to some
extent. Therefore, the optimal concentration of glucose is of great necessity. In experiments, colloidal
Ag NPs with different concentrations of glucose, ranging from 0.1 M to 0.5 M, were used to fabricate
the SERS substrates. R6G (1078 M) was employed as a SERS probe to evaluate the performance of
these SERS substrates. As shown in Figure 4, the SERS signal intensity of these five substrates was
in the order: 0.2M > 0.1 M > 0.3 M > 0.4 M > 0.5 M, suggesting the substrate fabricated with a 0.2 M
concentration of glucose showed a stronger signal than the others. When 1 uL of R6G solution was
dropped onto the SERS substrates, the water would dissolve the glucose that covered the Ag NPs, and
then the Ag NPs were exposed to analytes. Hence, a lower concentration of glucose was more likely to
supply bare Ag NPs, resulting in a higher Raman enhancement. As shown in Figure S6, there was a
risk of oxidation of Ag NPs with a much lower concentration of glucose (such as 0.1 M). Accordingly,
we choose a 0.2 M Ag NPs/glucose solution to fabricate the SERS substrates for later detection.

— 0. 1¥

Intensity (a.u.)

o e e

L L L . .
00 600 BOO 1000 1200 1400 1600 1800 2000
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Figure 4. SERS spectra of 10~ M R6G as different concentrations of glucose are used to fabricate the
SERS substrates.
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3.4. Sensitivity and Reproducibility of SERS Substrates

Sensitivity and reproducibility are major concerns for any SERS substrates. Hence, we
employed different concentrations of R6G to investigate the performance of the SERS substrates.
As shown in Figure 5a, the strong peaks at 612 em 1, 774 em™ 1, 1127 em ™1, 1185 em 1, 1310 cm Y,
1360 cm~!, 1509 em ™!, 1573 em ™!, and 1650 cm~! were in good agreement with previous reports
on pure R6G [38-40]. These SERS spectral feature peaks can still be clearly identified even when
the concentration was down to 10~1* M, corresponding to 10 zeptomoles of R6G molecules in a
1 uL sample volume, which is far below previous works [38—41]. The reproducibility of the SERS
substrate was further investigated by taking SERS spectra of R6G at the concentration of 10710 M from
20 random locations on a single pie-shaped substrate. The average relative standard deviation (RSD)
of the intensities (at 1509 cm~!) was 6.8% (Figure 5b and Figure S7) which is lower than previously
reported [40,42], indicating that the substrates possess good signal uniformity.
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— 10-12M
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Figure 5. (a) SERS spectra of R6G at a concentration of 1078 M to10~1# M. 1 uL of the R6G solution
was dropped to the SERS substrates for detection. The blank is a control group which used deionized
water. (b) Raman spectra of 1071 M R6G collected from 20 random spots. The RSD of the intensity
maximum at the peak of 1509 cm ™! was 6.8%.

3.5. Application for Thiram Detection

Thiram is a typical sulfur-containing pesticide molecule, which is widely used in agriculture.
In this contribution, the SERS substrates were employed to detect thiram for future practical
applications. The SERS spectra of thiram with a concentration varying from 107 M to 10710 M
are shown in Figure 6. The SERS signal intensity gradually increased with the increase of thiram
concentration, pointing to the possibility of quantitative analyte determination. The main Raman
bands include 563 cm ™! attributed to v(S-S), 1147 cm~! corresponding to p(CHj3) and v(C-N), and
1383 cm™! corresponding to 85(CH;3) and v(C-N), and 1511 cm ™! corresponding to v(C-N), 5(CH3),
and p(CHj) [42,43]. We could identify the spectrum of the thiram even at the concentration of
10719 M. The result suggested that the ability of SERS substrates to have a detection sensitivity of
10710 M of thiram, which is far below the maximum residue limits of thiram for vegetables (5 mg/kg,
equal to ~2 x 107> M). It is evident that such SERS substrates would have great potential for real
world applications.
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Figure 6. SERS spectra of thiram at a concentration range from 107 M to 10~ M. The blank is a
control group with DI water.

4. Conclusions

In summary, we have demonstrated a method for a simple and economically viable design
of large-scale, highly efficient, ultrasensitive, uniform, and low-cost SERS substrates, especially
emphasizing the suppression of the coffee-ring effect. In this method, the glucose acts to achieve this
suppression. First, Ag NPs were synthesized by a modified Tollens method in which glucose serves
as a reducing agent. Secondly, a Ag NPs/glucose solution was dropped into a hole-shaped PDMS
structure. After evaporation, a flat and uniform SERS film array was formed by means of viscidity
resistance in a ropy glucose solution, which prevented the suspended particles from reaching the drop
edge and ensured a uniform deposition. Thirdly, owing to the protection of glucose, oxidation of the Ag
NPs was also avoided, which resulted in long-term storage (at least 6 months) of the SERS substrates.
Subsequently, the performance of the SERS substrates fabricated with different concentrations of
glucose was investigated, and the result suggested that the optimal concentration of glucose was
0.2 M. Finally, we demonstrated the application of such SERS substrates for detection of R6G and
thiram down to 10~ M and 1010 M, respectively. Thus, such a convenient fabrication method and
superior performance of the obtained SERS substrates would provide an opportunity to bring the
SERS technology closer to real-world applications.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/8/7/520/s1,
Figure S1: UV-vis absorption spectra of the colloidal Ag NPs synthesized in 0.1-0.5 M glucose; Figure S2: TEM
images of the Ag NPs synthesized in 0.1-0.5 M glucose; Figure S3: SERS intensity of 10710 M R6G collected
at 1509 cm~! from 20 random spots of a pie-shaped SERS substrate; Figure S4: SERS spectra of R6G (10710 M)
collected from the SERS substrates at different storage times ((a) 0 months, (b) 2 months, (c) 4 months, and
(d) 6 months).
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Abstract: In this paper, we present novel type of Surface-enhanced Raman spectroscopy (SERS)
platform, based on stainless steel wire mesh (SSWM) covered with thin silver layer. The stainless steel
wire mesh, typically used in chemical engineering industry, is a cheap and versatile substrate for SERS
platforms. SSWM consists of multiple steel wires with diameter of tens of micrometers, which gives
periodical structure and high stiffness. Moreover, stainless steel provides great resistance towards
organic and inorganic solvents and provides excellent heat dissipation. It is worth mentioning
that continuous irradiation of the laser beam over the SERS substrate can be a source of significant
increase in the local temperature of metallic nanostructures, which can lead to thermal degradation
or fragmentation of the adsorbed analyte. Decomposition or fragmentation of the analysed sample
usually causea a significant decrease in the intensity of recorded SERS bands, which either leads
to false SERS responses or enables the analysis of spectral data. To our knowledge, we have
developed for the first time the thermally resistant SERS platform. This type of SERS substrate,
termed Ag/SSWM, exhibit high sensitivity (Enhancement Factor (EF) = 10°) and reproducibility
(Relative Standard Deviation (RSD) of 6.4%) towards detection of p-mercaptobenzoic acid (p-MBA).
Besides, Ag/SSWM allows the specific detection and differentiation between Gram-positive and
Gram-negative bacterial species: Escherichia coli and Bacillus subtilis in label-free and reproducible
manner. The unique properties of designed substrate overcome the limitations associated with photo-
and thermal degradation of sensitive bacterial samples. Thus, a distinctive SERS analysis of all
kinds of chemical and biological samples at high sensitivity and selectivity can be performed on the
developed SERS-active substrate.

Keywords: Surface-enhanced Raman spectroscopy (SERS); wire mesh; steel mesh; SERS platform;
Escherichia coli; Bacillus subtilis

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is nowadays one of the most powerful and reliable
method in a wide range of applications including biochemistry [1], biomedical analysis [2], forensics,
bio- and chemical hazards [3] and environmental monitoring [4,5].

In SERS effect, for molecules adsorbed onto metallic nanostructures, the Raman signal is amplified
up to 14 orders of magnitude. Two mechanisms, an electromagnetic (EM) and a chemical (CT) are
involved in SERS effect. An electromagnetic enhancement results from the amplification of incident
light due to excitation of localized surface plasmon resonance (LSPR) of the metal surface. It was
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found that the morphology and dielectric environment of the plasmonic nanostructures plays a crucial
role in the EM mechanism. The chemical enhancement process involves the charge-transfer occurring
between the metal surface and adsorbed molecules, which can enhance the transition polarizability
of adsorbates [6]. Typically, the electromagnetic enhancement can reach factors 103-10M, whilst the
chemical enhancement contributes additional factor up to 10% [7,8]. As a result of these mechanisms,
SERS ensures the ultratrace detection of analytes down to single molecules [9]. Besides ultrasensitvity
and fingerprint specificity, SERS technique offers nondestructive, label—free, and fast detection of
analytes under a wide range of conditions (excitation wavelength and power of the laser, temperature,
pressure, presence of water).

These features lead to an increase of the practical applications of SERS technique especially
in biological materials studies, starting from single macromolecules and ending with whole cells
(for example, microorganisms) [10-14]. The SERS spectra of biomolecules carries the information about
their structure. This technique also offers the quantitative and qualitative studies with the possibility
of multiplexed detection of analytes in complex fluids such as blood, cerebrospinal fluid or urine.

However, the practical implementation of SERS technique in a clinical setting is hindered by
the difficulties in generation of a model SERS-active nanostructures. Such SERS substrate should
reveal homogenous and high enhancement factor (EF) across the surface, as well as chemical and
physical stability. Additionally, the fabrication method of SERS substrates should be as cheap as
possible and provide large-scale production. The commonly used SERS substrates are based on the
nanostructured noble metals e.g. Ag, Au, Cu, however the most frequently used metal is silver as it is
quite cheap in comparison with gold and provides very high SERS enhancement (much higher than
for copper). Interestingly, SPR (surface plasmon resonance) application of Ag is not only important
from the point of view of SERS studies, but also covers other technologically important fields such as
photocatalysis [15,16].

Today, a variety of techniques have been applied to fabricate SERS nanostructures, such as
electrochemical methods [17], nanosphere lithography [18], electron-beam lithography [19],
nanoimprinting lithography [20], vapour layer deposition [21], colloidal suspension [22], and many
other strategies.

Lately, our research group has developed several types of novel nanomaterials, which can be
used in a wide range of biomedical studies [23-28]. In recent research works we have investigated
the membrane-based SERS-platforms [26,29], where polymer mats covered with gold nanostructures
enable filtration of bacteria from fluids (for example, blood plasm), their immobilization on the filter
surface, and enhancement of Raman signal. This solution overcomes the problem of transferring
bacteria from filter to the SERS platform and potential contamination of the sample, and, at the
same time, enables detection of very low concentration of bacteria. Nowadays, there are many
different types of materials which are used to produce SERS-active substrates, e.g. ceramics [30,31],
silver nanorods [32], mesoporous silica [33], ultrafiltration membrane [34], filter paper [35,36] or metal
nanocrystals [37]. Particularly interesting are the polymer-based manufacturing techniques, due to
the low cost and ease of production. However, polymer substrates cannot meet the demands of high
stiffness of the substrate and high heat transfer (i.e. heat dissipation). Therefore, we have expanded
our research by developing the thermally resistant SERS platforms. Continuous irradiation of the laser
beam over the SERS substrate can be a source of significant increase in the local temperature of metallic
nanostructures, what is a critical issue in SERS measurements of heat-sensitive materials [38,39].
Thermal degradation or fragmentation of the analyte is a vital problem during examination of
heat-sensitive materials like DNA, proteins, polymers or lipid bilayers [40]. Moreover, molecules that
are adsorbed to the metal surface (e.g. thiols at gold) can desorb at a temperature of 60-100 °C [40].
Decomposition or fragmentation of the analyte often leads to broadening and reduction of the intensity
of observed spectral bands, and as a result, to misinterpretation of analytical data [41,42].

Another issue is connected with possible degradation of the polymer in contact with water
(biodegradable polymers like poly(L-lactide acid) (PLLA) or polylactid acid (PLA)) or in contact with
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organic solvents. Biological samples involve water-based samples (blood, urine, cerebrospinal fluid),
therefore used polymers should not be biodegradable in water environment, especially when the
filtration process is long.

To conclude, there is a strong need for cheap, versatile, durable, stable SERS-platform which
can easily dissipate heat thus can be used with high power lasers. Such platform should, preferably,
be resistant to water and other organic and inorganic solvents. In this paper, we present a new type of
SERS platforms based on woven wire mesh made of stainless steel (referred here as a stainless-steel
wire mesh, SSWM). There are four types of woven meshes: plain weave, twilled weave, plain Dutch
weave, and twilled Dutch weave, all having periodic structure which makes them excellent base for
SERS platform. They are used as a filtration media in chemical industry [43,44] due to their ability to
withstand large pressures, high heat resistance, small aperture and reusability. We used twilled Dutch
SSWM as a base for our SERS-platform: the SSWM was cleaned and sputtered with 50 nm thick layer
of silver which ensured the high amplification of the Raman signal. The dense mesh structure also
provided good deposition of the analyte on the surface.

The developed SERS platforms, named Ag/SSWM, show very high surface-enhancement factor
(1 x 10%), high stability (up to one month under ambient conditions), high reproducibility, and high
thermal resistance to laser irradiation. These Ag/SSWM substrates demonstrated a great potential
in sensitive and reproducible SERS-based detection of typical analyte like p-MBA, as well as whole
microorganisms, that is, Escherichia coli and Bacillus subtilis.

2. Materials and Methods

2.1. Chemicals and Materials

P-mercaptobenzoic acid (p-MBA) and phosphate-buffered saline (PBS) packs (10 mM,
pH =7.2) were obtained from Sigma-Aldrich (Dorset, UK) and used without further purification.
Water (resistivity over 18 MQY), purified using a Milli-Q plus 185 system was used throughout the
process. Stainless steel wire mesh was obtained with Anping County Huijin Wire Mesh Co., Ltd.,
Anping, China. Each type of mesh wire was purchased in quantity of 1 m? and deposited rolled in
room temperature prior to use.

2.2. Instrumentation

2.2.1. Raman and SERS Spectroscopy

Measurements were carried out with a Renishaw inVia Raman system (Wotton-under-Edge,
Gloucestershire, UK) equipped with a 785 nm diode laser (Wotton-under-Edge, Gloucestershire, UK)).
The light from the laser was passed through a line filter and focused on a sample mounted on an X-Y-Z
translation stage with a 50 x microscope objective, Numerical Aperture (NA) = 0.75. The beam diameter
was approximately 5 um. The laser power at the sample was 5 mW or less. The microscope was
equipped with 1200 grooves per mm grating, cut-off optical filters, and a 1024 x 256 pixel Peltier-cooled
RenCam CCD detector (Wotton-under-Edge, Gloucestershire, UK), which allowed registering the
Stokes part of Raman spectra with 5-6 cm ! spectral resolution and 2 cm~! wavenumber accuracy.
The experiments were performed at ambient conditions using a back-scattering geometry. The time
required for completing a single SERS spectrum was 4 seconds for p-MBA and 40 seconds for bacteria.

The obtained spectra were processed with an OPUS software (Bruker Optic GmbH 2012 version,
Ettlingen, Germany). The spectra were smoothed with Savitsky-Golay filter, the background
was removed using baseline correction, and then the spectra were normalized using a so-called
Min-Max normalization.
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2.2.2. Scanning Electron Microscopy (SEM)

Observations were performed under high vacuum using the FEI Nova NanoSEM 450 (Hillsboro,
OR, USA). The accelerating voltage was in rage from 2 to 10 kV. The SSWM samples with bacteria cells
were observed without any additional layer of gold.

2.3. Preparation of the SERS Platform and Sample Measurement.

General scheme of preparation of SERS-active platform for Raman measurements is shown in
Figure 1. Wire mesh sample (40 x 40 mm) was cut with scissors from big sheet (100 cm x 100 cm) and
placed in baker filled with acetone. In the first step the sample was sonicated for 10 min in ultrasonic
bath at a temperature of 50 °C (Figure 1a). Then the acetone was exchanged and the step was repeated.
After 10 min the baker was filled with isopropyl alcohol and the sample was sonicated for 10 min
at a temperature of 50 °C (Figure 1b). Then the sample was sonicated for 10 min in distilled water
(Millipore) at ambient temperature (Figure 1c). Cleaned wire-mesh was then dried for 30 min at 50 °C
(Figure 1d) and placed in a sterile Petri dish or immediately placed in a Physical Vapour Deposition
(PVD) device and sputtered with a 50 nm layer of silver (Figure le). The prepared SERS platform is
ready for use.

®

SERS substrate Sonication in Sonication in Sonication in Drying Sputtering
preparation: acetone isopropyl alcohol  distilled water (50°C; 0,5 h) (50 nm Ag)
ad®

RENISHAW Jl

— \
SERS sample Bacteria suspension in Sample placement on the SERS measurements
preparation for saline solution SERS substrate

measurements:

Figure 1. The scheme showing the preparation of SERS substrate, sample deposition and SERS
measurement. The main steps involve cleaning (a—c), drying (d), sputtering of thin layer of silver (e),
deposition of bacteria on SSWM platform (f,g), and SERS measurement (h).

To perform our measurements, we placed three bacterial colonies in micro-tubes filled with 500 L
of saline solution (Figure 1f), which was vortexed and then placed on platform with pipette (Figure 1g).
Then the SERS platform with deposited bacteria was placed under microscope and subjected to
measurements (Figure 1h).

2.4. Bacteria Culture and Its Preparation for SERS Measurements

2.4.1. Bacteria Culture and SERS Sample Preparation

E. coli and B. subtilis were obtained from the Department of Applied Microbiology, Institute of
Microbiology, University of Warsaw, Warsaw, Poland. In the case of each species, bacteria were
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streaked on the Petri dishes with LB agar (Luria-Bertani broth agar) and incubated at 37 °C for 24 h.
Next, three single bacterial colonies were suspended in 500 pL of saline solution (0.9% NaCl solution)
and centrifuged for 5 min at 1070x g. Then, the supernatant was decanted and the pellet of bacterial
cells was re-suspended in 500 pL of saline solution. The obtained concentration of bacterial cells was
5 x 10° mL~'. This process was repeated three times in order to obtain clean sample of microbial cells
without any additional contamination form cell culture medium. After discarding the supernatant in
the last step of centrifugation, bacteria cells were suspended in 20 uL of saline solution, transferred via
pipette and placed onto SSWM substrate (Figure 1f,g). The sample was left to dry for 5 min and then
the SERS measurements (Figure 1h) were conducted.

2.4.2. Procedure of Silver Sputtering

To sputter a layer of silver we used the PVD equipment (EM MEDO020, Leica, Heerbrugg,
Switzerland). The silver target was obtained from Mennica Metale Szlachetne, Warsaw, Poland.
The target diameter was 54 mm, thickness was 0.5 mm, and silver purity was 4 N. The vacuum
during the silver sputtering was on the level of 1072 mbar, whereas the sputtering current was 25 mA.
After the deposition process the samples were placed into a sterile Petri dish.

Six different thicknesses of silver layer on the SSWM substrates, i.e., 5, 20, 35, 50, 70 and 100 nm,
were tested to find optimal conditions for SERS enhancement.

3. Results and Discussion

3.1. Characterization of Wire Mesh and Its Surface

In our experiments, we used five different wire meshes (see Table 1), made of stainless steel
316 (austenitic chromium-nickel stainless steel containing molybdenum). Addition of molybdenum
increases general corrosion resistance, improves resistance to pitting from chloride ion solutions,
and provides increased strength at elevated temperatures. The corrosion resistance of 316 steel is
improved, particularly against acid sulphates, alkaline chlorides, and sulfuric, hydrochloric, acetic,
formic and tartaric acids. What is important, the thermal conductivity of steel 316 is 16.3 W-m~1.K~!,
whereas polymer, for example, PLA thermal conductivity is ca. 0.19 W-m 1.K ! [45]. That large
thermal conductivity of stainless steel is what makes it superior base material for SERS platform.

Table 1. Types and parameters of wire meshes used in experiments. All wire meshes are made of
stainless steel 316. Mesh refers to the number of warp and weft wires per inch.

Number of Mesh Warp Diameter ~ Weft Diameter Type of Weave
Sample [um] [um]
I 80 x 800 120 70 twill Dutch
I 200 x 1400 50 40 twill Dutch
I 250 x 2000 45 27 twill Dutch
v 325 x 2300 35 25 twill Dutch
Vv 400 x 3100 30 17 twill Dutch

Figure 2 presents general organization of the wires in twill Dutch weave fabric, while Figure 3
presents SEM pictures of all wires meshes (see Table 1) at three different magnifications. As can be seen,
the twill Dutch type is extremely dense and tightly woven fabric. Twill refers to the structure of the
fabric: over two and under two weaving wires with respect to the warp wires (warp are wires running
lengthwise of the cloth, whereas weft are wires running across the cloth). The term Dutch means that
the weft wires have smaller diameter than the warp wires (see Table 1 for details). The structure of
twill Dutch weave is presented in Figure 3, whereas the schematic illustration of the weft and warp
wires structure is presented in Figure S1.

15



Nanomaterials 2018, 8, 663

weft lwires

warp
wires

Figure 2. Twill Dutch weave is a densly woven fabric made of 316 stainless steel. It consists of two
types of wires: warp (with a higher diameter) and weft (with a smaller diameter). The presented
picture is a SEM of 80 x 800 wire mesh.

Twill Dutch weave enables the weft wires to be woven more densely. Therefore, much smaller
aperture sizes can be achieved. The term mesh (e.g. 80 x 800) refers to the number of warp (80) and
weft (800) wires per inch.

Figure 3 shows the representative SEM images of five wire meshes (I-V), for three different
magnifications. All samples were sputtered with 50 nm of silver via PVD method as described before.
This method provides a homogeneous coverage of the SSWM surface with the layer of silver.

SEM image at high magnification exhibits homogeneously placed silver nanostructures. The image
analysis has been performed to quantify their size distribution. Representative image and its histogram
for sample I (80 x 800) is presented in Figure 4, while the histograms for all studied samples are
depicted in Figure S2. It can be noticed that for all samples the avarage size of the silver nanostructures
on the surface of the wires is below 45 nm, while the median is below 40 nm. These parameters are
optimal for the LSPR.
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Figure 3. SEM images of SERS-active platforms (sputtered with 50 nm layer of silver via PVD technique)
at three different magnifications. Parameters of the wire meshes are described in Table 1.
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Figure 4. The surface of 80 x 800 (I) wire mesh covered with 50 nm layer of silver (a) and histogram
of the size of the Ag nanostructures on the surface (b). The avarage size of these nanostructures is
33.0 nm =+ 14.4 nm.

3.2. SERS Properties of Ag/SSWM Substrate

The SERS efficiency (sensitivity, selectivity, and reproducibility) is strongly correlated with the
morphology of the SERS-active nanostructures. The p-MBA was used as a standard probe compound
in order to prove the SERS properties of fabricated Ag/SSWM substrates. In this study, five different
wire mesh surfaces (Figure 3) have been investigated in the terms of their spectroscopic properties.

In the first step, the SERS sensitivity of the Ag/SSWM substrates was examined and described by
the enhancement factors (EF) for p-MBA. The p-MBA molecules bind through its thiol groups to the
top silver layer of SERS-active surface and thus allow to record the intense SERS responses. Moreover,
the intensities of p-MBA SERS features depend on the plasmonic properties of the SERS substrate and
are not affected by the possible electronic resonance mechanism.

The Ag/SSWM substrate was kept in 1.0 mL of 1.0 x 1076 M p-MBA ethanol solution for 3 h and
then washed with deionized water. The Raman bands at 708, 796, 1075, 1176, 1474 and 1588 cm
are characteristic for p-MBA [46]. The surface enhancement factors for p-MBA have been calculated
according to the standard equation:

IsersNNR
HE= INRNSERS @
where Nnr stands for the number of molecules sampled by normal Raman measurements,
whereas Nggrg describes the number of molecules irradiated in SERS technique. Ing and Isgrs were
measured at 1075 cm™! and correspond to the normal Raman scattering intensity of p-MBA in the bulk
and the SERS intensity of p-MBA adsorbed to metallic nanostructures.

The laser spot area and the effective illuminated volume are fundamental parameters for the
estimation of EF. The effective illuminated volume has been calculated using a formula recommended
by Renishaw:

V =321 x A(f/D) )

where f is the microscope objective focal length and D represents the effective laser beam diameter at
the objective back aperture. For our setup, V = 2012 ~ 2x 10 um?. The laser beam diameter, defined as
twice the radius of a circle encompassing the area with 86% of the total power was about 2.5 um.
It should be highlighted that approximately the same values were achieved from the experimentally
obtained laser spot image and from the theoretical formula (4Af /7D). Assuming the volume in a
shape of a cylinder with the diameter of 5 um leads to the effective height of 100 um. This value was
confirmed by recording Raman spectra of Si while varying the distance from the focal plane.
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The SERS samples were prepared by immersing the substrate in 1 mL of 1.0 x 10~ M solution
of p-MBA. The number of molecules in the solution was 6.02 x 104 (6.02 x 10% molecules/mol
x 1.0 x1073 L x 1.0 x 107® mol/L = 6.02 x 10" molecules). The surface area irradiated by the
laser beam (2.5 um in diameter) was 19.6 um? (3.14 x 1.25 um? = 4.9 um?). The surface of our
samples was 10 mm?. Therefore, about 2.3 x 108 molecules were present in the laser beam spot.
The normal Raman spectrum was observed for a cell filled with a pure p-MBA (154.19 g-mol~!;
density of 1.06 g-cm~3). The effective illuminated volume for our setup is 2 x 10° um3. Under these
conditions, Nyg = 8.1 x 10!2 molecules were irradiated by the laser. From these data of the relative
intensity and the number of molecules sampled from the regular Raman and SERS measurements,
the enhancement factors for all studied SERS surfaces have been calculated.

Figure 5 depicts the SERS spectra of p-MBA molecules adsorbed from 10~¢ M ethanol solution
onto five studied surfaces (Figure 3). The enhancement factors for each surface (named from I to V)
were calculated using equation (1) and are presented in Table 2. The highest enhancement factor has
been found for the surface I (Table 2), which indicate that its morphology matches to the optimal size
of nanostructures (20-40 nm) for the efficient LSPR.
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Figure 5. SERS spectra of p-MBA recorded from five different SERS substrates (a-e) with varying
morphology of wire mesh (according to parameters described in Table 1). Experimental conditions:
5mW of 785 nm excitation, 2 x 5 seconds acquisition time. The image in magnifier presents the close
view of the region with marker band at 1075 cm~! for SSWM surfaces showing low EF. Each SERS
spectrum was averaged from twenty measurements in different places of SERS surface.

Table 2. The EF factors for five different Ag/SSWM substrates (Table 1).

Number Mesh Enhancement Factor (EF)
I 80 x 800 42 % 10°
II 200 x 1400 1.3 x 10°
111 250 x 2000 1.0 x 103
v 325 x 2300 1.2 x 103
\ 400 x 3100 0.8 x 103
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As was mentioned above, in order to acquire SERS activity of the SSWMs platforms, they were
covered with silver layer in PVD process. The deposited silver film thickness affects the size and the
density of formed silver nanostructures [47]. Figure 6 shows the dependence between the intensity of
the marker bands of p-MBA at 1075 cm ™! and the thickness of the deposited silver film. As can be
seen the 5 nm layer of silver was insufficient to achieve the reasonable SERS responses for p-MBA.
The intensity of p-MBA SERS spectrum increased significantly when the thickness of silver layer
increased from 20 to 50 nm (Figure 6).
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Figure 6. The intensity of SERS band at 1075 cm~! with varying Ag metal thickness (5 nm, 20 nm,
35 nm, 50 nm, 70 nm and 100 nm) for Type I surface: mesh 80 x 800: (a) Raman spectra, (b) numerical
values of Raman intensity. The error bars in the Figure 6b shows standard deviation of both thickness
of the silver layer and Raman signal intensity.
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The maximum intensity of the marker bands of p-MBA has been recorded for 50 nm thickness of
the deposited layers of silver. Further increase in the amount of silver leads to decrease in intensity of
SERS bands.

It should be highlighted that, despite the numerous theoretical and experimental works, the nature
of the Raman signal enhancement in SERS technique is still not obvious. However, as mentioned above,
two enhancement mechanism (long-range electromagnetic effect (EM) and short-range charge-transfer
effect) are involved in SERS phenomenon. It has been found that the dominating electromagnetic
enhancement in SERS is caused by surface plasmon resonances on the substrate. This is an example
of amplification of incident light intensity by excitation of surface plasmons. Briefly, the factors
which determine the absorbance and the bandwidth of the plasmon resonance include the size, shape,
and density of the metal nanostructures. In this case the morphology and microstructure of the Ag
nanofilms onto SSWM also play a crucial role in EM effect of SERS enhancement.

These results indicate, that the 50 nm thickness of the Ag metal film results in an optimal size
(average size of the objects is 33.0 nm + 14.4 nm) and distribution of silver nanostructures for a
plasmon resonance effect for 785 nm laser line. The distribution of the nanostructures determines the
formation of ‘hot spots” on the SERS substrate. It is possible that mentioned factors (suitable size of
silver nanostructures, number and distribution of ‘hot spots’) make significant contribution to the
observed SERS enhancement.

The thicker layers of silver (70 and 100 nm) results in decrease of SSWM roughness and thus lead
to the loss of optimal condition for LSPR [48].

To summarize: (i) the stainless steel wire Type I, mesh 80 x 800 (Table 1, Figure 3) and (ii)
50 nm thickness of the Ag metal film results in obtaining the most efficient SERS-active platform.
This type of substrate has been applied for further analysis of bacterial cells. In all experiments the
785 nm excitation wavelength was applied, as it is the compromise between the signal intensity and
background fluorescence [49], especially during the measurements of biological samples. Additionally,
we have also checked that the SERS intensity of 1075 cm~! marker band of p-MBA increases ranging
from 532 to 785 nm (see Table S1 in Supplementary Materials). This behavior has been recently
discussed in literature [50]. The reflectance spectra of enhancing substrates are used to the detection
of far-field electromagnetic (EM) enhancement mechanisms, while the near-field modes could be
responsible of the strong long-wavelength resonances in the range of 700—850 nm [50], and explain
these experimental results. The dark plasmons (example of non-radiating modes) detected in nanogaps
and/or aggregated nanostructures [51] are indicated as potential origins of such huge Raman signal
enhancements [52].

It should be highlighted that the developed Type I SERS-active surface show excellent sensitivities
for p-MBA, also at concentrations as low as 10~° M. Figure S3 depicts the SERS spectra of p-MBA
adsorbed onto Type I SERS surface at different concentrations (a) 1073 M, (b) 107 M, and (c) 10~° M
in ethanol. It is clear that a steady decrease in SERS intensity of the p-MBA SERS band is observed
with decreasing p-MBA concentration. However, even at 10~9 M concentration the intensity of the
marker band at 1075 cm ™! is above 1000 cps for 2 x 2 seconds of acquisition time, which still enables
the SERS sensing.

3.3. Applications of AG/SSWM SERS Substrate: Differentiation Between Gram-Positive and Gram-Negative
Bacteria Species

In order to present the bioanalytical potential of developed SERS surface the SERS spectra of two
different bacteria species: E. coli (Gram-negative) and B. subtilis (Gram-positive) were recorded. As can
be seen in the Figure 7, the obtained SERS spectra of both bacteria species show major peaks at around
650, 725, 960, 1000, 1100, 1330, 1375, 1460 and 1590 cm ! and less intense bands at around 565, 780, 850,
1030, 1275 cm~!. The peak at around 565 cm~! may originate from C-O-C ring deformation [53] or
C—C skeletal vibration [54], while the one at 650 cm ™~ *—from C-$ stretching in methionine [55] and/or
C—C twisting mode of tyrosine [56]. The most intense band, located at 725 cm ™!, can be assigned to
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adenine derivatives [57]. The peak at 780 cm ™! comes probably from ring breathing modes in the
DNA/RNA bases (uracil, thymine and cytosine) [58] and the one at 850 cm~'—from asymmetric
O-P-O stretching and/or tyrosine [59]. The bands at ~960 and 1000 cm ™! originate probably from
C-N stretching [60] and from phenylalanine [61], respectively. The phosphodioxy group (PO, ) from
nucleic acids can be observed in the spectrum in a form of the peak at 1092 cm ™! [62], while the amide
III and CH, wagging vibrations from glycine backbone and proline sidechains can be detected as the
band at 1275 cm ™! [63]. Finally, the bands at around 1333, 1375, 1460 and 1590 cm~! can be assigned
to adenine [64], COO stretching [65], CH; bending [53] and C=C olefinic stretching [60], respectively.

Although the presented in Figure 7 spectra show a lot of similar bands, there still can be noticed
some peaks due to which the obtained spectra can be easily distinguished. This refers to the bands
at 620, 1127, 1205, 1242 and 1402 cm ! which can be seen only in the case of E. coli spectrum, and to
bands located at 1140 and 1535 cm ™!, which are detected only in B. subtilis spectrum. Moreover,
some SERS signals, which are present in the spectra of both bacteria species, are more intense for E. coli,
for example, 1001 and 1333 cm ™1, and some for B. subtilis, for example, 650 and ~1375 cm~ 1. Based on
these differences it can be concluded that Ag/SSWM SERS substrates can be applied for successful
detection and identification of bacteria.

E. coli
B. subtilis

1455

51127
1205
1242

Intensity (a. u.)

600 800 1000 1200 1400 1600
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Figure 7. Average SERS spectra E. coli (turquoise) and B. subtilis (pink) recorded on Ag/SSWM (mesh
80 x 800 covered with 50 nm layer of Ag) SERS platforms. For all spectra, excitation wavelength
was at 785 nm, laser power was 5 mW, and acquisition time was 30 seconds. Each SERS spectrum of
examined bacteria was averaged from 30 measurements in different places across the SERS surface
using mapping mode.

Additionally, the presence of bacteria cells onto the Ag-coated SSWM have been confirmed by
SEM images (see Figure 8). The images show the E. coli cells, approximately 2-2.5 um in diameter,
scattered uniformly over the steel wire. Figure 8b reveals that bacteria are arranged in lines. The reason
of such arrangement is connected with the structure of the stainless wire, which is produced via wire
drawing. This process produces unevenness on the wire surface, which are parallel to the wire axis.
These irregularities (scratches) are in the scale of single micrometres and perfectly match the diameter
of bacteria cells.
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Figure 8. SEM images of E. coli placed onto Ag/SSWM surface and collected at (a) lower and (b) higher
magnification. The bacteria are arranged in lines due to irregularities of wire surface.

3.4. RepRoducibility and Thermal Resistance of the SERS Substrate

To estimate the reproducibility of prepared Ag/SSWM substrates, the relative standard deviation
(RSD) was calculated for SERS spectra of p-MBA, B. subtilis, and E. coli. Figures 9 and S4 presents
obtained results for particular Type I substrate. The calculated RSD values equal 6.4%, 11%, and 9.5%,
respectively. All these data indicate that the developed SERS substrates can be applied in biomedical
and analytical studies.
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Figure 9. The representative SERS spectra of (a,b) p-MBA of concentration of 100 M, (c) B. subtilis, and
(d) E. coli recorded from 30 different spots on the SERS surface (Type I) using mapping mode. The
spectra were collected over a distance of 1 mm with 10 um steps (30 spectra are shown). Each point in
the map was recorded using 5 mW of 785 nm excitation.

23



Nanomaterials 2018, 8, 663

The application of SERS technique within biology and medicine is a rapidly expanding field
of science since SERS can provide chemical, biochemical, and structural information through the
generation of fingerprint spectra or spectral imaging. This method of analysis does not require a
complex sample preparation, and can also be applied without a complicated labelling strategy, and does
not suffer from interference from water. However, besides the long list of advantages there are some
limitations associated with SERS techniques. The wavelength of the exciting laser and its power onto
the irradiated sample are the key factors that determine the spectral resolution. The spatial resolution
is defined by the optic of microscope objective and the wavelength of the laser. In biological studies the
NIR (near-infrared) lasers at 785 nm and 830 nm, which have relatively low photon energy and allow
the reduction of fluorescence contribution in Raman spectrum, are commonly used. The power of
laser illuminating the sample depends on the laser spot size and the magnification of the microscope.
His in turn results in the intensity of scattered light. The biological samples are usually low-scattering
materials and are very sensitive to the radiation damage or local thermal decomposition.

The burning or photo-degradation of biological samples, especially over prolonged period of
excitation at too high laser power often results in appearance of the additional band in the recorded
SERS spectrum at ca. 1500 cm ! (Figure S5). The presence of the mentioned peak is usually associated
with the formation of amorphous carbon. On the other hand, the reduced laser power during
measurements results in very poor spectral quality and generate an invaluable information.

To detect such week intensities of Raman scattered light and to obtain high-quality spectral
features the special thermal resistant SERS-active substrates—which enable effective distribution
and/or heat dissipation during intensive laser illumination—have been applied. These thermal
resistant SERS-active platforms can be used not only for detection/identification of biological
specimens, but also for examination of variety of thermally degradable analytes or materials.

To demonstrate the thermal capability of developed SERS-active surfaces the same volume of
E. coli in saline solution has been deposited onto two different kinds of the SERS substrates based on:
(1) poly-L-lactic acid (PLLA) and (2) SSWM surfaces. The SERS data have been recorded at various
intensities of excited laser power (see Figure 10).

The results demonstrate that 14.5 mW power of laser degrades E. coli on PLLA polymer mat/Ag,
whereas bacteria on SSWM/ Ag exhibit excellent spectra. Such result can be explained by very good
thermal conductance of stainless steel (nearly 100 times higher than for PLLA). Therefore, no significant
increase in temperature at the measurement spot is observed in the case of SSWM. In practice, the laser
power below 5 mW is used for SERS measurements of biological samples.

To summarize, the results presented in this work show an excellent sensitivity, reproducibility,
and thermal stability of obtained SERS substrates (Type I), which can be successfully used during the
detection of biological samples.
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Figure 10. The SERS spectra of E. coli recorded on two different SERS substrates based on:
polymer mat—PLLA (a, b, ¢) and the stainless steel wire mesh — SSWM @@, b, ¢) recorded with
different powers of 785 nm excitation wavelength: (a,a’) 0.6 mW, (b, b’) 1.3 mW, and (c, ¢') 14.5 mW.

4. Conclusions

The present study demonstrates a new type of SERS platform based on woven wire mesh made of
stainless steel (SSWM). The influence of the diameter of wires, their morphology and metal thickness
on SERS efficiency was investigated and the optimal fabrication process parameters were established.
In this paper, for the first time, we present the SERS substrate that exhibits excellent heat dissipation,
which is a critical factor in SERS measurements of thermally sensitive samples. Our substrate enables
generation of the high spectral resolution data even for very poorly scattering biological materials via
safe adjustment of laser intensity to higher values. This approach overcomes the limitations associated
with photo-and thermal degradation of sensitive materials, improves the spectral intensities of week
Raman scatterers, and thus extends the rage of valuable SERS applications. In addition, the developed
SERS substrate enables the detection and differentiation of Gram-positive and Gram-negative bacterial
species in label-free manner, based on their high-quality spectral features.
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Abstract: In this work, surface-enhanced Raman spectroscopy (SERS) technology coupled with
Ag nanowires was shown to be a promising tool in the detection of tartrazine in large yellow
croaker for the first time. Ag nanowires with a uniform diameter were fabricated by an efficient
and manageable polyol method. The partial least square model was established for the quantitative
analysis of tartrazine, which showed a relatively high linear correlation between actual and predicted
concentrations of standard tartrazine solutions. An optimal sample preparation method was
also selected and used to extract tartrazine from large yellow croaker within 20 min. The lowest
concentration detected was 20.38 ng/cm?, which fully meets the requirements of tartrazine testing
in aquatic products. This study indicated that SERS technology combined with the as-prepared Ag
nanowires could detect tartrazine sensitively and provide an easily operable and time-saving way to
monitor tartrazine in large yellow croaker.

Keywords: SERS; Ag nanowires; tartrazine; large yellow croaker

1. Introduction

Tartrazine is a well-known synthetic colorant that is frequently and widely used in foods (such
as soft drinks and candies), pharmaceuticals and cosmetics to make them appealing to customers [1].
The acceptable daily intake of tartrazine in food, proposed by the FAO and WHO, is 7.5 mg/kg.
Tartrazine has low toxicity, but its excessive ingestion can result in allergy, asthma, migraine and
hyperactivity [2]. It may also trigger sleep disorders in children [3]. Given the potential risks to
humans, tartrazine has been banned in countries including Norway and Austria [4]. Increasing concern
has been paid to health issues provoked by food additives used in China; the types of foodstuff and the
maximum amount of additives allowed have been strictly set by Chinese regulation (GB2760-2014) [5].
Tartrazine, a coloring agent used on yellow croaker (Pseudosciaena crocea), in tsukemono and in wine,
has been banned by the Ministry of Health of the Republic of China [6]. However, it is still used
illegally and in excess in various food products due to its high economic benefits. Hence, developing a
time-efficient, cost-effective and sensitive method to detect tartrazine in foodstuff is necessary.

Currently, numerous methods have been developed to analyze tartrazine in different foods.
These methods include high-performance liquid chromatography (HPLC) [7], liquid chromatography-
tandem quadrupole mass spectrometry [8], absorption spectrometry [9], voltammetry [10] and
thin-layer chromatography [11]. Although some of these analytical methods have high accuracy,
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good reproducibility and reach the necessary level of quantification according to regulations, they also
have disadvantages, such as high cost, inconvenient operation, and complicated sample preparation.
Surface-enhanced Raman scattering or surface-enhanced Raman spectroscopy (SERS) is one of the
most effective analytical tools for detecting the trace components of food owing to its high sensitivity,
quick determination and convenient operation. A growing number of research publications on the
detection of illegal additives [12], pesticide residues [13-16] and veterinary drugs in foodstuff are
available [17,18]. There are some reports on the use of SERS for the detection of tartrazine [19-21]
but the number of publications on the determination of tartrazine in foodstuff on the basis of the
SERS method is relatively low. In 2016, SERS coupled with Au nanodumbbells was used to analyze
tartrazine in drinks [22].

To the best of our knowledge, no report using SERS to detect tartrazine in large yellow croaker
has been published. The main objective of this study is to investigate and develop a time-efficient
and cost-effective method of detecting trace amounts of tartrazine in large yellow croaker using
Ag nanowires.

2. Materials and Methods

2.1. Materials and Reagents

AgNO3 (>99%), polyvinyl pyrrolidone (PVP) (Mw = 55,000 g/mol) and NaCl (>99.999%) were
bought from Sigma-Aldrich (St. Louis, MO, USA). Glycerol (American Chemical Society grade) was
obtained from Aladdin Industrial Corporation (Shanghai, China). Ethanol (analytical grade) was
received from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Tartrazine (>99.0%) and
methanol (HPLC grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA). MgSO, was
purchased from Aladdin Industrial Corporation (Shanghai, China). Large yellow croaker were bought
from a supermarket in Shanghai and we confirmed an absence of tartrazine by the HPLC method,
which was performed in the China General Chamber of Commerce Supervision & Testing Center for
Food (Shanghai, China). The 0.45 um polytetrafluoroethene (PTFE) microporous films were obtained
from Anpel Corporation (Shanghai, China).

2.2. Preparation and Characterization of Ag Nanowires

Ag nanowires were synthesized using the polyol method referred to in our previously published
article [23]. Ag nanowires were fabricated by reducing AgNOj in glycerol at a rising temperature. PVP,
along with the mixture of NaCl, ultrapure water and glycerol, was also added to the reaction liquid;
PVP was the stabilizing agent or surfactant. Then, the cooled products were washed by ultrapure water
and ethanol aqueous solution. The UV-Vis absorbance spectrum of the as-fabricated Ag nanowires
was recorded by a UV-Vis spectrometer (UV3000PC, MAPADA Instruments Ltd., Shanghai, China).
Transmission electron microscopy (TEM; JEM-2100F, JEOL Ltd., Tokyo, Japan) was used to analyze the
morphology and sizes of the synthesized samples.

2.3. Preparation of Standard Solution

Tartrazine powder was dissolved in ultrapure water to prepare the standard stock solution of
100 pg/mL and this was stored at 4 °C. Then, a series of working standard solutions was obtained by
a consecutive dilution method with the concentrations ranging from 10 ng/mL to 10 pug/mL.

2.4. Pretreatment of Large Yellow Croaker Sample

The large yellow croaker skin was cut into small circular pieces of 0.5 cm in diameter; we then
measured the weight of each piece. A total of 200 pL of tartrazine solution with different concentrations
were dropped onto the small pieces of skin to cover the surface. Next, stewing was performed.
Subsequently, the large yellow croaker skin was transferred to the centrifuge tubes and 4 mL of
ultrapure water was added. Then, the mixture was sonicated for 5 min.

32



Nanomaterials 2018, 8, 967

To optimize sample preparation and reduce time and cost, we compared three methods in further
experiments. Extractions were filtered through a 0.45 um PTFE microporous film and then the filtrates
underwent SERS analysis. This method was performed only with water (W) extraction and the samples
directly underwent a type of filtration purification called the W method. For the second method, 1 mL
of methanol (M) was added to the deposit protein. After the ultrasound step, the vortexed solution
was filtered with a PTFE microfilter; this was called the W+M method. The third method, called the
W+M+C method, had the same steps as that of W+M method, except that a further purification of
centrifugation (C) at 5000 rpm for 6 min was performed before filtration.

2.5. Raman and SERS Measurements

The normal Raman spectrum of tartrazine and the SERS spectra of standard tartrazine solution or
extracts were collected using a Nicolet DXR microscopy Raman spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) equipped with a 633 nm He—-Ne laser source. A 20x objective at 5 mW laser
power was used throughout the experiments.

For the normal Raman spectrum of tartrazine, a small amount of tartrazine was deposited onto a
glass slide and squeezed to a thin film before its normal Raman spectrum was recorded.

For SERS spectra collection, samples were prepared by mixing 20 uL of Ag nanowires colloidal
solution, 80 uL of standard tartrazine solution or large yellow croaker skin extract and 10 uL of MgSO,
solution (150 mM). The selection of the volume ratio between the Ag nanowires substrate and tartrazine
solution, as well as the types (sulfate, chloride, perchlorate) and amount of aggregation agent, were
based on our preliminary experiments. Then, 5 pL of aliquot was allowed to evaporate under ambient
conditions for SERS detection. The final spectrum was the average of 10 spectra collected from 10
different random positions. This process was repeated in quadruplicate for reproducibility.

2.6. Data Analysis

Delight, version 3.2.1, (DSquared Development Inc., LaGrande, OR, USA) was used for the
analysis of spectral data. For quantitative analysis, the partial least square (PLS) model was established
to predict the analyte concentrations.

The coefficient of determination (R?), the root-mean-square error (RMSE) and the ratio of
performance to deviation (RPD) were used to evaluate the model. The higher the R? value (the
closer to 1) or the lower the RMSE value, the better predictability the model has [24].

3. Results

3.1. Spectral Features of Tartrazine Dye

Figure 1 shows the Raman spectrum of tartrazine solid. The peaks at 485, 618, 638, 1129, 1358, 1477,
1503 and 1599 cm ! were easily recognizable. Among these peaks, the most prominent tartrazine peak
at 1599 cm~! was assigned to the in-plane bending of OH, the asymmetric stretching of COO~, the
overlapping effect of symmetric stretching and the out-of-plane C-H deformation of two phenyl rings.
The other major peak at 1358 cm ™! was attributed to the rocking of the phenyl ring, the symmetric
stretching of COO™ and the stretching vibrations of -C-N=N-C-. Table 1 shows the assignments of
their vibrational bands [25].
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Figure 1. Raman spectrum of tartrazine.

Table 1. Major band assignment of Raman spectra for tartrazine.

Raman Shift (cm 1)

Vibrational Assignment

485 p (SO37), Defop (C—H)pn1, pyr
618 Defop (C-H)ph1, pn2, © (pyr)

638 Defop (phl, ph2)

1129 Defop (C-H)ph1, pho, 8 (ph1)
1358 v (-C-N=N-C-), vs (COO™), p (ph2)
1477 8 (C-H)ph1, phz, Vas (N=N-C)

1503

5 (ph2), 5 (C=C)

1599 v (ph1, ph2), Defop (C-H)ph1, ph2, 8 (OH), vas (COO™)

vs—symmetric stretching; v,s—asymmetric stretching; 5—in-plane bending; y—out-of-plane bending; ip—in-plane;
op—out-of-plane; p—rocking; ph—phenyl ring; pyr—pyrazole ring; Def—deformation.

3.2. Ag Nanowire Characterization

The UV-Vis absorbance spectrum of the as-prepared Ag nanowires exhibits two characteristic
absorption peaks at 349 nm and 380 nm, as shown in Figure 2a. The peak located at 349 nm is ascribed
to the out-of-plane quadrupole resonance of Ag nanowires while another peak with high intensity at
380 nm is attributed to the out-of-plane dipole resonance of Ag nanowires [26].
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Figure 2. (a) Ultraviolet-visible (UV-Vis) absorbance spectrum of Ag nanowires; (b) transmission
electron microscopy (TEM) images of Ag nanowires.
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To determine the normal distribution and a certain amount of homogeneity, we carried out TEM
tests. The TEM images of Ag nanowires are shown in Figure 2b. The figure shows that the diameter
of the as-prepared Ag nanowires was relatively uniform. An average diameter of 49.4 &= 3.9 nm and
length of 7-10 pm were observed by calculating 100 nanowires.

3.3. SERS Analysis of Tartrazine

Figure 3 shows the SERS spectral features of the standard tartrazine solutions. The characteristic
peaks of standard tartrazine solution can be clearly distinguished at a concentration as low as
0.01 ug/mL. The limit of detection, calculated based on HPLC, was 5.2 ng/mL [27], which was
close to the minimum concentration visually observed by our SERS method.

The strongest peak of tartrazine was still visible at 1599 cm~!. However, some peaks may red
shift or blue shift compared with the normal Raman spectrum shown in Figure 1. For instance, the
characteristic peak at 1503 cm ™! in the Raman spectrum of tartrazine red shifted to 1504 cm ! in the
SERS spectra. The characteristic peak at 1477 cm~! in the Raman spectrum of tartrazine red shifted
to 1474 cm~! in the SERS spectra. The shifts in the characteristic peaks were due to changes in site
and adsorption orientations or to changes in polarizability after interactions between the analyte and
substrate [28,29]. The as-prepared Ag nanowires as SERS substrate could greatly enhance Raman
scattering signals of tartrazine. Based on the method described by Ru et al. [30], the enhancement
factors for tartrazine were calculated as 3.9 x 10° (based upon the strongest peak at 1599 cm '), the
reproducibility of the as-prepared Ag nanowires was reported in our previous study [23].

1599

474
482 612/ 10 pg/mL
S pg/mL

2.5 pg/mL
A A__M “ 1 pg/mL
R . ~n A\ 0.5 pg/mL

A 01 ng/mL
0.05 pg/mL

S o 4 0.01 pg/mL
. 'A. A /\ .A“ ’\Solid powder
400 800 1200 1600 2000
Raman shift (cm )

Raman intensity (cps)

Figure 3. Surface-enhanced Raman scattering (SERS) optical spectra of the standard tartrazine solution
(n = 40).

As shown in Figure 3, the intensity of the characteristic peaks increased remarkably with
increasing concentration. Therefore, the quantitative analysis model of the standard tartrazine solutions
may be established based on the SERS spectra. The SERS spectra of tartrazine solutions at eight different
concentration levels (10 ng/mL-10 ug/mL) were collected to establish the PLS model (1 = 32, four
spectra for each concentration). As shown in Figure 4, a high linear correlation (R? = 0.970) was
observed between the actual and the predicted concentrations. High RPD (6.10) and low RMSE (0.26)
values also demonstrate that this model has relatively good predictability [16].
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Figure 4. Partial least square (PLS) model of the standard tartrazine solution.
3.4. SERS Analysis of Tartrazine in Large Yellow Croaker

To simulate the process of the illegal addition of tartrazine to the large yellow croaker, we
experimentally spiked large yellow croaker peel extracts with tartrazine (Figure 5a). We aimed to
analyze the large yellow croaker matrix from the tartrazine extracts in the large yellow croaker peel
experiment. Figure 5a,b show more impure peaks, such as the peak at 1428 cm~!, than in Figure 4
due to the interference of non-targeted components. For the first preparation of the W sample, an
approximate 12% decrease was observed at the intensity peak of 1599 cm~! in Figure 5a compared
with that in Figure 5b, thereby indicating that the recovery rate of the large yellow croaker was
approximately 88% of the sample preparation. Similarly, the recovery rates of the preparation of
the W+M and W+M+C samples were 84% and 81%, respectively. From W to W+M+C, the decrease
in recovery rate may have been due to the increase in purification steps. As shown in Figure 5b,
W+M+C had a significant increase in SERS signal, although it had more purification steps than the
afore mentioned methods. The W+M+C method took less than 20 mins to prepare the sample, the
decrease in recovery rate was minimal and the method showed positive SERS performance. Therefore,
this sample preparation method was chosen as the optimal method for further tartrazine detection in
large yellow croaker.
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Figure 5. (a) Surface-enhanced Raman scattering (SERS) spectra extract from large yellow croaker peels
spiked with 509.55 ng/ cm? of tartrazine; (b) extract added with tartrazine equivalent (a) but assumed
100% recovery rate; (c) Raman intensity of tartrazine at 1599 cm~! via different sample preparation
methods (1 = 20).

Tartrazine is used illegally to color fish to make low-priced fish, such as albiflora croaker, appear
similar to high-priced yellow croaker or putrescent yellow croaker. Dripping standard tartrazine
solutions on a white paper showed that 2.5 ppm was the lowest critical concentration identified by the
naked eye, converting 25.48 ng/cm? to 200 pL in an area of 19.62 cm?. Hence, the color was completely
invisibility when this concentration was added to yellow croaker peels.

We detected tartrazine on the basis of the optimal sample preparation. Figure 6 illustrates the
SERS spectra obtained from seven different tartrazine concentrations adsorbed in the large yellow
croaker. The spectra revealed that the lowest detectable concentration was 20.38 ng/ cm?, which was
lower than 25.48 ng/cm?. Thus, the as-prepared Ag nanowires coupled with SERS technology can
meet the requirement of zero-tolerance residue limit. Compared to the HPLC method, this method
has the advantage of a short detection time. However, there is still a long way to go before the SERS
technique overcomes the matrix interference absolutely.
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Figure 6. Representative surface-enhanced Raman scattering (SERS) spectra of tartrazine extracts from
large yellow croaker skin (1 = 30).

4. Conclusions
In this study, the as-prepared Ag nanowire SERS substrate was tested as a potential tool to

determine tartrazine in large yellow croaker for the first time. Highly uniform and high-quality
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Ag nanowires were synthesized in a time-efficient and cost-effective manner, which displayed the
substantially enhanced effect on standard tartrazine solution detection. The results showed that the
lowest detectable concentration was 10 ng/mL. The PLS model demonstrated good predictability.
In terms of recovery rate, time, cost and SERS signal, the optimal sample preparation method (i.e.,
W+M+C) was selected and could be detected at concentration levels as low as 25.48 ng/cm?, which
fully satisfies the actual detection requirements. Hence, the established SERS approach showed
remarkable performance in determining tartrazine residue in large yellow croaker.
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Abstract: Accurate detection of dissolved aging features in transformer oil is the key to judging the
aging degree of oil-paper insulation. In this work, in order to realize in situ detection of furfural
dissolved in transformer oil, silver nanoparticles were self-assembled on the surface of gold film
with P-aminophenylthiophenol (PATP) as a coupling agent. Rhodamine-6G (R6G) was used as
the probe molecule to test the enhancement effect. By optimizing the molecular concentration,
molecular deposition time, and silver sol deposition time of PATP, the nanoparticles were made more
uniform and compact, and an enhanced substrate with rich hot spots was obtained. The optimum
substrate was developed, and surface-enhanced Raman spectroscopy (SERS) detection of trace
furfural dissolved in transformer oil was realized. The results showed that the substrate prepared
under the conditions of 0.1 mol/L PATP, 5 h deposition in PATP and 12 h immersion in silver sol,
had the best reinforcement effect (that is, uniform and compact particle arrangement and no particle
clusters). By use of this substrate, the minimum detectable concentration of furfural in transformer
oil was about 1.06 mg/L, which provides a new method for fast and nondestructive detection of
transformer aging diagnosis.

Keywords: surface-enhanced Raman spectroscopy; transformer aging; concentration detection

1. Introduction

Power transformers are indispensable equipment in a power system. Transformer failures
occurring during service cause heavy economic losses and serious casualties to power suppliers.
Therefore, regular diagnosis of transformer health is of great importance, especially for aging
transformers [1-3]. The effects of temperature, electric field, water, and oxygen on the long-term
operation of a transformer results in the breakdown of cellulose chains in insulating paper and
produces furan derivatives dissolved in transformer oil [4-7]. It is generally believed that glucose
monomers that break the ends of cellulose chains are unstable and easy to break away from cellulose
chains in the process of cellulose degradation. The disintegrated glucose monomers are easily
decomposed by heating, causing five furan compounds including furfural, acetyl-furan, methyl
furfural, furaldehyde, and 2,5-hydroxyl-methyl-furan formaldehyde. Among them, the content of
furfural is the highest [8-10]. Thus, it is one of the most commonly used indexes to evaluate the
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insulation aging of oil paper. The aging of insulating oil does not produce furfural, which is produced
only by the breakage of cellulose chains in the aging process of insulating paper. Furfural in oil
is determined by insulating paper. Therefore, furfural in oil exclusively reflects the aging degree
of insulating paper [11-14]. This is a great advantage (furfural analysis in oil) in evaluating the
aging of insulating paper. In addition, some study results have shown that furfural production is
directly related to the aging of insulating paper under normal or overheated conditions compared
to four other furan compounds, so furfural content could target the characteristics of the aging of
insulating paper [15-18]. At the same time, another advantage of furfural detection is easy to measure.
According to field transformer data, the content of furfural in oil is usually much higher than four
other furan compounds, which makes it easy to accurately detect. In 1996, the content of furfural
was considered to be one of the necessary testing items in document DL/T596—1996. It pointed
out that the aging level of a transformer is in the middle stage of life when the concentration of
furfural dissolved in oil reaches 0.5 mg/L, and the aging level of the transformer is in late life when
the concentration of dissolved furfural in the oil reaches 4 mg/L [19]. Therefore, the analysis of
the dissolved furfural content in transformer oil is of great significance to the correct evaluation of
the aging state of a transformer. At present, the detection methods of furfural content in oil mainly
include spectrophotometry and high-performance liquid chromatography [20-22]. These detection
techniques have high detection accuracy, but they all need to extract transformer oil samples and
other pretreatment. They require high requirements for operators and the detection environment,
complex operation processes, and long detection cycles, which can only be completed in laboratory
operations. A new detection method is an urgent need for in-site and rapid detection of dissolved
furfural concentration in transformer oil. Raman spectroscopy is a spectroscopic method used to
detect the vibration of molecules. The main principle of Raman spectroscopy is inelastic scattering
of light irradiated on matter. In inelastic collisions, energy exchange occurs between photons and
molecules. Photons not only change the direction of motion, but also transfer part of the energy to
molecules. The vibrational energy of a molecule is transmitted to the photon, changing the frequency
of the photon. This scattering process is called Raman scattering. Raman spectroscopy, as a single
wavelength laser detection technology, has the advantages of no sample pretreatment, no loss of
samples, and fast detection speed [23-27]. In 2015, Somekawa et al. measured the content of dissolved
furfural in oil by laser Raman spectroscopy, and realized the measurement of furfural with a minimum
detection concentration of 14.4 mg/L in oil [28]. In 2016, Gu et al. realized the detection of furfural in
0.1 mg/L by using confocal Raman technology and extraction technology, and achieved a maximum
detection error of not more than 12.04% [29]. However, it is difficult to detect the low concentration
of small molecules due to smaller molecular cross-sections. Fleischmann et al. found that pyridine
molecules adsorbed on roughened Ag electrodes exhibited a large Raman scattering phenomenon [30].
In addition, the selective adsorption molecules on the active carrier surface inhibit the fluorescence
emission, which greatly improves the signal-to-noise ratio of laser Raman spectroscopy. This surface
enhancement effect is called surface-enhanced Raman scattering (SERS). The SERS mechanism mainly
includes electromagnetic field enhancement and chemical enhancement, in which electromagnetic field
enhancement is dominant. This enhancement is produced by a surface plasmon resonance effect (that
is, free electrons in metals have a collective oscillation effect under the action of optical and electrical
fields [31-34]). In recent years, SERS has been widely used in surface adsorption, electrochemical and
catalytic reactions, chemical and biological sensors, biomedical detection, trace detection, and substance
analysis [35—-42]. In addition, a large number of new methods for fabricating enhanced substrates
have been studied. Sergio et al. prepared uniform gold nano-octahedron structures combined with
the use of a microfluidic technique based on micro-evaporation [43]. Jeong et al. prepared silver
nanoshells with magnetic and SERS properties, which have been used to detect trace amounts of
organic molecules [44]. Therefore, it is pretty meaningful to apply SERS technology to the detection of
furfural in transformer oil.
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In this paper, the effects of P-aminophenylthiophenol (PATP) concentration, deposition time
in PATP, and immersion time in silver sol on the reinforcing properties of substrates were studied.
The surface morphology of the substrate was characterized by X-ray photoelectron spectroscopy (XPS)
and scanning electron microscopy (SEM). Rhodamine-6G (R6G) was used as the probe molecule to test
the enhancement effect. By optimizing the PATP molecular concentration, PATP molecular deposition
time, and silver sol deposition time, the nanoparticles were more uniform and compact, and an
enhanced substrate with rich hot spots was obtained. The low concentration and in situ detection
of dissolved furfural in transformer oil were realized, which provides a new method for fast and
nondestructive detection of transformer aging diagnosis.

2. Experimental Part

Silver nitrate (AgNOj3), P-aminophenol (PATP), sodium citrate, and Rhodamine-6G (R6G) were
purchased from Aladdin (Shanghai, China). Furfural and transformer oil (Karamay 25#) were
purchased from Chuan Dong chemical company of Chongging, China. Transformer oil was used as a
solvent to prepare the sample solution. In order to avoid the influence of the initial state of new oil on
the experimental results, degassing and drying of the new oil were carried out before experimentation.
Twenty-five milligrams of furfural were fully dissolved in 225 mL of transformer oil, and 100 mg/L
standard sample solution was obtained. In order to prevent the change of mass fraction caused by the
decomposition of furfural under visible light, the prepared solution was quickly sealed in a brown
reagent bottle and stored in the dark. Furfural transformer oil solution of 100 mg/L could be diluted
with new transformer oil proportionately to obtain furfural samples with different concentrations
dissolved in the oil. The standard sample solution was diluted proportionately to obtain different
concentration samples. Using the magnetron sputtering technique, a gold shell with a thickness of
100 nm was deposited on the silicon chip. Silver nanoparticles were synthesized using the sodium
citrate reduction method according to Lee-Meisel [45]. The gold film was washed in water and ethanol
solution for 20 min each, then immersed in PATP solution for a period of time, removed with tweezers,
and washed repeatedly to remove the surface of the unbounded PATP molecules. The pretreated gold
film was dried with nitrogen and soaked in silver sol for a certain time, then washed several times
alternately with ethanol and deionized water and dried with nitrogen at room temperature for storage.
All of the SERS experiments in this work were measured by a commercial Micro-Raman spectrometer
(ANDOR, SR-5000i-C, Oxford, England), and 532 nm lasers were chosen to be the illuminating
sources. The integral time of the spectrometer was set at 10 s, and the accumulated integral was 3
times. In addition, the 1200 L/mm grating and the 100-m slit width of the spectrometer were used
to detect the sample. The morphology and sizes of the silver nanostructures were characterized by
scanning electron microscopy (SEM, TESCAN Mira3 LMH, Brno, Czech Republic). X-ray photoelectron
spectroscopy (XPS, Thermo-Fisher-Scientific ESCALAB250Xi, Shanghai, China) was used to analyze
the chemical valence states of elements on the surfaces of the substrates.

3. Results and Discussion

Using a magnetron sputtering technique, a gold shell with a thickness of 100 nm was deposited
on a silicon chip, and then PATP molecules with special functional groups were modified on the
metal membrane. Finally, the prepared silver nanoparticles were deposited on the surface in order to
obtain the SERS-enhanced substrate of the sandwich structure. A schematic diagram of the specific
process is shown in Figure 1a. The main reason for choosing gold film as a substrate was to format
a dense PATP molecular membrane on the surface. Sulfhydryl compounds and gold films can be
well bonded to form S-Ag bonds. Silver nanoparticles rely on N-Ag bonds formed by adsorbed
PATP functional groups, which can avoid an agglomeration effect. It was necessary to observe the
deposition of silver nanoparticles on the surface of the gold film by scanning electron microscopy,
considering the uneven distribution of common deposition methods. In Figure 1b, the gold film was
basically covered by silver nanoparticles, which was very important for testing data stability. Due to
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the gold film being covered with silver nanoparticles, this indicated that adsorption of PATP molecules
effectively avoided the aggregation of silver nanoparticles. It was beneficial to enhance the uniformity
of the distribution of hot spots, which was particularly an important point for later experimental tests.
In addition, the size and the shape of the particles had a great influence on the enhancement of the
substrate. The preparation of silver nanoparticles was susceptible to the influence of temperature and
external environment, which needed to be avoided as much as possible. By calculating the particle
size distribution of silver nanoparticles in electron micrographs by using software (Nano Measure),
it was found that the particle size was mainly concentrated in the range of 50-60 nm (Figure le).
More importantly, in order to further determine the adsorption mode of PATP molecules on the surface
of gold film, X-ray photoelectron spectroscopy tests on the modified gold film (Figure 1c, red line)
were carried out. Compared to the unmodified gold film (Figure 1c, black line (Au4ds,; and Au4ds,,
represent the presence of gold)), the characteristic lines of elemental carbons (Cls) and nitrogens (N1s)
appeared, which indicated that the PATP molecules had been effectively adsorbed on the surface of
the gold films. Figure 1d shows the N1s” narrow spectrum of modified gold film. It is obvious that
the characteristic peaks only appeared at 398.7 ev, which indicates that the amino groups on the PATP
molecule did not react with the gold film. The reason was that new characteristic peaks appeared
at 400.7 ev when the dehydrogenation of amino group occurred. This confirmed that the sulfhydryl
group on the PATP molecule formed an Au-S bond with the gold film, while the amino group was far
away from the gold film.
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Figure 1. (a) Schematic diagram of enhanced substrate preparation; (b) SEM image of a
surface-enhanced Raman scattering (SERS) substrate; (c) X-ray photoelectron spectroscopy (XPS)
tests on modified gold film (red line) and no modified gold film (black line); (d) XPS nitrogen (N1s)
spectrum for modified gold film; (e) size distribution of the Ag nanoparticles.

The enhancement effect mainly came from the surface plasmon resonance (SPR) produced by
metal nanostructures under laser irradiation, and was mainly related to the metal material, morphology,
substrate, particle size, and spacing. Previous studies have shown that the surface enhancement effects
basically disappear when nanoparticle spacing is greater than 10 nm. Therefore, the substrate must
satisfy the characteristics of high sensitivity and homogeneity, not only to meet the tight arrangement
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between particles, but also to avoid large area agglomeration effects. In the process of substrate
preparation, PATP molecular concentration, molecular deposition time, and silver sol deposition
time directly affect the final aggregation state of silver nanoparticles. Therefore, it was essential to
further study the optimal experimental conditions. In Figure 2a, the basement and corresponding
scanning electron microscope are given at PATP concentrations of 0.03, 0.05, and 0.1 mol/L, respectively.
The distribution of silver nanoparticles on the substrate surface was more uniform and compact with
increasing concentration. In order to evaluate the enhancement effect of the three substrates, the SERS
properties of the substrates were tested for 1 x 10~° mol/L R6G ethanol solution as a probe molecule.
The results are shown in Figure 2a. It is seen that the prepared substrate had an obvious enhancement
effect on R6G. The SERS intensity of R6G on the substrate prepared at a PATP concentration of
0.1 mol/L was the strongest, which means that the substrate prepared at a PATP concentration of
0.1 mol/L had the highest SERS activity and the best enhancement effect, and these consequences
were consistent with the above characterization results. This may have been due to the strong local
electromagnetic field generated when the nanoparticles were close enough to form a “hot spot”,
which greatly enhanced the Raman scattering signal of the probe molecules located at the “hot spot”.
In addition, the deposition time of the substrate in the solution also affected the experimental results.
Figure 2b gives the SEM of five substrates prepared in the deposited solution for 1, 3, 5,7, and 9 h,
respectively. The graphs show the silver nanoparticle coverage on the surface of the gold film increased
and became more uniform, from 1 to 5 h. When the substrate was deposited in solution for more
than 5 h, the coverage of silver nanoparticles on the surface of the gold film increased further, but the
partially agglomerated particles appeared. R6G was used as a probe molecule to test the substrate
properties in Figure 2b. The results showed that the substrate enhancement effect was the best when
deposited for 5 h. This may have been because with the increase of deposition time in PATP ethanol
solution, the coverage of particles on the substrate surface became higher and higher, and the spacing
between particles decreased, forming a large number of “hot spots”. However, with the increase
in deposition time, the agglomeration of metal nanoparticles occurred, which led to a decrease in
the reinforcement effect. The immersion of the substrate in solution was of great significance due to
the diffusion, collision, adsorption, and binding process of silver nanoparticles under various forces.
Under the action of gravity and thermodynamics, the metal particles diffused and collided, and reacted
with the gold film by the adsorption of amino groups near the substrate. Thus, it was particularly
important to select the best soaking time. Figure 2d shows SEM images of six substrates prepared
in silver sol for 4, 8, 12, 16, 20, and 24 h, respectively. It is seen from the graph that the coverage of
particles on the substrate surface under 4 h of deposition time was small, while the spacing of particles
was large, so it could have been difficult to form an effective “hot spot”. With the increase of the
soaking time of the substrate in silver sol, the coverage of particles on the substrate surface increased
and the spacing of particles decreased, so the number of “hot spots” increased. However, as the
soaking time became longer, the coverage of particles on the surface increased slowly. The main reason
was that the surface coverage of particles increased as time went by during the initial adsorption.
However, after a period of time, the surface coverage of the particles was almost saturated due to
electrostatic repulsion between particles, so it could not be increased if the depositing time was too
long. In addition, the results indicated that the enhancement effect of substrate on R6G increased with
time added at a range from 4 to 12 h, but the enhancement effect was no longer obvious after 12 h.
This may have been because the coverage of particles on the substrate surface was getting higher and
higher, and the “hot spot” was getting richer, so the reinforcement effect on R6G was getting better
and better. After 12 h of deposition, the coverage of particles on the surface was close to saturation,
and the enhancement effect was barely changed. Hence, silver nanoparticles ought to have been
uniformly and tightly arranged on the surface-enhanced substrate prepared by immersing in silver sol
for 12 h, which had a good reinforcing effect and shortened the experimental period. According to the
analysis based on the above experimental results, it could be found that there was a direct relationship
between the coverage of silver nanoparticles on the substrate surface and the enhancement effect of the
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substrate. The aggregation state of silver nanoparticles on the substrate surface could be changed by
changing the self-assembly parameters (e.g., PATP concentration, deposition time in PATP, immersion
time in silver sol), and different SERS substrates with different enhanced effects could be prepared.
The substrate with the best enhancement effect could be prepared by use of this method, which needs
no special equipment, is simple to operate, has a low cost, and can be used to control the morphology
of the substrate by various means. In subsequent experiments, we prepared the gold film as substrate
for surface-enhanced Raman analysis of trace characteristics dissolved in transformer oil, under the
conditions of 0.1 mol/L PATP concentration, 5 h deposition in PATP, and 12 h immersion in silver gel
(More details of the substrate were included in the Supplementary, Figures S1 and S2).
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Figure 2. SERS spectra of 1 x 107® mol/L Rhodamine-6G (R6G) with substrates for (a) different
P-aminophenylthiophenol (PATP) concentrations; (b) different deposition times in PATP; and (c)
different immersion times in silver sol.

As a kind of mineral insulating oil, transformer oil mainly consists of alkanes, cycloalkanes, and
unsaturated hydrocarbons, so its Raman spectrum is more complicated and there is some fluorescence
interference. As shown in Figure 3a, black lines represent part of the spectrum of transformer oil, and
red lines represent the Raman spectra of the 100 mg/L furfural in transformer oil. The comparison
results show that the Raman signal of furfural was completely submerged by transformer oil, and the
reason was the complex composition of transformer oil. Furthermore, blue lines represent the SERS of
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100 mg/L furfural concentration in transformer oil. This shows that the Raman signal of furfural could
be enhanced effectively by a substrate. To further determine the Raman signal characteristic peaks
of furfural on the substrate, the Raman spectra of pure furfural and substrate are given in Figure 3b.
Preliminary comparisons show that the SERS spectra mainly came from the signal of the substrate
itself, that is, the Raman peak of the PATP molecule. As shown in Table 1, the characteristic peaks
of 1072, 1139, 1183, 1386, 1431, and 1570 cm ! belonged to the characteristic peaks of the coupling
molecules of PATP. The reason was that PATP was used to connect silver nanoparticles with gold film,
and it was affected by electromagnetic coupling and enhanced the Raman signal. Therefore, PATP
molecules appeared as strong Raman signals in the spectrum. At the same time, we found that these
Raman signals overlapped severely with the Raman spectrum peaks of furfural, which brought serious
interference to furfural detection. The Raman spectra of 1229, 1272, 1570, and 1662 cm~ ! were from
furfural, which corresponded to 1224, 1281, 1569, and 1670 cm ! of pure furfural. This meant that
the self-assembled surface-enhanced substrates on the gold film could effectively enhance the Raman
signal of dissolved furfural in transformer oil, and the Raman wave number shift appeared in these four
Raman spectra peaks. This was because the Raman vibration of furfural was affected by the molecule
of transformer oil and the surface-enhanced substrate. In addition, the Raman-shift of these four
Raman peaks was different, mainly due to physical enhancement and chemical enhancement, so the
enhanced substrate had different effects toward the molecule in various modes of vibration. Among
these furfural-enhanced Raman signals, the Raman peaks at 1662 cm~! were enhanced, which may
have been due to the fact that furfural molecules adsorbed mainly on the surface of silver nanoparticles
through oxygen atoms, and the Raman peaks at 1662cm ! were related to the vibration of oxygen
atoms. Therefore, it could be preliminarily determined that furfural existed in transformer oil.
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Figure 3. (a) SERS spectrum of oil with 100 mg/L furfural (Oil + Furfural + Substrate, blue line); Raman
spectra of transformer oil with 100 mg/L furfural (Oil + Furfural, red line) and pure transformer oil
(black line); (b) SERS spectrum of oil with 100 mg/L furfural (Oil + Furfural + Substrate, blue line) and
substrate (Substrate, red line); Raman spectrum of pure furfural (Furfural, black line).

It was necessary to know the characteristic Raman peaks of each substance and select the
corresponding characteristic Raman peaks for the accurate qualitative and quantitative analysis of each
substance. According to the selection principle of Raman characteristic peaks, the characteristic Raman
peaks of selected substances should not overlap with the peaks of other components and should
have high intensity, and should be within the detection range of a Raman spectrometer. The Raman
peaks at 1570 cm ™! overlapped with the base self-Raman signals. The Raman peaks at 1229, 1272,
and 1662 cm~! were relatively independent, but the intensity of the Raman peaks at 1662 cm ™! was
higher. In order to obtain better detection sensitivity, 1662 cm ! was selected as the characteristic
peak of dissolved furfural molecule in transformer oil for further analysis. There overlapped between
1662 and 1570 cm ™!, and Lorentzian fitting was used to separate the peaks. The goodness of fit was
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0.9984, as shown in Figure 4b. A commonly used method for quantitative analysis of spectral data
is the internal standard method. When using the Raman spectroscopy technique to quantitatively
analyze the sample solution, the concentration difference of the sample solution, the influence of
solvent noise, laser intensity, and other factors interfere with the Raman signal. The absolute peak
intensity of the Raman signal fluctuates with the measurement environment, so there is a big error
in quantitative analysis this way. While the internal standard substance and the sample are under
the same experimental conditions, it can effectively decrease some environmental factors to use the
internal standard method for quantitative analysis of the Raman spectra.

Table 1. Identification of characteristic peaks in SERS spectra.

Number Ramanshift (cm™1) Peak Assignment
1 919 Raman signal of substrate and transformer oil
2 1004 Raman signal of substrate and transformer oil
3 1072 Raman signal of substrate
4 1139 Raman signal of substrate
5 1183 Raman signal of substrate
6 1229 Raman signal of Furfural
7 1272 Raman signal of Furfural
8 1301 Raman signal of substrate and transformer oil
9 1334 Raman signal of substrate and transformer oil
10 1386 Raman signal of substrate
11 1431 Raman signal of substrate
12 1469 Raman signal of substrate
13 1570 Raman signal of substrate and Furfural
14 1662 Raman signal of Furfural
(b) 1570
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Figure 4. (a) Raman characteristic peaks of furfural at different concentrations dissolved in transformer
oil; (b) multipeak fitting of overlapping peaks; (c) Raman peak area ratio (Ajg62 em /Atggoem V) as a
function of dissolved furfural concentration.

In this paper, the internal standard method was used for quantitative analysis. In SERS spectra of
the sample solution, the furfural peak at 1662 cm ™! was taken as a quantitative peak, and the substrate
peak at 1469 cm~! was taken as the internal reference peak. The calibration curve equation was
established by the least square fitting method, and then the substrate concentration to be measured was
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calculated on the basis of the ratio of the Raman peaks area. Selecting the Raman peak of substrate as the
internal peak could not only avoid errors in quantitative analysis, but could reduce the interference of
adding materials. After removing the baseline with baseline correction, a Savitzky—Golay polynomial
was used to smooth out the noise, as shown in Figure 4a. Each Raman peak intensity at 1229, 1272,
1570, and 1662 cm ™! reduced with the decrease in furfural concentration. By using the least square
method, linear regression was performed on the ratio of the furfural characteristic peak area at 1662
cm™ to the substrate Raman peak area at 1469 em ! (Atgg2em 1/ Aqa0 em 1) and the concentration of
dissolved furfural in transformer oil. The results are shown in Figure 4c. It is seen from the graph that
there was a good linear relationship between the ratio of the Raman peak area and the concentration of
furfural in the range of measured concentration, and the goodness of fit was 0.98. The linear regression
equation was:

y = 0.44 x + 0.42. 1)

The furfural concentration in transformer oil could be obtained using this equation. Therefore,
the minimum concentration of dissolved furfural in transformer oil was about 1.06 mg/L according
to the established detection method. After the concentration of furfural was determined, the degree
of polymerization of insulating paper in transformer according to the following formula could be
calculated, so the aging state of a transformer could be determined according to the following
(Table 2) [46,47]:

log10(Crurfurar) = 1.56 — 0.0033DP (2)

where Cyyfrq1 is the concentration of furfural, and DP is the degree of polymerization of the insulating
paper in transformer. Therefore, SERS technology is very promising for detecting the concentration of
dissolved furfural in transformer oil and further diagnosing the aging state of a transformer.

Table 2. The relationship between transformer operation state and the degree of polymerization (DP) [47].

DP Value Estimated Percentage of Remaining Life Suggested Interpretation
800 100
700 90 Normal Ageing Rate
600 79
500 66
400 50 .
380 6 Accelerated Ageing Rate
360 42
340 38
320 33 Excessive Ageing Danger Zone
300 29
280 24 . . .
260 19 High Risk of Failure
240 13
220 7 End of expected life of paper
200 0

4. Conclusions

In order to realize in situ detection of furfural dissolved in transformer oil, silver nanoparticles
were self-assembled on the surface of gold film with P-aminophenylthiophenol (PATP) as a coupling
agent. R6G was used as the probe molecule to test the enhancement effect. In the process of preparing
enhanced substrates, the effects of PATP concentration, deposition time in PATP, and immersion time
in silver sol on the reinforcing properties of substrates were studied. By optimizing the molecular
concentration, molecular deposition time, and silver sol deposition time of PATP, the nanoparticles
were made more uniform and compact, and an enhanced substrate with rich hot spots was obtained.
The optimum substrate was developed, and surface-enhanced Raman spectroscopy detection of trace
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furfural dissolved in transformer oil was realized. The results showed that the substrate prepared
under the conditions of 0.1 mol/L PATP, 5 h deposition in PATP, and 12 h immersion in silver sol had
the best reinforcement effect, which was uniform and compact particle arrangement and no particle
clusters. By use of this substrate, the minimum detectable concentration of furfural in transformer
oil was about 1.06 mg/L, which provides a new method for fast and nondestructive detection of
transformer aging diagnosis.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/9/1/17/s1,
Figure S1: SERS of furfural in transformer oil at 10 acquisition points on a single substrate; Figure S2: SERS of
furfural in transformer oil on six substrates.
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Abstract: The detection and monitoring of circulating tumor cells (CTCs) in blood is an important
strategy for early cancer evidence, analysis, monitoring of therapeutic response, and optimization
of cancer therapy treatments. In this work, tailor-made membranes (MBSP) for surface-enhanced
Raman spectroscopy (SERS)-based analysis, which permitted the separation and enrichment of CTCs
from blood samples, were developed. A thin layer of SERS-active metals deposited on polymer
mat enhanced the Raman signals of CTCs and provided further insight into CTCs molecular and
biochemical composition. The SERS spectra of all studied cells—prostate cancer (PC3), cervical
carcinoma (HeLa), and leucocytes as an example of healthy (normal) cell—revealed significant
differences in both the band positions and/or their relative intensities. The multivariate statistical
technique based on principal component analysis (PCA) was applied to identify the most significant
differences (marker bands) in SERS data among the analyzed cells and to perform quantitative
analysis of SERS data. Based on a developed PCA algorithm, the studied cell types were classified
with an accuracy of 95% in 2D PCA to 98% in 3D PCA. These results clearly indicate the diagnostic
efficiency for the discrimination between cancer and normal cells. In our approach, we exploited the
one-step technology that exceeds most of the multi-stage CTCs analysis methods used and enables
simultaneous filtration, enrichment, and identification of the tumor cells from blood specimens.

Keywords: surface-enhanced Raman spectroscopy; circulating tumor cells (CTC); prostate cancer
(PC3); cervical carcinoma (HeLa); label-free detection

1. Introduction

Circulating tumor cells (CTCs) are shed from the cancerous mass of the primary tumor cells and
may get into the peripheral blood and then transfer to distant tissues causing expansion of the cancer
in the metastasis form [1]. CTCs are a crucial source of genetic material for clinical analysis, e.g., tumor
diagnostics, and selection and monitoring of cancer therapy [2—6]. Tissue biopsies are invasive and
expensive, therefore the detection and characterization of tumors based on CTC analysis in a sample
of peripheral blood, known as ‘liquid biopsy’, is the subject of special interest. A variety of techniques
have been developed for isolation, capturing, and analysis of circulating tumor cells. The most
widely used approaches include polymerase chain reaction (PCR) and reverse transcription PCR
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(RT-PCR) [7], immunofluorescence [8-10], fluorescence-based cytometry [11], fluorescence scanning
microscopy [12-14], and label-free biochemical separation [15]. Recently, the microfluidic devices based
on miniaturized nanomaterials and microfluidic reactions improved the sensitivity of detection and
enabled continuous single-cell analysis [16,17]. The current ‘gold standard method’ of CTC detection
and enumeration is the CellSearch system (Veridex LLC) for the analysis of CTCs in metastatic
breast [18], prostate [19], and colon cancer patients [20]. In this method ferromagnetic beads are coated
with antibodies against the epithelial cellular adhesion molecule (EpCAM), then immunostained with
fluorescently labeled anti-cytokeratin (CK, an epithelial intermediate filament), anti-CD45 (a membrane
antigen expressed by leucocytes) antibodies, then stained with DAPI (4,6-diamidino-2-phenylindole,
a nuclear stain), and finally counted by automated cell image capture and analysis even from a 7.5 mL
blood sample [21].

However, it should also be highlighted that all the above described techniques require the use
of specific molecular markers for CTCs detection and are time-consuming and/or expensive, which
limits these methods for routine clinical analysis. For example, RT-PCR enables only the examination
of a limited number of genes at the same time and does not permit the morphological analysis of cells
in subsequent tests [22]. Moreover, the ability of this technique to detect multiple cancer markers might
by hindered by the lack of appropriate tumor marker expression. In all the above mentioned methods,
the outcomes have to be confirmed by histopathological examination of the tissue collected during
biopsy. In order to reduce high medical costs of biopsy, we attempted to develop a new approach to
cancer diagnosis based on the Raman technique.

Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive and specific method that
allows for the detection and characterization of various compounds through their capability to generate
specific molecular fingerprint signals. SERS spectroscopy reveals the huge enhancement of Raman
scattering signals of molecules adsorbed on specially prepared metallic nanostructures, usually made
of silver, gold, or copper [23]. The two main mechanisms, electromagnetic (EM) and chemical (CT), can
increase Raman peaks intensities by 9-14 orders of magnitude relative to normal Raman spectroscopy,
which gives the possibility of single molecule detection [24]. The huge enhancement factor (huge
sensitivity), high selectivity, possibility of label-free, rapid, and non-destructive analysis leads to an
increase in the practical applications of this technique, especially in biomedical and analytical studies.

Recently, various studies have shown the capability of SERS in tumor cells identification [25-27].
Zhang et al. presented a novel strategy based on the nitrocellulose membrane and SERS imaging
method, which can be used for both CTC enrichment and detection [28]. Jun et al. [29] developed
silica-encapsulated magnetic nanoparticles (MNPs) with unique properties for cancer cell targeting
and identification. Wang et al. used SERS-active nanoparticles modified with epidermal growth
factor (EGF) peptide as a targeting ligand for efficient CTC detection in blood plasma [30]. Wen et al.
successfully developed a method which has an ability to quickly respond and can be used for CTC
capturing and detection. The CTC capturing and detection efficiency was also proved via real blood
samples from clinical subjects using magnetic nanospheres [31]. Shi et al. [32] reported detection of
cervical carcinoma (HeLa) cells using the designed folate-conjugated SERS-active nanoparticles and
the magnetic tapping strategy. Krafft et al. [33] presented a microfluidic chip combined with optical
tweezers to collect the normal Raman spectra of circulating cells.

Most of the presented SERS-based methods of CTC analysis require an enrichment step of a
few CTCs from the blood and an extra labelling strategy for preparation, e.g., Raman reporter or
peptides encoded NPs and/or tumor cells pre-labelled with NPs [29], which increases the cost and
time of analysis.

Currently, various methods have been explored to optimize the properties of SERS platforms in
terms of size, shape, and composition of used plasmonic nanostructures [34-37]. Even though many
efficient SERS supports have been developed [38,39], there are some disadvantages associated with
them, e.g., low stability over time, and inability to perform in situ measurements and sample mapping.
To avoid these problems, new production strategies of SERS platforms should be developed in order to
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introduce SERS techniques to standard biomedical and analytical applications. We have demonstrated
that polymer mats covered via the PVD (physical vapor deposition) technique with gold or gold-silver
alloy may work as a very efficient SERS platform for the identification of bacteria from environmental,
food, and human body fluid samples [40,41].

In our approach we offer a simple method that is optimal for CTC isolation, enrichment, detection,
and molecular analysis. We have elaborated the procedure of membrane-based SERS platforms (MBSP)
with appropriate pore sizes that permit the separation and enrichment of the prostate cancer cell
line (PC3), cervical carcinoma cell line (HeLa), and leucocytes—an example of healthy cells in the
blood samples. By covering tailor-made SERS substrates with a thin layer of Ag—Au alloy, the high
enhancement of Raman signals of all studied CTCs was achieved.

Additionally, to improve the efficiency of discrimination between cancer and blood cells, principal
component analysis (PCA) was adopted. PCA is one of the most commonly used methods in the
classification of SERS data, which enables the identification of the spectral differences among the
studied samples, extracting the characteristic marker bands and biochemical information from SERS
spectra. The presented strategy may lead to development of new tools in CTC therapy.

2. Experimental Section

The prostate cancer (PC3) and cervical carcinoma (HeLa) cell lines used in this work were
obtained from the European Collection of Cell Cultures (ECACC), Sigma-Aldrich (St Louis, MO,
USA). PC3 and HeLa cells were cultured in RPMI-1640 and DMEM media, respectively. Both media
were supplemented with 10% fetal bovine serum (FBS), streptomycin (100 ug/mL), and penicillin
(100 U/mL). The cell cultures were cultivated at 37 °C, in a humidified atmosphere of 5% CO;.
During experiments the cancer cells were cultured in 25 cm? cell culture flasks. After reaching 80% of
confluence, the cells were suspended in phosphate buffer saline (PBS) buffer and trypsinized (0.05%
trypsin, 0.02% EDTA solution). Subsequently, the cells were collected, centrifuged at 250 x g for 5 min
at room temperature, re-suspended in PBS and centrifuged repeatedly. After the last centrifugation
the sample containing 20 pL of PBS was obtained and stored on ice. All the chemical reagents were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

During the preparation of prostate cancer (PC3) and cervical carcinoma (HeLa) cell lines for SERS
experiments we used concentrations reflecting the population of cancer cells in metastasis. The initial
concentration (after the cultivation step) of cancer cells in PBS was 0.44 x 10° cells/mL for PC3 and ca.
10° cells/mL for HeLa, respectively, and was further diluted to the final concentration of ca. 40 cells in
1mL of blood.

The human blood samples derived from ten healthy volunteers, available courtesy of the Regional
Blood Center (Warsaw, Poland), were used in our studies. An informed consent was obtained from
all subjects (healthy volunteers). The performance of all experiments was in agreement with the
institutional guidelines and relevant laws and approved by the Ethics and Bioethics Committee of
Cardinal Stefan Wyszyniski University (Warsaw, Poland).

2.1. Leucocyte Isolation

Whole blood samples were lysed with five volumes of hypotonic erythrocyte lysis buffer (RBCL,
A&A Biotechnology, Gdynia, Poland) from at least 20 mL of peripheral blood. After 15 min of
incubation on ice and centrifugation (3000 x g), the plasma-free leukocytes were re-suspended in PBS
solution at a concentration of 2 x 107 cells/mL.

2.2. Fabrication of Membrane-Based SERS Platforms (MBSP) via Electrospinning

Poly(l-lactic acid)-co-poly(e-caprolactone) (P(LLA-CL)) with a ratio of 70:30 used for fiber
fabrication was purchased from Evonik (Witten, Germany). Prior to electrospinning, two types
of P(LLA-CL) solutions with concentrations of 10% and 14% (w/v) were prepared by dissolving
polymer powder (crystals) in 1,1,1,3,3,3-hexafluoro-2-propanol (Fluorochem, Hadfield, Derbyshire,
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UK) and stirring overnight in ambient conditions. The solutions were then individually placed in
10 mL plastic syringes.

The electrospinning process was carried out under optimized conditions with the use of
NANON-01A (MECC Co., Ltd.; Fukuoka, Japan). Two 27 G steel needles were connected with
syringes using polytetrafluoroethylene (PTFE) tubes, fixed to the moving head with a constant linear
velocity of 100 mm/min, and attached to high voltage of 15 kV provided by a built-in power supply.
The distance between the needles was 25 mm, and the tips-to-collector distance was set at 150 mm.
The feed rate for both solutions was 1.0 mL/h. The working width of the moving head was 100 mm.
The nanofibrous meshes were collected on the aluminum covered steel plate and dried in a vacuum
drier for 24 h (25 °C, 50 mb).

2.3. Sputtering of the Thin Layer of SERS Active Metal

The PVD device (Leica, EM MED020, Heerbrugg, Switzerland) was applied to sputter 40 nm of
Ag:Au alloy directly on the polymer fibers. No adhesion layer, i.e., chromium or titanium, was used
between the polymer and the Ag:Au alloy layer. The sputtering conditions were: current of 25 mA
and pressure of 1072 mbar.

3. Instrumentation

3.1. SERS Measurements

Measurements were carried out with a Renishaw inVia Raman system (Wotton-under-Edge,
Gloucestershire, UK) equipped diode laser emitting a 785 nm laser line. The light from the lasers was
passed through a line filter and focused on a sample mounted on an X-Y-Z translation stage with
a 50x microscope objective, NA = 0.25. The beam diameter was approximately 2.5 um. The laser
power at the sample was 1.5 mW. The experiments were performed at ambient conditions using a
back-scattering geometry. The spectroscopic maps were acquired by collecting SERS spectra over the
previously defined range (36 x 21 um?) at each point on a grid with 3 um spacing using an automated
microscope stage. Typically, 25 SERS spectra for each cell type were acquired. Each spectrum was
measured for 30 s.

3.2. SEM Measurements

SEM images were acquired from the FEI Nova NanoSEM 450 instrument (Hillsboro, OR, USA)
operating at an accelerating voltage of 10 kV and under high vacuum.

3.3. Chemometrics—Principal Component Analysis

Principal component analysis (PCA) is a multivariate procedure that can reduce the dimensionality
of original raw data to several principal components (PCs). It is an effective technique that gives the
possibility to categorize SERS spectra that are readily distinguishable via visual empirical analysis.
The calculated PCs contain the most significant information from the whole introduced data set. The
PCA was performed using the commercial Unscrambler® software (CAMO software AS, version 10.3,
Oslo, Norway). The SERS data of all analyzed cells (leucocytes, HeLa, and PC3 cells) were optimized
for PCA using the following steps: (i) smoothing with a Savitzky—Golay filter (Oslo, Norway), (ii)
background correction (concave rubber band correction; the number of baseline points was 34 and the
number of iterations was 10), and (iii) normalization using OPUS software (Bruker Optic GmbH, 2012
version, Ettlingen, Germany). The PCA was completed based on the NIPLAS algorithm, validation
(random with 20 segments), significance 0.05, and a SERS spectra number of 120.
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4. Results and Discussion

4.1. Preparation of the SERS Platform

In this study, we present a novel SERS platform prepared with the use of the electrospinning
technique [42] for the label-free analysis of CTCs in blood samples. Fabrication of MBSP consisted of
two steps:

(i) Electrospinning of polymer mats with desired parameters, i.e., diameter of the polymer fibers
and diameter of the pores;

(ii) Sputtering of thin (usually tens of nanometers) layer of SERS-active metal, e.g., gold, silver, or
their alloy via the PVD method.

The basic scheme of the utilized method for step (i) is shown in Figure 1.

Syringe pump

(@) ——

Homogenous
nanofibrous mesh

===
S —— Grounded collector

Figure 1. (a) Basic layout of the setup utilized for electrospinning, which consists of a high voltage
power supply (HV), two syringe pumps, and a grounded collector; (b) a photo of experimental setup
used in experiments.

To prepare SERS-active platforms there was a need to coat polymer mats with metal NPs or metal
islands. In the case of thin metal islands, it could be done by PVD or vacuum evaporation. In our
study the layer of Ag:Au alloy was sputtered on the polymer fibers via the PVD method. The Ag:Au
alloy ensured the combination of very high enhancement of the Raman signal provided by Ag with the
chemical stability offered by Au [43]. In order to create a platform that provided optimal enhancement
of the Raman signal, three different thicknesses of Ag:Au alloys (20, 40, and 80 nm) were tested.

The Ag:Au alloy layer of 20 nm deposited on the polymer mat was too thin to cover the platform
and thus to obtain the SERS signal of p-MBA (p-mercaptobenzoic acid) or tumor cells. As a result,
the recorded SERS spectra were derived from the polymer. The polymer mat covered with 40 nm
of Ag:Au alloy showed the greatest SERS enhancement. No SERS signals from the polymers were
observed. A similar level of enhancement was achieved for the 80 nm Ag:Au layer. Therefore, in
the present study, the polymer mats covered with the 40 nm layer were used for all experiments as
the most cost-effective. Moreover, the process of sputtering of 40 nm of Ag:Au alloy took only 4 min
compared to 8 min for the 80 nm layer.

The morphology of the created SERS substrates named Au:Ag/MBSP SERS was examined by
scanning electron microscopy (SEM). The SEM images of (P(LLA-CL)) covered with 40 nm of the Ag:Au
alloy layer are presented in Figure 2 at smaller and larger magnifications, respectively. As can be seen
in Figure 2a, the arrangement of fibers with a diameter of ca. 1.5 pm within mats was irregular with the
slots between fibers of ca. 15 um that were small enough not to let the tumor cells (with the diameter
of 20-28 pum) pass through the (P(LLA-CL)) mat. Additionally, the SEM image shown in Figure 2b
reveals that the obtained layer of Ag:Au consisted of semi-spheres with diameters ranging from 40 to
55 nm, and their size was responsible for the enhancement factor of the presented Au:Ag/PBSP SERS
substrates, and determined the SERS efficiency of these surfaces.

57



Nanomaterials 2019, 9, 366

Figure 2. SEM images of electrospun polymer mat coated with gold layer (40 nm) at (a) lower and (b)

higher magnification.

The SERS platform designed in such a way worked also as a filter, which allowed the separation
of circulating prostate cancer (PC3) and cervical carcinoma (HeLa) cells re-suspended in human blood
plasma at a concentration of about 40 cells in ImL of blood.

The main advantage of the proposed method is the fact that it does not require use of separate
techniques to perform filtration, enrichment, and examination of tumor cells circulating in blood.
Additionally, by combining these three basic steps in detecting cancer cells in one single process, the
transfer of the cells from one place/method to another is eliminated. Therefore, the proposed strategy
prevents contamination of the samples and disintegration of cell structures, and leads to improvement
of the accuracy of analysis and reduction of the time of analysis.

4.2. SERS Investigations of Circulating Tumor Cells

The Au:Ag/MBSP SERS platform worked both as a filter and as an efficient SERS support and
allowed for: (i) separation of studied cells from the complex blood sample due to the sizes of MBSP
pores (Figure 2) and sizes of particular blood components (Table S1), and (ii) enrichment of circulating
tumor cells within a small and defined area of the SERS substrate. Figure 3a illustrates the experimental
setup used for the detection of studied cells whereas Figure 3b demonstrates the filtration process.

As the amount of single CTCs in peripheral blood is small [44], the highly-efficient cell enrichment
and single cell capturing were essential for further cell examination.

The proposed concept based on spiking blood samples obtained from healthy donors with a
known number of HeLa and PC3 cells (40 cells in 1 mL of blood) may have in the future a practical
potential in medicine.

In order to push the sample through the device, a constant pressure of approximate 80 x 10° Pa
was applied. The whole filtration process took about 4 minutes. Since the pores in the Au:Ag/MBSP
SERS platform had a diameter of ca. 15 um and the sizes of blood components and analyzed CTCs
did not exceed 15 and 28 um, respectively (see Table S1, Supplementary Materials), the separation of
CTCs from other blood components could be performed. The smaller components of blood plasma
passed through the Au:Ag/MBSP SERS platform whilst the largest CTCs remained on the surface
of the modified (P(LLA-CL)) mat. As mentioned before, the Ag:Au nanostructures present on the
polymer mat fibers are responsible for amplification of the Raman signal of CTCs. Therefore, in the
next step the spectroscopic fingerprints of captured CTCs were recorded to perform detailed molecular
analysis and identification of studied cells.
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a
( ) solution with CTC cells SERS-active platform

filtration module to vacuum pomp

ceramic filter

_____________ Buchner flask

Figure 3. (a) The scheme of capturing circulating tumor cells (CTCs) from the blood sample. The
system involves: a vacuum pump, Buchner flask, and filter funnel. The surface-enhanced Raman
spectroscopy (SERS) platform was placed on the filter funnel and a droplet of blood spiked with CTCs
was put on the platform. After turning on the pump, the liquid was sucked through the mat to the
flask, whereas the CTCs remained on the surface of the SERS platform. (b) Filtration process of the
fluid with the CTCs. The setup consists of a ceramic filter and SERS-active platform placed in the very
center. After pipetting a small amount of fluid (top) with CTCs, the vacuum pump is turned on and
the blood passes through the mat and the ceramic filter to the Biichner flask, whereas the CTCs stay on
the SERS-active platform (steps i-iv).

In order to collect the reference spectra of all studied cells (PC3, HeLa, and leucocytes as an
example of healthy cells) the SERS measurements were performed directly from pre-cultures (see
Figure S1, Supplementary Materials). Table 1 presents the main SERS bands observed in analyzed cell
spectra and the corresponding bands assignments.

Figure 4 depicts the SERS spectra of the cells isolated from blood samples using the Au:Ag/MBSP
SERS platform according to the procedure discussed above. As can be seen these spectra showed
differences in the position of some bands and their relative intensities. However, the common bands
corresponded to the main components of the eukaryotic cell [45]: nucleic acids, proteins, and lipids
were clearly observed in all SERS spectra.
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Figure 4. Averaged and normalized SERS spectra of (a) leucocytes, (b) cervical carcinoma (HeLa), and
(c) prostate cancer (PC3) cells recorded on polymer-based SERS platform. Experimental conditions:
excitation at 785 nm, laser power at 1.5 mW, and 45 seconds integration time. Each SERS spectrum was
obtained by averaging at least 25 single spectra from different places on the SERS substrate.

All the spectral fingerprints depicted in Figure 4 corresponded with the reference SERS data in
Figure S1. In Figure 4 one can observe that the vibrational modes of nucleic acids were present at 785
and 1093 cm~!. The week bands around 1268 and 1660 cm~! were characteristic of amide I and amide
III bands, respectively. In all recorded SERS spectra there appeared vibrational modes characteristic
of phenylalanine (1003 cm 1), tyrosine (850 cm '), and tryptophan (725 cm™!). As can be observed,
the SERS spectrum of particular cells also had their own specific spectral features. For example, the
band at 1345 cm ™!, which corresponded to adenine and guanine, could be seen in PC3 cells, but not
in the HeLa cells and leucocytes. Additionally, the relative intensities of some bands could also be
used for differentiation of analyzed cells. To make identification of PC3 and HeLa cells, the ratio
of the relative intensities of the bands at 658 cm~!/725 cm~! could be used. In the SERS spectra of
leucocytes, the most prominent bands appeared at 652 cm ™! (C-C twist of tyrosine) [46], 726 cm ™!
(C-S in protein, CH; rocking, adenine) [47], 1003 cm~! (C-C of phenylalanine) [48], 1170 cm~! (C-H
in plane of tyrosine or nucleic acid) [49], 1458 cm ™! (nucleic acid nucleotides) [50], and 1618 cm ™!
(v(C=C), tryptophan, tyrosine) [51]. All these dissimilarities enabled recognition of circulating cells.
The spectroscopic data revealed that the healthy leucocyte cells could be distinguished from tumor cells
using bands at 1032 cm ! (CH,CH; bending modes of lipids) [51] and 1452 em ! (structural protein
modes of tumors) [52]. The intensive band at 1452 cm ! was assigned to overlapping asymmetric
CH,; bending and CHj scissors vibrations. The bands of phospholipids, elastin, and collagen were
also identified in this region [41]. These differences reflected the changes in biochemical pattern of
cancer cells (compared to healthy cells) as the result of carcinogenesis. Table 1 depicts all observed
SERS bands with their assignments.
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Table 1. Assignment of SERS bands depicted in Figure 4 [49,53-57].

Observed SERS

Band (cm~1) Protein Lipids Nucleic Acid
652-658 Tyr (C-C twist)
725730 Trp C-N he(ellgl;oér)(;;ﬂ choline A
785 PO, symm
827 RNA backbone
850 Tyr, Pro
390 Structural protein modes
of tumors
995 C—C str alpha-helix, Pro,
Val
960 CHj3 def CHj def
1003 Phe
1030-1032 CH2CH30 lf)ir;l‘ig modes
1093 C-N stretch CC str chain, C-O str PO, symm
1128 C-N str bk porphyrin
1170-1172 Tyr C-H inplane T
1210 pherglii;S;:t:ylrr;sme
1243 Amide III (beta sheet)
1267-1270 Amide III ( random coil) =CH def
1319 CH3 def, collagen CH3CHj; twist G
1324 purine bases of DNA
1345 A, G
1370 sphingoglycolipids
1450 structural protein modes
of tumors
1458 A, G
1552 A, G
1597-1600 Phe, Tyr
1616-1618 C=C str of Tyr and Trp
1657-1665 Amidel C=Cstr

The reproducibility of recorded SERS signals is a crucial parameter, especially in the terms of
real clinical applications. We calculated the reproducibility of the SERS signals of leucocyte, PC3, and
HelLa cells (usually 40 SERS spectra for each type of cells measured on the same SERS substrate were
considered). The calculated standard deviations (RSDs) were performed for the most prominent bands
at 725, 1003, and 1035 cm L. The achieved results were 6.2%, 8%, and 7.5%, respectively (Table S2,
Supplementary Materials). Additionally, Figure S2 shows examples of representative SERS spectra of
all studied cells collected from different points within the same Au:Ag/MBSP SERS platform. However,
the changes in relative intensities of the same bands were observed and were related to the effect of
molecular orientation in relation to the polarization of plasmon excitations in the metal substrate.
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The SEM images (Figure 5) show different types of cells filtered from blood and immobilized on
the SERS-active platforms.

(a)

26 um

100 pm

Figure 5. SEM images of SERS platforms after filtration of (a) HeLa cells, (b) prostate cancer PC3 cells,
and (c) leucocyte cells. White blood cells were not captured on the polymer based SERS-active platform
due to their size, which was smaller than the diameter of pores.

It is evident that HeLa and PC3 cells of the size of ca. 26 and 28 pm, respectively, could be easily
detected on the SERS platform. The leucocytes, which had smaller sizes, passed through the pores and
could not be identified by SEM imaging.

4.3. Principal Component Analysis

The principal component analysis (PCA) was also performed for the statistical analysis of all
studied cells. The data sets including 300 spectra obtained from HeLa, PC3, and leucocyte were
analyzed by PCA using the commercial Unscrambler®software (CAMO software AS, version 10.3,
Oslo, Norway). It is obvious from looking at Figure 6 that the SERS spectra of different cell types could
be easily distinguished (all SERS data were divided into three clusters corresponding to leucocytes
(blue), PC3 (green), and HeLa (red) based on the significant PCs (PC-1, PC-2)). We could clearly see
that they were distributed into separated regions, which indicated the possibility of differentiation
of analyzed cells. The PC-1 and PC-2 were counted in the wavenumber region between 600 and
1700 cm~! and differentiated the cancer cells from normal cells with a sensitivity of 82%.

It should be noticed that the cluster of leucocytes showed a relatively higher homogeneity in
comparison to HeLa and PC3 cells, which probably reflects the molecular changes in the structure and
biochemical composition of cancer cells [58].

As it can be seen from Figures 4 and 6b many spectral features present in SERS spectra were
captured by the main PCs.

The prominent SERS bands at ca. 725, 1032, and 1452 cm ! also had the largest weights in the
variations and indicated the most significant differences among the three types of analyzed cells. The
important contribution to PC-1 also gave bands at ca. 1589, 1553, 1470, 1368, and 1380 cm 1, analyzed
in the previous section. To enhance the sensitivity of differentiation among analyzed cells, a further
PCA calculation was made on the limited SERS data (the region between 700 and 750 cm ™) where one
of the most prominent marker bands at 725 cm~! was observed (Figure S3). In this case, the calculated
PC-1 and PC-2 values increased and explained up to 98% of the total variance. This result illustrated
that all studied cells were clearly separated into three clusters corresponding to the prostate cancer
(PC3), cervical carcinoma (HeLa), and leucocyte cell lines, respectively (Figure S3A).
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Figure 6. (a) The score plots of PC-1 versus PC-2 components for differentiation of leucocyte, HeLa,
and PC3 cells. PCA was calculated for the whole region (600-1700 cm™1); (b) PC-1 loading plot.

5. Conclusions

Surface-enhanced Raman spectroscopy can be used as an ultrasensitive (at the level of single cell),
non-invasive, rapid, and label-free method that provides valuable structural and biochemical analysis
of circulating tumor cells. Moreover, Raman spectroscopy coupled with multivariate techniques gives
the statistical diagnostic approach for efficient screening of cancer cells.

Our work clearly demonstrates the potential of such a PCA-based SERS method for the direct
detection and identification of prostate cancer (PC3) and cervical carcinoma (HeLa) cell lines in
blood samples with excellent specificity and sensitivity. We offer a single technology that is optimal
for: (i) isolation of CTCs from blood samples, and their (ii) enrichment, (iii) detection, and (iv)
molecular analysis.

The developed strategy is based on the tailor-made membrane-based SERS platforms,
prepared according to a novel procedure, which permits at that same time the separation,
immobilization/enrichment, and enhancement of the week Raman signals of CTCs.

The diagnostic sensitivity of 98% can be achieved for differentiation of PC3, HelLa, and
normal cells.

The presented SERS-based strategy for circulating cell detection offers, besides such unique
advantages as an ability for rapid and label-free recognition of CTCs with excellent sensitivity and
selectivity, also simple sample preparation and cost-effective measurements. Our results indicate that
a SERS-based cancer sensor has a great potential to be introduced in a variety of studies conducted on
different types of cancer cells, especially from clinical samples.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/366/s1.
Figure S1: Reference SERS spectra of (a) HeLa, (b) PC3, and (c) leucocytes placed directly on SERS substrate,
Figure S2: SERS spectra of (a) leucocytes, (b) HeLa, and (c) PC3 cells recorded from different spots (ca. 100) within
the same sample. The excitation wavelength was at 785 nm, laser power was 5 mW, and the acquisition time was
60 seconds, Figure S3: (a) First three PC (PC-1, PC-2, and PC-3) scores plot of 3D-PCA calculated for narrow range

(700-750 cm 1) and (b) loadings plot of the first principal component showing the most prominent marker band
at 723 cm !, Table S1: The sizes of blood components, based on data from Handin et al., Table S2: The RSD of the
selected intensities of SERS signals of leucocytes, HeLa, and PC3 cells recorded from 1000 different spots within
the same sample.
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Abstract: Analyzing biomolecules is essential for disease diagnostics, food safety inspection,
environmental monitoring and pharmaceutical development. Surface-enhanced Raman spectroscopy
(SERS) is a powerful tool for detecting biomolecules due to its high sensitivity, rapidness and
specificity in identifying molecular structures. This review focuses on the SERS analysis of biomolecules
originated from humans, animals, plants and microorganisms, combined with nanomaterials as SERS
substrates and nanotags. Recent advances in SERS detection of target molecules were summarized
with different detection strategies including label-free and label-mediated types. This comprehensive
and critical summary of SERS analysis of biomolecules might help researchers from different scientific
backgrounds spark new ideas and proposals.

Keywords: biomolecule; surface enhanced Raman spectroscopy (SERS); nanomaterial; analysis;
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1. Introduction

The analysis of biomolecule is significant in various application fields, such as clinical diagnostics,
food safety analysis, environmental monitoring and pharmaceutical development [1-4]. Biomolecules
are the substances present in living organisms that play important roles in chemical and biological
processes, including macromolecules (e.g., proteins, nucleic acids, carbohydrates, lipids) and small
molecules (e.g., primary metabolites, natural products) [5-7]. Many detection methods have
been employed to determine the biomolecules in vitro or in vivo, such as chromatography-mass
spectroscopy [8], enzyme-linked immunosorbent assay (ELISA) [9], colorimetric and fluorescence
detection [10,11], polymerase chain reaction (PCR) [12,13], and vibrational spectroscopy (e.g., infrared
and Raman spectroscopy) [14]. This review focuses on the latest advances of surface enhanced Raman
spectroscopy (SERS) in the analysis of biomolecules in humans, animals, plants and microorganisms
over the past ten years (Figure 1).

SERS provides complementary analysis on molecular identification or quantification because it
can reveal the information of complete structure or accurate amount [15]. Nanomaterials have been
introduced into SERS methods as substrates and nanotags to improve the sensitivity and selectivity of
the detection with excellent enhancement factor that can realize single target molecule detection [16].
With the development of nanotechnology, increasing varieties of nanomaterials were discovered,
including noble metal (e.g., Au and Ag) and transition metal (e.g., Co and Pt) with different material
morphologies, such as nanoparticles (NPs), nanoflowers, nanoclusters, and nanostars. Due to the
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synergistic effects, many nanohybrids were designed with non-metallic material, such as SiO; [17] and
graphene oxide (GO) [18]. Numerous complex structures were designed to enhance the SERS signal,
containing hexagonal-packed lotus seedpod like array substrate [19], Fe304-Au core-shell NPs with
branched gold shell [20] and Si nanopillars (SINPLs)@silver nanoparticles (AgNPs) [21], etc.

Based on the structures of analyte molecules, different SERS detection strategies, including
label-free and label-mediated types, were developed to achieve sensitive and accurate analysis.
Label-free strategies can achieve the direct detection of target molecules without any Raman labels [22].
At first, the SERS signals are directly generated due to the interaction between target molecules and
SERS-active substrates. In recent years, to overcome the challenges of deciphering the complex SERS
spectra and low sensitivity of the previous methods, other label-free methods, such as aggregation,
were developed to realize a more sensitive detection. Analyte-induced aggregation of plasmonic NPs
leaded to the formation of hot spots that can enhanced the Raman scattering signals because of the
particle size increase [23]. Due to the difficulty in direct detection of biomolecules, label-mediated
detections were applied to specific detection by the use of antibodies or aptamers [24,25]. The general
label-mediated strategies were immunoassay-based strategies adopting antigen-antibody reaction
and SERS nanotags in SERS analysis to improve the sensitivity and selectivity of target detection.
SERS nanotags were prepared by the combination of Raman reporter, metallic NPs and target
recognition elements. Besides the general antibodies, aptamers were also used as the recognition
elements. With the high specific biorecognition of aptamer and its unique DNA feather such as the
rolling circle amplification technique, aptamer-based strategy for constructing SERS biosensors has
attracted increasing attention in biomolecule detection.

In this review, we highlighted the application of SERS detection of biomolecules that are
body components of human, animal, plant and microorganism. The SERS detection methods were
summarized and classified based on the natural property of target molecules.

\%arbo hydrate

Figure 1. SERS detection of biomolecules.



Nanomaterials 2018, 8, 730

2. Application on the Detection of Human and Animal Original Biomolecule

2.1. Protein

The accurate and sensitive detection of proteins is crucial for proteomics and therapeutic research.
Proteins are essential parts of organisms that are involved in virtual process with various functions.
Therefore, structure analysis and quantitation of major species of functional proteins are critically
important for understanding their functions. Meanwhile, there is an urgent demand for rapid and
sensitive analysis of disease biomarkers for the early diagnosis of diseases and raising the survival rate
of patients.

2.1.1. Crucial Functional Proteins

Albumins generally act as transport proteins for numerous compounds in blood plasma [26].
Bovine serum albumin (BSA) was chosen as a model molecule to research the enhancement of SERS-active
substrates in label-free detection. Noble metallic nanomaterials such as gold nanocylinders [22]
and SiO;/Au nanoshells [17] were used as substrates for BSA detection. To keep proteins in their
natural structure and conformation, in-liquid SERS detection of protein was based on nanoparticle
aggregating as SERS-active hot spots for label-free detection [27]. Foti et al. [26] applied optically
induced gold nanorods aggregation to the detection of BSA in liquid by combining light scattering,
plasmon resonance and SERS. Other Raman resonant biomolecules such as catalase and hemoglobin
were used to investigate the application of this methodology, and the limits of detection of catalase
and hemoglobin were much lower than that of BSA.

Hemoglobins are a kind of iron-containing metalloproteins that transport oxygen in erythrocytes
of all vertebrates. Iron porphyrins in hemoglobins can be an intrinsic selective probing which shows
resonance enhanced Raman spectrum when excited with a laser in Soret and Q-band regions [15].
Therefore, label-free detection strategy could be applied to hemoglobin detection. Silver nanomaterials,
such as colloidal AgNPs [15] and nano-silver film [28], were usually used as substrates in SERS
experiment to achieve excellent enhancement of Raman signal. A novel SERS nanoprobe modified
with organic cyanide (4-mercaptobenzonitrile, MBN) was developed for accurate detection of oxidized
hemoglobin and Fe?* ions in living cell [7]. The MBN-modified, SERS-active nanopipette gave new
insights into in situ single cell detection.

Enzymes, which are mostly proteins in nature and act as selective biological catalysts, were
characterized by SERS. Thrombin is one kind of serine proteolytic enzyme that plays an important
role in regulating blood coagulation. Due to the successful selection of the thrombin-binding aptamer
with high affinity and high specificity, a lot of aptamer-based SERS methods were developed for
tracing thrombin analysis with improved selectivity and sensitivity [25,29]. The thrombin-binding
aptamer was used as the capture probe with selective affinity that realized the SERS application in
complex matrices. Meanwhile, by using the unique catalytic activity of thrombin, the enzymatic
amplification-based strategy was established to achieve sensitive and selective detection of thrombin.
The addition of thrombin could catalytically cleave the multiple arginine peptides into fragments,
so that the aggregates of gold nanoparticles (AuNPs) incorporating Raman reporter molecules induced
by peptides was decreased [30]. As the ability of fragments to form “hot spots” being weakened, the
SERS signals were sharply diminished. The limit of detection (LOD) was 160 fM, which indicated
that the sensitivity of this method was improved compared with non-enzymatic amplification based
methods. This strategy can also be applied to other enzymes by appropriately utilizing the catalytic
properties. Kinases are a group of enzymes that catalyze phosphorylation of specific substrate
proteins [31-33]. Using this property, the kinase was detected by monitoring the changes in the
intensity of Raman peak markers before and after phosphorylation [34]. The quantification of activity
level of the enzyme can be achieved utilizing the enzyme concentration based on the enzymatic
amplification-based strategy [35].

71



Nanomaterials 2018, 8, 730

Immunoglobulin, also known as the antibody, is Y-shaped protein in different varieties known as
isotypes [36,37]. Inmunoglobulin is generated by the immune system to counteract pathogens such as
viruses [38] and bacteria [39]. Based on the inherent antigen-antibody reaction, the immunoassay-based
strategy was employed to detect immunoglobulin [40]. The traditional sandwich-format assays
were usually achieved by combining antibody modified SERS-active substrates to capture target
immunoglobulins and extrinsic Raman labels to enhance antigen-antibody binding kinetics [41].
Neng et al. [42] utilized AuNPs coated with the antigen as the SERS-active substrate and protein A/G
modified with Raman reporter molecules as a bi-functional reporter to detect the antibody of West
Nile Virus. The LOD was 2 ng/mL antibodies in the serum sample. Variants of this detection platform
were applied to the trace-level detection of immunoglobulin.

Cytokines are secreted proteins produced by immune system cells regulating the immune
activity [43,44]. Immunoassay-based strategy was also applicable to cytokines detection. Kamiriska
et al. [45] developed an immunoassay-based strategy employing diatom biosilica as the SERS-active
substrate and DTNB-labeled immune-AulNPs as the SERS nanotag to detect the interleukin 8 (IL-8) in
blood plasma [46]. Based on this method, a SERS immunoassay combined with a microfluidic device
was developed for multiplexed recognition of interleukins IL-6, IL-8, and IL-18 in blood plasma with
the LOD of 4.2 pg/mL. Wang et al. [47] also developed a multiplexed immunoassay of three cytokines,
interferon gamma, interleukin-2, and tumor necrosis factor alpha, based on SERS signal enhanced by
the controlled assembly of “hot spot” with low LOD and large signal-to-noise ratio in complex matrix.

Hormones communicate among organs and tissues to regulate various functions as a class of
signaling molecules [48]. Human chorionic gonadotropin (hCG), an important pregnancy diagnostic
marker, is a glycoprotein hormone that stimulates steroid hormone and progesterone production
in the luteum [49]. Liang et al. [18] developed a series of methods based on the nanogold reaction
between HAuCly and H,O; that forms AuNPs with Victoria blue 4R molecular probes to detect hCG.
The concentration of hCG can influence the catalytic effect of nanozymes such as AgNPs clusters and
GO. Therefore, the changes of SERS intensity were linear to the concentration of hCG. This novel
strategy can be further applied to other proteins combined with the nanozyme catalysis to develop the
SERS detection platform.

Receptors are protein molecules that bound with extracellular chemical signals, causing some
forms of cellular/tissue responses [50]. G-protein-coupled receptor 120 (GPR120) mediated response
to long chain fatty acids (LCFAs), but the mechanism of GPR120 acting in the transduction of LCFAs
was uncovered. To understand the function of GPR120 in fat chemoreception, SERS-active gold
nanorods conjugated with fluorescence-active CaMoO,:Eu** NPs and Raman reporter molecule
4-mercaptobenzoic acid were used to achieve SERS-fluorescence imaging of GPR120 in a single
cell [51].

2.1.2. Disease Biomarkers

Disease biomarker refers to an extracellular indicator of disease biological state or condition.
These traceable substances in the organism indicate organ functions or other aspects of health.
The quantitative and sensitive detection of biomarkers is very meaningful for early clinical diagnosis
and evaluating the therapeutic response. Early diagnosis has great potential in improving the
survival of patients with serious diseases, such as cancer, neurodegenerative disorders, and
cardia-cerebrovascular diseases. SERS-based assays have attracted significant attention as a highly
sensitive and non-destructive analysis with great potential in biomarker detections.

Cancer is a kind of malignant disease curable only in the early stage. Cancer biomarkers, typical
group of proteins, are usually over-expressed during tumor progression [16]. Therefore, tumor
biomarkers have already been used for specific cancer identification, including carcinoembryonic
antigen (CEA) for colorectal cancer [24], -fetoprotein (AFP) for liver cancer [16] and prostate specific
antigen (PSA) [52]. “Sandwich” structure SERS immunoassays were usually used in biomarker protein
detection and involved SERS-active substrates, target proteins, and SERS nanotags [53]. The multiple
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SERS-active substrates were prepared by conjugating antibodies to capture target proteins [3,24,54].
Then the nanostructure-based SERS nanotags modified with Raman reporter and target proteins
participated the antibody-antigen-antibody interaction. Li et al. [24] utilized gold nanobowl arrays
and gold nanoshells as SERS-active substrates and SERS nanotags, respectively. This sandwich
immunoassay showed a good linear relationship between CEA concentration and SERS signal intensity
with a LOD of 1.73 pg/mL CEAs. PSA was detected on a glass slide with spot-arrays using SERS
dot as the probe (Figure 2A). A full-area confocal raster Raman was applied to detect the SERS dot at
the single probe level fixed on the glass slide by antigen-antibody interaction. This method showed
high sensitivity with a LOD of 3.4 fM PSAs [52]. Besides single target detection, the SERS-based
multiplex immunoassays were utilized to the ultrasensitive detection of different cancer biomarkers
simultaneously. Wang et al. [16] used two kinds of Raman reporters labeled SiO,@Ag immune probes
and gold-film hemisphere array substrate to realize multiple detection of PSA and AFP (Figure 2B).
Gao et al. [55] developed a droplet-based microfluidic SERS sensor based on wash-free magnetic
immunoassay technique. Using the microfluidic system integrated compartments for mixing, PSA in
serum can be split and detected without any washing steps. Quantitative evaluation of PSA was
realized using the Raman signals of the residual SERS nanotags in the large droplet.
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Figure 2. (A) Schematic of a SRES-based immunoassay for PSA detection [52]. (B) Schematic of a
SERS-based multiplex immunoassay detection for PSA and AFP [16]. Reproduced with permission
from [52]. Copyright American Chemical Society, 2016. Reproduced with permission from [16].
Copyright Elsevier, 2018.

C-reactive protein (CRP) has been widely studied to reveal the relevance of inflammation and
cardiovascular diseases. Guo et al. [56] developed an enzymatic activation strategy combined with

73



Nanomaterials 2018, 8, 730

immunoassay analysis to activate reduction caged Raman reporters for SERS detection of CRP. Agarose
beads modified with capture antibodies, CRP and horseradish peroxidase (HRP)-modified detection
antibodies were used to constitute the sandwich assay. The HRP activated reduction caged LMG
to generate SERS active MG for measurements. A linear curve on a logarithmic scale was obtained
between CRP concentrations and SERS signals. In addition to the immunoassay strategy, label-free
strategy was also suitable for CRP detection [57]. 3D AgNPs aggregates functionalized by phosphocholine
were constructed to selectively capture CRP and to enhance the SERS efficiency accordingly.

Alzheimer’s disease was a chronic and progressive neurodegenerative disease causing dementia
in the senior population. Amyloid-f3 peptide, a biomarker to diagnose Alzheimer’s disease, was
hydrophobic in nature. Distinct from the above disease biomarkers, label-free strategy was usually
used in SERS detection of amyloid-3. Due to synergistic effects, many nanohybrids were designed
as SERS-active substrates. For amyloid-$ detection, hexagonal-packed lotus seedpod like array
substrate [19], biomimetic lipid membrane [58] and SINPLs@AgNPs [21] were constructed. 3D SERS
platforms [59] were also designed to enhance the “hot spot” formation in 3D. A 3D GO based SERS
substrate decorated by core-shell nanoparticle was developed from hybrid 2D GO cross-linked by
amine-modified PEG. The SERS enhancement factor for 3D SERS substrate was around 3.9 x 10'2 with
the LOD of 500 fg/mL amyloid-f.

Neuron-specific enolase (NSE) is a mortality predictor in traumatic brain injury patients.
“Sandwich” immunoassay methods were generally used in SERS detection of NSE with different
substrates. Wang et al. [60] utilized an indium tin oxide conductive glass slip with hollow gold
nanospheres (HAuNPs) as the SERS substrates instead of normal silver nanomaterials. Nile blue A and
NSE antibody functionalized HAuNPs were used as SERS nanotags to achieve the sensitive detection
of NSE with the LOD of 0.1 ng/mL. Subsequently, lateral flow glass-hemostix (FGH) combined
with Au nanocage was used as SERS substrates to detect NSE in blood plasma achieving a LOD of
0.74 ng/mL [61]. To realize rapid and low-cost clinical diagnosis, a paper-based SERS lateral flow
strip was developed to detect NSE. Au nanostar@Raman Reporter@silica NPs was employed as SERS
nanotag that exhibits superior performance compared to the colorimetric methods with the LOD
of 0.86 ng/mL [62], indicating that paper-based SERS detection had a great potential to meet the
requirement of point-of-care (POC) testing.

2.2. Nucleic Acid

Detection of nucleic acids such as the DNA and RNA is significant for disease diagnosis and gene
therapy [63-65]. SERS detection was widely used in nucleic acid analysis offering simple procedures,
ultrasensitive and unique structural characterization. There are two major strategies for nucleic acid
detection. Label-free detection strategy based on the distinctive SERS signals from four bases of
DNA/RNA. The other strategy was modifying nucleic acid with extrinsic Raman labels or constructing
SERS nanotags, which have more extensive applications than label-free strategy. A series of ingenious
methods based on the properties of complementarity and amplification were developed for nucleic
acid detection, such as the classical “sandwich” method, the hairpin DNA-assisted method and the
signal amplification method.

2.2.1. DNA

For label-free detection, the SERS signal was ordinarily generated by DNA directly absorbed on
the surface of the SERS substrate. DNA bases showed specific Raman spectral which can be enhanced
by the SERS-active substrate and distinctive with other impurities [66]. The facile laser scribing
method was developed to fabricate AGNPs@GO composite film with a microfluidic chip for DNA
detection [67]. Moreover, a unique label-free detection based on hairpin DNA and NPs in situ growth
strategy was used in SERS biosensor [68]. Qian et al. utilized a peptide nucleic acid (PNA) in hairpin
structure immobilized on a glass slide to recognize target DNA which can hybridize with PNA probe
(Figure 3A). The duplex structure could adsorb positively charged silver ions that were chemically
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reduced to form AgNPs. The bases and AgNPs complex could yield a sensitive Raman signal which
showed a good linear relationship with the DNA concentration. For the classical “sandwich” method,
various SERS-active substrates and SERS nanotags were modified with the complementary strand to
form target DNA-bridged sandwich complex. Yu et al. [69] employed two probe DNA-immobilized
particles to specifically recognize the nucleotide binding sites of 683 and 735 positions on target
prostate cancer antigen 3 (PCA3) mimic DNA separately via hybridization reactions. This method
showed high sensitivity with the LOD of 2.7 fM PCAS3. Fu et al. [70] developed a paper-based SERS
lateral flow strip for sensitive detection of human immunodeficiency virus type 1 (HIV-1) DNA with
Raman reporter modified AuNPs as the SERS nanotags. This method showed potential feasibility in
POC self-diagnostics with LOD of 0.24 pg/mL. To improve the sensitivity of the biosensors, SERS
nanotag was extensively used in DNA amplification method. Ye et al. [71] combined a triple-helix
molecular switch with cascade signal amplification to achieve ultrasensitive detection of p53 gene.
This amplification strategy can achieve a LOD as low as 21 aM, demonstrating a higher sensitivity.
The nucleobases are essential parts of the DNA construction and are involved in numerous
processes in biology. SERS analysis was also applied to the detection of nucleobases that showed
distinctive SERS signals. A microfluidic device combined with label-free SERS measurements was
used to detect adenine with silver colloids as SERS substrate [72]. The prominent SERS peak at
770 cm~! was caused by the ring-breathing band of adenine. The concentration of adenine showed a
good linear relationship with SERS intensity quantified by the peak area of SERS peak at 770 cm ™.
On the other hand, single nucleotide polymorphism in mitochondrial DNA (16189T—C) can also be
detected by SERS analysis utilizing the ion-mediated cascade amplification strategy [73]. Target DNA
binding could successfully introduce AgNPs combining with the DNA ligase reaction. By detecting
the dissolved Ag* from AgNPs, the LOD of targeted DNA was as low as 3.0 x 1075 fm/ pL of adenine.

2.2.2. RNA

Similar to SERS detection of DNA, the strategies used in DNA detection were also efficient in
RNA detection. For label-free detection, a variety of SERS-active substrates were designed to improve
the Raman enhancement factor, such as hollow Au nanoflowers substrates [74], silver nanorod array
substrates [75] and SWNTs@AgNPs [76]. Zheng et al. [76] developed an approach of DNA-templated
in situ growth of AgNPs on SWNTs for the sensitive detection of a potential cancer marker miRNA-21.
The silica microbeads-conjugated double stranded DNA competitively bound to the target miRNA,
forming liberated ssDNA that showed high affinity to SWNTs. The liberated ssDNA-SWNT complex
acted as a “nanoscaffold” for Ag* to form SWNT@AgNPs upon reduction. The SWNT@AgNPs
biosensor can sensitively quantify miRNA-21 with a detection limit of 5 pM. To improve the sensitivity
of the SERS detection, the sandwich strategy was also employed in detecting miRNA. A novel type of
Fe304-Au core-shell NPs with branched gold shell integrated SERS activity and superparamagnetism
was designed to form the sandwich structure for the detection of miRNA-21 as shown in Figure 3B [20].
The LOD of miRNA-21 in serum was as low as 623 aM that indicated the branched nanostructures were
also appropriate for SERS detection beside of smooth surfaces nanostructures. Apart from sandwich
DNA nanostructures, Ye et al. [77] developed a series of signal amplification methods for miRNA-21,
miRNA-141 and miRNA-203 determination. A dual functional DNA-linker-DNA probe was used for
a symmetric signal amplification reaction to simultaneously analyze miRNAs.

The sensitive and simultaneous detection of multiple microRNAs can also be achieved by
the application of SERS, which holds great promise for the early diagnosis of various diseases.
Zhou et al. [78] utilized multiple DNA modified SERS nanotags and Ag-HMSs SERS substrate to
simultaneously detect three Hepatic carcinoma related miRNAs based on the sandwich hybridization
assay with a LOD of 10 fM. Shin et al. [79] developed a SERS detection combined with field-flow
fractionation to sensitively detect multiple miRNAs. The target-specific polystyrene (PS) particles of
three different diameters were utilized for target miRNA binding. By the polyadenylation reaction,
a long tail composed of adenine was generated and the high complementariness to polythymine
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conjugated AuNPs led to SERS sensitivity enhancement. The three size-coded complexes were
distinguished by field-flow fractionation and Raman signals obtained from the separated PS probes to
measure three miRNAs simultaneously.
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Figure 3. (A) Schematic of label-free strategy by using hairpin DNA [68]. (B) Sandwich strategy
by using tetrahedral DNA (a) Schematic of B-GMNPs and S-GMNPs preparation; (b) tetrahedral
DNA construction. (c) sandwich-structured strategy [20]. (C) Schematic of the asymmetric signal
amplification SERS assay and process of HCR [77]. Reproduced with permission from [68]. Copyright
Elsevier, 2018. Reproduced with permission from [20]. Copyright Springer, 2017. Reproduced with
permission from [77]. Copyright American Chemical Society, 2015.

2.3. Carbohydrate

The measurement of glucose in biological systems is key to monitoring and regulating the blood
glucose level for both diabetes patients and healthy individuals. To detect glucose at very low levels,
the label-free strategy [80,81] and the enzyme-mediated catalytic strategy [82,83] were mainly utilized
in SERS methods.

For the label-free detection of glucose, a series of SERS-active substrates were designed.
Sooraj et al. [81] developed a coupled patterned Si with AgNPs arrays to improve the affinity of
glucose with metal NPs. The limit of detection for glucose was low to 5 x 1075 g/mL, which was
much lower than the blood glucose level. For enzyme-mediated catalytic strategy, glucose oxidase
was utilized to catalyze glucose producing hydrogen peroxide (H,O;) to etch the AgNPs marked with
4-mercaptopyridine, leading to the decrease of the SERS signal. The lowest detectable concentration
was 10 uM [82].

2.4. Others

Neurotransmitters are important for information transmission in the nervous system.
Catecholamines are a kind of biological amine neurotransmitters consisting of amino and catechol
in structure. The sensitive and accurate detection of catecholamines is significant for brain function
research and neurological diseases monitoring. Dopamine is one of catecholamine class that plays an
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important role in human physiology. Tang et al. [84] developed an aptamer-induced Au@Ag nanorod
dimer self-assembly method to detect the dopamine ultrasensitively with a LOD of 0.006 pM. Besides
the detection methods based on aptamers and antibodies, Dumont et al. [85] developed a salt-induced
colloid pre-aggregation strategy to overcome the protein corona stabilization for analysis of serum
samples. Moreover, the analysis of multiple catecholamines in the complex was also achieved by
SERS detection. Cao et al. [86] utilized an Au-Fe Raman label for the rapid detection of dopamine,
norepinephrine or epinephrine in complex serum. Moody et al. [87] developed a SERS sensor for rapid
analysis of seven neurotransmitters using AuNPs and AuNPs at multiple excitation wavelengths.

3. Application on the Detection of Plant Original Biomolecules

Compared to the application of SERS on the detection of animal original biomolecules, there were
far fewer reports about the plant originated biomolecules, which are mainly concentrated in foods
or medicinal plants, such as antioxidants, anthocyanins, Chinese herbal medicinal ingredients and
so on. SERS also has been applied to the molecular fingerprint identification of plant while very few
applications of SERS have been explored in the basis physiological study of model plants [88,89].

3.1. Lipids and Antioxidant

Lipids are the main food components, which are critical for nutrition concerns [90,91]. Study on
their oxidative status can help the storage and process industry. Plants are known for their antioxidative
effects due to their secondary metabolites, which can be used as food additives to avoid lipid oxidation.
Unsaturated fatty acids also are important for the quality and bioactivity of lipids [92,93]. For the SERS
detection of lipids and antioxidants, nanomaterials such as AgNPs and AuNPs were mainly used
to fabricate the SERS-active substrate using the nanofabrication methods of e-beam lithography [94],
electroless plating [95], and so on. Interaction of targets and nanomaterials was investigated in detail
to improve the sensitivity of SERS detection.

SERS have favorable potential to offer exact information of the chemical constitution of the
lipid and its oxidation state. Li et al. [89] investigated the SERS assay using silver (Ag) dendrites to
enhance SERS signal of detecting canola oil and alpha-tocopherol, the oxidation process of canola
oil was also investigated. SERS showed better sensitivity than general Raman or ultraviolet (UV)
methods in monitoring the transformation of lipid structure when oxidated. Tomato represents a major
horticultural crop in human diet. Carotenoids, a kind of antioxidant rich in tomatoes, are important
for plant physiology and mammalian organisms [96]. Radu et al. studied the differences of two kinds
of carotenoids in tomato extracts using an e-beam lithography SERS-active substrate. A model sample
which was a mixture of two kinds of carotenoids was processed and analyzed. Two data processing
methods were used, and the result agreed with the conventional analysis methods [94].

Chan et al. [97] described the preparation of nanoarrays with AgNPs used as SERS substrates.
The nanoparticle-based platform offered application prospects in SERS analysis of beta-carotene, and
the detection limit was <0.63 ppm. Hsueh et al. [95] created a facile designed 3D substrate for SERS
detection of beta-carotene. The SERS devices had high-density, uniformly distributed hotspots of
gold (Au) multibranches, which were electroless plated with a nanoporous polymer as a template.
The sensitivity, stability and reproducibility were investigated. The new approach provided new
substrate fabricating method for the analysis of analytes with an enhancement factor of 10%.

SERS was also used to detect butylated hydroxyanisole (BHA), generally used in foods or
oil products to avoid oxidation [98]. Direct determination of BHA in several edible and essential
oils without any sample treatment was realized by using SERS with a low-cost homemade silver
substrate. The detailed conditions of experiment, characterics of every kind of o0il, and the traits of
substrate were showed and discussed [99]. Interaction of targets and nanomaterials is crucial for the
improvement of the LOD of a SERS based detection. Studies on SERS detection of catechin showed
that the ratio of catechin to AgNPs and NaCl was important for the data quality. Raman signal
was detectable at 107! M level at the optimized ratio. Raman detection of catechin with high
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sensitivity and reproducibility was achieved due to the obvious enhancement of Raman signal [100].
Aguilar-Hernandez et al. [88] systematically evaluated SERS measurements of several examples of
antioxidants compounds derived from various plants.

3.2. Anthocyanins

Anthocyanins are important natural products leading to the various colors in different parts of
plants, including fruits, flowers, and grains [101,102]. Anthocyanins are derivatives of the salts of
2-phenylbenzopyrylium, naturally present as glycosylated molecules [103,104]. Subtle changes of the
molecule structure can be revealed in the SERS spectra [105], which demonstrated the advantages
of SERS used to identificate anthocyanidins. Benzopyrylium is the common moiety of the molecule
structure of anthocyanidins with different phenyl rings, and different kinds of anthocyanidins exist
in aqueous extracting solutions with different pH. Compared to resonance Raman, which could not
distinguish the similar species, SERS can be used to further identify anthocyanidins. Zaffino et al. [106]
identified some kinds of anthocyanidins using SERS and studied the influence of the pH on the
SERS spectrum of six main anthocyanidins. They further provided SERS procedures of identificating
anthocyanin in plant extracts. Optimized procedures of sample extraction and preparation were
selected for different plant species and then detected by SERS measurement [107]. Luca et al. [108]
reported the SERS spectra of analytes extracted from mulberry, gromwell, rhubarb and so on. It was
proposed that the SERS spectrum was correlated with the molecule structure.

3.3. Chinese Herbal Medicinal Ingredients

SERS is also used to characterize herb extracts. Gu et al. [109] presented an analytical method
for the rapid detection and identification of bioactive substances from Chinese herbs by combining
thin layer chromatography (TLC) and SERS. The limits of detection were 0.05-0.10 uM, which were far
more sensitive than the UV lamp based method. The established method further enabled predicting
and uncovering of unknown substances from Chinese herbs. The TLC-SERS strategy for the sample
preparation procedure of n-butanol was illustrated in Figure 4.
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Figure 4. Schematic of the proposed TLC-SERS method for n-butanol extract detection [109].
Reproduced with permission from [109]. Copyright Elsevier, 2018.
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Zhang et al. [110] employed SERS and fluorescence spectroscopy to test the interaction of herb
molecules with human serum albumin (HSA). The SERS methods were applied to predicting the
molecule conformation on colloidal AuNPs. Similar transformations were found for four ginsenosides
when combined with HSA, while the glucose and aglycone were exposed to fit suitable sites.
Zheng et al. [111] developed a novel SERS method to monitor 5-demethylnobiletin produced in citrus
and the SERS methods based on substrate or solution were all well correlated with high performance
liquid chromatography (HPLC). The solution-based SERS method separated nobiletin by applying
a procedure like “affinity chromatography”. The substrate-based SERS could simply and quickly
collect the “fingerprint” spectra. SERS had more advantages than HPLC methods in convenient, rapid
characterizition and quantification of the production of 5-demethylnobiletin.

3.4. Molecular Fingerprint Identification of Plant

The fingerprinting method is widely applied to the determination of molecules or the bond
behavior in samples. A new SERS method was proposed to get the spectrum of tea species to
detect the sample purity involved in different types of planting and processing. The fingerprint
SERS spectrum of seven kinds of tea samples was obtained. Data processing method of Principal
Component Analysis (PCA) was used to separate tea species and several models for different tea
samples. The combined method of fingerprinting-PCA was accurate and rapid for the evaluation of
different tea species [112,113].

Pollen extracts from various plant species have different beneficial biological effects [114].
Seifert et al. [115,116] analyzed aqueous extracts from different kinds of pollen using SERS with
AuNPs substrate. The SERS spectra of targets were specific, and the different species could be
distinguished to classify the genus. The accurate identification of pollen was achieved by analyzing
the intrinsic information in SERS data. Results showed that SERS had good potential to characterize
and identify pollen species, and could improve the study of pollen physiology. Routine investigations
of food composition and vitamin/nutrient contents are challenged by food matrix complexity and low
analyte content in samples. Radu et al. [117] simultaneously detected two B-vitamins using the SERS
fingerprint method, which could sensitively identify analyte molecules at a low cost.

3.5. Other Plant Components

SERS spectra of DNA can offer an assessment of the genetic identity of different kinds of
plants [118,119]. Knowledge of genetic resources with high diversity is a precondition for developing
novel species. Muntean et al. measured the half bandwidths of SERS of genomic DNAs in vitro-grown
tissues of apple leaf. Results showed that the SERS method could be applied to studying the
dynamics of DNA approaching the surface of the metallic substrate, with good perspectives of
analyzing interactions of DNA-ligand or changes of DNA structure under environmental stress
conditions [120,121]. They extended the application of this SERS method to other plant leaves, such as
chrysanthemum, common sundew, edelweiss and so on [122]. The SERS spectra of genomic DNAs from
tomato plants was also collected and the structural changes of DNAs undergoing cryopreservation
were discussed [123]. Based on these works, they put forward that interactions of plant DNA and
ligand or the precision DNA structure when approaching metallic surface could be further studied
using SERS.

SERS can be used to investigate samples with weak Raman signals, for example juices and pulp.
Camerlingo et al. [124] studied apple juices and pulp to verify the existence of fructose and pectin,
which were related to the quality evaluation of these products. A home-made substrate fabricated with
a glass slide decorated with AuNPs was designed and applied to the SERS detection. The obtained
SERS spectra with legible Raman features provided useful information for the characterization of
products in food processing.

Peanuts are a main life-threatening food allergen [125,126]. Gezer et al. [127] applied a
biodegradable SERS technique to detecting Ara hl, the main kind of allergen protein, with LOD
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of 0.14 mg/mL. By using anti-Ara hl monoclonal antibodies to functionalize the sensor surface,
high specificity was achieved.

Palanco et al. [128] used plasmonic structures of silver nanoaggregates or films to enhance the
detection of the chemical components of an onion layer. Results showed a competitive adsorption
of molecules of onion and reporter. Different spectra from different parts of the layer indicated the
complicated molecule structure of the plant. Shen et al. [129] presented nondestructive imaging of the
living leaf using micro-Raman spectroscopy by delivering the carbon-encapsulated SERS tags into the
living leaf. In vivo SERS spectra were used to investigate the distribution of tags, which could avoid
interfering from autofluorescence. The novel modality of imaging provided SERS attractive potential
for noninvasive biochemical imaging of living plants.

Cepeda-Perez et al. [130] reported the distribution and interaction of quantum dots (QDs) in the
microalgae extracellular matrix. Changes in the Raman spectra of Haematococcus pluvialis microalgae
caused by the adsorption of QDs were found by applying nano-sensors with bare anisotropic gold
structures for SERS effect. This research demonstrated early QDs accumulation in plant cells which
would benefit understanding of the environmental influence [131].

4. Application on the Detection of Microorganism Original Biomolecules

4.1. Bacteria Original Biomolecules

Sensitive and accurate pathogen detection is a key measure for ensuring public health due to the
rapidly increasing infectious disease rate globally. The correct identification of pathogens in clinical or
food samples assures the proper selection of clinical treatments or food safety procedures [132]. SERS is
well-suited for bacteria detection from molecular to cellular level due to its sensitivity, selectivity,
and compatiblity with other techniques. A representative work was presented by Meng et al. [133]
in which a new type of SERS chip, consisting a sophisticated sandwich graphene (G)-AgNP-silicon
(Si) nanohybrids, has been developed. The chip system could achieve both molecular detection and
cellular analysis in samples. A schematic illustration of the developed platform was showed in Figure 5.
The chip could realize sensitive and accurate quantification of adenosine triphosphate (ATP), with
LOD of about 1 pM, and can also simultaneously capture, discriminate, and inactivate the bacteria.
The efficiency of bacteria capture was 54% at the bacteria concentration of 108 CFU/mL, and 93%
antibacterial rate could be reached 24 h after treating.
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Figure 5. Schematic of the chip system for the analysis of ATP and bacteria [133]. Reproduced with
permission from [133]. American Chemical Society, 2018.

For the application of SERS in the bacteria sensing, most of the studies focus on the cell detection,
which is through the recognition of biomolecule on the cell membrane or inside the cell using antibodies,
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molecularly imprinted polymers or aptamers. The bacteria SERS signal can be significantly enhanced
by these specifically recognized molecules, and the bacteria could be identified directly and visually
from the SERS spectra [134]. There have been several reviews about the bacteria cell detection
using SERS. Efrima et al. [135] reviewed studies using SERS for bacteria identification based on
analyzing the spectra according to the nature of active centers and their distribution in the bacterium.
Chauvet et al. [136] reviewed and proposed main strategies, such as methods to prepare the sample,
from the bacterial culture conditions to the analysis of the spectra over the last 20 years. These reviews
introduced the most recent reports about SERS detection of bacteria cells, which were comprehensive
and detailed. So here the application of SERS on the detection of bacteria original biomolecules, rather
than cells, was reviewed.

4.1.1. Bacteria DNAs

Enteritidis caused by Salmonella enterica is a common foodborne disease increasingly rising
globally [137]. Draz et al. [138] established an integrated assay for DNA detection of Salmonella.
Using Au-nanoprobes, the LOD of the developed method (66 CFU/mL) was about 100-fold lower
than the conventional PCR method.

Gracie et al. reported a novel detection method of three meningitis pathogens using lambda-
Exonuclease digestion of double-stranded DNA and SERS detection. Two complementary DNA
probes were simultaneously hybridized to a target sequence. The obtained double stranded DNA was
digested using lambda-exonuclease and then detected by SERS. Meningitis pathogens were detected
with LOD in the range of pico-molar [139].

Another simple and low-cost platform was designed to sensitively detect bacterial DNA by
SERS using AuNPs modified as reporter probes, by using the separation and enrichment function of
magnetic beads. A good linear relationship was gained of the DNA concentration range of 5 pM to
5 nM. The LOD for the detection of bacterial DNA was about 5 pM [140].

4.1.2. Bacteria Proteins

Wang et al. [141] adopted a newly produced nanoyeast single-chain variable fragment to replace
antibody, which is specific, cost-effective, and stable. By combining SERS with a microfluidic chip
using nanoparticle clusters as labels, a universal platform for the sensitive and specific detection of
pathogen antigens was established. LODs were 1 pg/mL for Entamoeba histolytica antigen EHI 115350
and 10 pg/mL for EHI 182030.

Trypsin shaving, as a targeted proteomic method, can be used to identify bacterial proteins
exposed on cell-surface. For the redox-active proteins, obtained datasets were matched with SERS to
identify the cofactors relevant with the cell-surface proteins. Further, this method could help solve
problems concerning the existence of electron transport molecules in bacteria, especially microorganism
that oxidize metals or metalloids [142].

4.1.3. Other Bacteria Component Molecules

The bacterial outer membrane is composed of biochemical compounds that have specific
information about bacterial strains, different stages of growth, responses to stimulation and so on [143].
Xu et al. [144] proposed that the molecule information of the bacterial outer membrane could be
applied in rapidly detecting and identifying bacteria using the SERS method. Seven strains of the
marine pathogen were used as models. Based on the SERS spectra, barcodes were generated for
the detection of individual bacterial strains in blind samples. The developed sensing methods had
broad applications in the areas of biomedical diagnostics, environmental monitoring, and security
aspects. Just as proposed in the above report, SERS is a rapid and sensitive method with the potential
to detect chemical changes on the surface of bacterial cell induced by the environmental changes.
Stephe et al. [145] classified fourteen Arthrobacter strains with up to 97% accuracy by adopting PCA in
combination with Linear Discriminant Analysis. Results showed that SERS could be used as a valuable
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tool to monitor and characterize phenotypic variations when faced with different environmental
circumstances. A lab-on-a-chip (LOC)-SERS device was developed to differentiate six species of
mycobacteria. The easy and reliable system was fabricated by the combination of a bead-beating module
for cell disruption with the LOC-SERS device. Without analyte extraction or other treatments, the
SERS spectra can quantify mycolic acid as the cell-wall component. By recording a data set using
the LOC-SERS device, the type differentiation could also be achieved. At least 2100 SERS spectra
could be obtained in 1 h [146]. Moreover, a reconfigurable assay was proposed to identify and monitor
bacteria by direct detection of bacterial volatile organic compounds via SERS. Highly clinically relevant
organisms were used to distinguish the species of bacteria with LOD of Escherichia coli at 10 CFU/mL
in 12 h [147].

4.1.4. Bacteria Metabolites

Determination of the chemical composition of biofilm matrices is crucial in different biological
fields. The information of biofilm development and composition will help to select proper eliminating
measures. Quorum sensing is significant in the survival of bacteria in biofilms and can be revealed by
detecting related signaling metabolites. Multifunctional platforms for real-time tracing of metabolites
secretion in biofilms were desired. Guo et al. [148] made a flexible and sticky sandwich note with two
pieces of hexagonal boron nitride layers packaging gold nanostars, which can stick on natural biofilms
for metabolites monitoring by SERS imaging sensitively. The sticky note can accurately quantify
Pseudomonas aeruginosa after 1 h growth of biofilm by using its pyocyanin secretion as an internal
standard for SERS signal self-calibration. This universal SERS sticky note can be used as a versatile
tool in bacterial behavior research.

The metabolites of purine degradation excited at 785 nm are the major molecular species
dominating the SERS spectra of bacteria. These molecules are produced by the bacterial starvation
response in pure water washes following enrichment in culture mediums. The enzymes of bacterial
supernatant that plays a main role in the known purine metabolism pathways were detected by
SERS spectra to determine the bacterial specificity. These results showed that SERS could be a rapid
diagnostic tool for metabolic profiling [149].

Zukovskaja et al. [150] developed a microfluidic device combined with SERS to analyze a
Pseudomonas aeruginosa specific metabolite in aqueous solution with a LOD of 0.5 uM [151,152].
A simple and novel SERS platform is fabricated for in situ monitoring the nitric oxide (NO) release of a
single bacterium. NO released under antibiotics and co-infected bacteria stress was investigated using
this method [153]. Staphylococcal Enterotoxin B (SEB) was detected ultrasensitively using the SRES
sandwich immunoassay. The antibody and SERS reporter molecule modified magnetic gold nanorod
particles were used to capture SEB. A good linear relativity between the SEB concentration and SERS
signal was found and the LOD was 768 mM [154].

For the SERS detection of different types of bacterial component molecules, more sophisticated
nanomaterials, complicated microfluidic chips [133], and new types of recognition molecules such as
nanoyeast single-chain variable fragment [141], were designed, fabricated, and used to prepare the
SERS-active substrate.

4.2. Virus Original Biomolecules

Virus infection leads to severe epidemics of a large number of worldwide populations each year
with high morbidity and mortality. Sensitive and simple detection of viruses is vital for control of
viral spread at an early stage [155]. Virus detection methods are usually based on the immunoassay
and PCR [156,157]. Considering the fact that they are rapid, portable and sensitive, the SERS-based
immunoassay or PCR methods have potential application as a POC test in diagnosis.
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4.2.1. Virus Proteins

Many kinds of virus surface proteins, such as G protein and antigen, were used to identify
virus [158,159]. Lim et al. [160] tested the hypothesis that surface proteins and lipids of newly presented
influenza viruses could enhance Raman peaks on AuNPs, which could then be distinguished from
those of pseudotype with a noninfluenza virus component (Figure 6). This work provided a powerful
label-free SERS platform to rapidly identify emerging influenza viruses.
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Figure 6. Schematic of the rapid detection of influenza viruses via SERS [160]. Reproduced with
permission from [160]. American Chemical Society, 2015.

A sensitive immunoassay with SERS detection combined with microfluidic devices was developed
using a novel Raman reporter molecule and substrate. Basic fuchsin (FC) was designed as Raman
reporter, which can notably enhance SERS signal and connect the antibody and gold nanostructures.
A good linear relativity between the intensity of SERS signal of FC band and concentration of Hepatitis
B virus antigen was obtained with LOD of 0.01 IU/mL [161].

Sun et al. developed a magnetic immunosensor with SERS detection of intact and inactivated
influenza virus H3N2 by fabricating a sandwich complex combining SERS tags, target viruses and
supporting substrates. Using a portable Raman spectrometer, a good linear relationship was obtained
with a LOD of 102 TCID50/mL [162].

Porcine circovirus is a ubiquitous and crucial infectious virus in global pig farms [163,164].
Luo et al. reported an immunoassay combined with SERS detection for porcine circovirus type 2
(PCV2) using multi-branched mb-AuNPs combined with the PCV2 cap protein antibody as substrates
and Raman reporters. A calibration curve plotting the intensity Raman signal at 1076 cm~! versus
the concentrations of PCV2 was obtained from 8 x 10 to 8 x 10° copy/mL with the LOD of
8 x 10% copy/mL. This method is rapid, facile and sensitive compared to conventional PCR
method [165]. They further used porous carbon films coated with AgNPs to determine PCV2,
porcine parvovirus (PPV) and porcine pseudorabies virus (PRV). The LOD was improved as low
as 1 x 107 copy/mL [166]. Enterovirus 71 (EV71), another health hazard, needs to be monitored with
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rapid POC detection. Reyes et al. developed a SERS method utilizing colloidal gold nanostars (AuNS)
aggregation induced by protein for rapid detection of EV71 without substrates, Raman labels or
sample preparing. AuNS was modified with scavenger receptor class B, member 2 (SCARB2) protein.
In the absence of EV71, AuNS modified with scavenger receptor class B member 2 (SCARB2) protein
aggregated produced four enhanced Raman peaks at 390, 510, 670, and 910 cm ™. In the presence of
EV71, as the virus bound to AuNS-SCARB2 preventing aggregation, the peak at 390 cm~! diminished
in intensity with other three peaks disappeared, which could be potential indicators for the specific
detection of EV71. EV71 could be detected in protein-rich medium within 15 min with this facile
approach [167]. Sanchez-Purra et al. [168] explored the high sensitivity of SERS in a universal approach
that could distinguish Zika from dengue nonstructural protein 1 (NS1) biomarkers. SERS-encoded
gold nanostars were modified with the antibodies of both viruses for a dipstick immunoassay with
15-fold and 7-fold lower LOD for Zika NS1 and dengue NS1, respectively.

4.2.2. Virus DNAs

With the distinguished spectral properties of metal carbonyls, Lin et al. [169] proposed a SERS
ratiometric assay to detect cell-free circulating DNA (cfDNA) derived from the Epstein-Barr virus
in human blood samples for nasopharyngeal cancer. Rhenium carbonyl (Re-CO) was used as a
DNA probe, and osmium carbonyl (Os-CO) was used as an internal reference. The binding of
Re-CO to cfDNA is accompanied with a performance of a stretching vibrations peak at 2113 cm™!
overlapping with Os-CO (2025 cm™1). This led to an increase in the ratio of I-2113 /1-2025, quantitatively
corresponding to the increase of cfDNA. The SERS method can be applied to detecting cfDNA in
clinical blood samples because the ratio of I-2113/1-2025 lying in the region of 1780-2200 cm ! of
the biomolecules.

An indirect capture method was established using colloidal AuNPs for SERS detection of DNA.
The capture sequence obtained from the RNA genome of West Nile Virus. Colloidal gold was
modified with a complementary capture oligonucleotide and a reporter oligonucleotide combined
with methylene blue as Raman label. The LOD was in the submicromolar range [170].

To obtain sensitive, stable and reproducible gene detection of respiratory syncytial virus (RSV),
a new SERS substrates were fabricated by electroless metallization of Ag and vapor phase deposition
of Au on the nanostructured templates. Gene detection of RSV was achieved with a molecular probe
with a fluorescent moiety and a linker to be attached on the substrate. To detect multiple targets,
molecular probes were designed using a broad range of fluorophores. This reproducible dual-mode
method (i.e., fluorescent and SERS) was self-confirmatory and can eliminate false positives [171].

For the SERS detection of virus biomolecules, the newly developed free-substrate method based
on the AuNS aggregation induced by protein was used to achieve the rapid detection of EV71 [167].
Label-free SERS platform, microfluidic chip with new structure and new type of DNA probe were also
applied to detect virus biomolecules.

4.3. Other Microorganism Original Biomolecules

Fungal infections cause high morbidity and mortality among hospitalized patients and
immunocompromised individuals; fast and accurate diagnosis for fungal diseases is in demand [172].
SERS combined with PCA was used to detect and identify human fungal pathogens rapidly and reliably.
Dina et al. [173] distinguished different clinical samples of fungal species using the chemometrics
assisted SERS-based method. The overall analysis of the SERS spectra was carried out using
appropriate chemometric tools-classical and fuzzy PCA combined with linear discriminant analysis to
analysis the first principal components. Discrimination between several species of fungal pathogen
strains showed that the established method could be applied as an alternative routine analysis tool in
clinical diagnosis. Witkowska et al. [174] confirmed that the SERS method could effectively distinguish
between certain fungal pathogens and offer taxonomic relation of fungi. Moreover, using the PCA
analysis, statistical classification of fungi could be performed. Two principal components calculated
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were the most clinically significant, displaying 97% of the variability and discriminate between
fungal species.

Zivanovic et al. [175] reported the molecular composition probing of Leishmania-infected
macrophage cells by SERS. The data was used to assess the distribution of cholesterol and ergosterolin
the amastigote period of the parasite and its vacuole ambient enviroment. Parasite original
proteophosphoglycans, an important infection marker, were identified. Mycoplasma pneumoniae,
as a respiratory related pathogen, can cause chronic bronchitis and pneumonia. The main surface
protein P1 needed to form complexes with certain proteins to act in receptor binding or motility, and
the variability in the related proteins can be used to distinguish the major genotypes. Strains with
different genotype can be discriminated sensitively and specifically by using SERS on silver nanorod
arrays. Krause et al. [176] applied the variable selection method to the identification of Raman bands
vital in the classification of M. pneumoniae strains. The current methods for malaria diagnosis are
time consuming, and are not suitable for early disease diagnosis. Garrett et al. [177] developed a
reliable method based on a novel gold-coated SERS substrate and applied to the detection of malarial
hemozoin pigment in the blood samples with 0.005% and 0.0005% infected cells.

5. Conclusions and Outlook

The recent explosive growth of the SERS studies brings these sensitive, rapid, accurate and reliable
methods to more application fields. The merits of SERS expand its potential in the identification
and quantification of various Raman-active biomolecules. Based on the development of new
SERS strategies and combined with other techniques (e.g., immunoassay, PCR, and microfluidic
chip), SERS shows increasingly broad application in detecting biomolecules from humans, animals,
plants, and microorganisms, which can contribute to improving food safety, clinical diagnosis, and
environmental monitoring. To be specific, SERS spectrum is able to provide abundant clues about the
structure and/or quantity of interested molecules, including the hazard(s) or nutrient(s) present in
foods, the pollutants in environmental samples, pathogens in clinical samples or biological processes
occurring at the cellular or molecular level, etc.

This review article provided an overview of the recent progress and current shortages of SERS
on biomolecule detection in order to indicate the application direction in the future. For example,
there is a lack of and an urgent need for SERS application in the basic study of life sciences, such as
animal or plant physiology that is crucial for getting more deep and basic knowledge on food security,
environmental aspects and the ecological system. Therefore, the target biomolecules in life sciences
were selected in this review to attract the attention of experts in both SERS and life science research
and to expand the depth and fields of SERS application. There are still some technological problems
that urgently require to be solved. Robust and reproducible SERS substrates as the critical parts of
SERS methods are still under development, and the property needs to be improved and adapted to
a wider range of analytes and biological samples. New types of nanomaterials that can improve the
sensitivity, specificity and stability of SERS detection will benefit from the progress in nanotechnology
and nanofabrication. More and more sophisticated nanostructures will be successfully fabricated and
the problems of inconsistency and production cost of using SERS-active substrates will be gradually
solved. The application of SERS in the detection of biology molecules was also seriously limited
and challenged by the complex matrix interference of biology samples. The development of more
effective sample preparation and purification methods that can be integrated with SERS detection
would allow for a wider application range of SERS detection of biological molecules. To achieve the
efficient extraction and purification of target analytes, the selection of specific biological or biomimetic
recognition molecules, such as antibody, molecularly imprinted polymers, and aptamer with strong
affinity and specificity, and their application on the modification of SERS substrates will be important
technological factors. Furthermore, through the use of flexible substrates (e.g., paper and plastic films),
sensitive, low cost and disposable commercial SERS platforms will be developed to adapt to POC
applications in resource-limited settings. Finally, combined with the development of nanotechnology
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and biochemical methodology, SERS holds great promise in showing superior capabilities in biological
fields in future.
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Abstract: This mini-review summarizes the most recent progress concerning the use of surface-
enhanced Raman spectroscopy (SERS) for the detection and characterization of antibiotic-resistant
bacteria. We first discussed the design and synthesis of various types of nanomaterials that can be
used as the SERS-active substrates for biosensing trace levels of antibiotic-resistant bacteria. We then
reviewed the tandem-SERS strategy of integrating a separation element/platform with SERS sensing
to achieve the detection of antibiotic-resistant bacteria in the environmental, agri-food, and clinical
samples. Finally, we demonstrated the application of using SERS to investigate bacterial antibiotic
resistance and susceptibility as well as the working mechanism of antibiotics based on spectral
fingerprinting of the whole cells.

Keywords: SERS; chemometrics; resistance; biosensing; rapid detection

1. Introduction

Detection of pathogenic and spoilage bacteria is still a major concern to clinical, agri-food,
and environmental agencies and laboratories [1]. The leading challenge is the detection speed [1]. Since
the contamination level of bacteria may be relatively low and the sample matrices can significantly
influence accurate and reproducible detection, extensive sample preparation steps are always required
to separate the targeted bacteria from the sample matrices along with pre-enrichment [2,3]. Because
the detection includes all the times starting from obtaining the samples to the signal readout, both
separation and bacterial enrichment account for most of the times for bacterial detection rather than
the final real detection using an instrument or a sensor [4]. For example, the conventional plating
assay will take several days to confirm the growth of the targeted bacterial colony [5]. In comparison,
molecular-based detection methods, such as polymerase chain reaction (PCR), requires relatively less
time than the plating assay but still cannot fully avoid separation and bacterial pre-enrichment [6].
Recently, matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) spectrometry has
attracted considerable interest for the rapid identification of pathogens by profiling bacterial proteins
from the whole cells [7]. However, this method is not suitable for characterizing a mixed sample [8]
and still requires the priori cultivation and sample preparation procedure [9]. An alternative method
is surface-enhanced Raman spectroscopy (SERS), an advanced Raman spectroscopic technique that
enhances the vibrational modes of molecules adsorbed on or in the vicinity to the surface of metal
nanoparticles. SERS provides rapid, ultra-sensitive and accurate detection with minimum requirement
for sample handling and preparation.
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Antibiotic resistance of pathogenic bacteria is still a leading concern to clinics as well as agri-food
and veterinary medicine [10]. The key battle is to perform an accurate diagnosis of the pattern of
bacterial antibiotic resistance in an early manner. Otherwise, only the broad-spectrum antibiotics
can be used to treat this type of bacterial infections [11]. As aforementioned, the conventional
microbiological testing, such as the determination of minimum inhibitory concentration (MIC)
using the broth microdilution method, is highly time-consuming. Besides, PCR-based testing of
the targeted antibiotic-resistant genes requires highly trained personnel and has a potential risk
of cross contamination [12,13]. Another major limitation of this approach is that the presence of
the resistance genes may not necessarily confer to the clinically relevant phenotypic resistance of
bacteria [14]. Microarray offers the ability to detect a broad range of resistance genes present in the
bacterial isolates with high sensitivity and specificity. However, similar to the PCR-based method,
results obtained from microarrays may not always correlate to the phenotypic resistance [14]. Although
MALDI-TOF mass spectroscopy can potentially differentiate the resistant and susceptible isolates
based on the spectral features [7], it requires additional chemicals as the matrix for the performance of
MALDI [14]. Alternative technology that can detect and characterize bacterial antibiotic resistance is
therefore highly required. SERS is a powerful biochemical fingerprinting technique as it can accurately
reflect the macromolecular profiles and changes that occur within the bacterial cells due to the action
of the antibiotics [15].

In this mini-review paper, we will evaluate the use of SERS coupled with chemometrics as
a tool to detect the trace level of antibiotic-resistant bacteria and characterize the mechanism of
bacterial antibiotic resistance in an ultra-fast manner. The recent progress in this research area
will be summarized and discussed mainly focusing on the following three perspectives: (1) the
nanomaterials that can be used as the SERS substrates for sensing a low concentration of bacterial
cells; (2) tandem-SERS technology to detect antibiotic-resistant bacteria in a sample matrix; and (3)
characterizing the mechanism of bacterial antibiotic resistance and susceptibility using SERS
and chemometrics.

2. Surface-Enhanced Raman Spectroscopy (SERS) for Sensing Trace Level of Bacteria

2.1. Mechanism of SERS

SERS is a derivative of Raman spectroscopy with the aid of nanomaterials. Numerous research
studies have been conducted during the past four decades about using SERS for trace detection
of the targeted analytes [16-23]. Different from the conventional Raman spectroscopic technology,
SERS signal can be significantly enhanced due to both electromagnetic enhancement and chemical
enhancement, with the former being the dominant contributor [24]. Electromagnetic enhancement is
generated from the localized surface plasmon resonance (LSPR) in the vicinity of the nanostructured
surface of noble metals, such as silver and gold [25,26]. Highly localized regions of amplified
electromagnetic fields caused by LSPR are called “hot spots”, which usually occurs in the gaps, crevices,
or sharp vertices of supporting plasmonic materials (Figure 1a). In comparison, chemical enhancement
is due to the electron transfer between the analyte molecule and the surface of the nanostructure when
the energy of the incident light matches the electron transfer energy (Figure 1b) [27]. This will lead
to the change of molecular polarization and subsequently enhance the Raman signal approximately
100 times. Theoretically, total SERS enhancement factors may approach to ~10' depending on the
nanomaterials used. For additional details, the authors are encouraged to refer to serial publications
from the Van Duyne research group [27-30].
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Figure 1. Two mechanisms contributed to surface-enhanced Raman spectroscopy (SERS). (a)
Electromagnetic enhancement of SERS-active silver nanoparticles. SERS “hot-spot” is generated
in the gap between two close nanoparticles. (b) Chemical enhancement resulting from electron transfer
between analytes and the surface of nanoparticles. Reproduced with permission [31]. Copyright Royal
Society of Chemistry, 2014. Reproduced with permission [32]. Copyright Elsevier B.V., 2017.

2.2. SERS-Active Substrates for Bacterial Detection

Because SERS can reach to single molecule detection, it has been widely applied for the detection
of various analytes in an ultra-fast manner (e.g., a few seconds to less than a minute). In general, the
reproducibility of the SERS signal is getting worse along with the increase of the size of the analyte [33].
For example, it is extremely challenging to harvest a reproducible SERS signal for a bacterial cell
than that of a small chemical molecule, such as antibiotics and pesticides [34]. Although successful
discrimination of bacteria by using SERS was reported by different research groups [15,35,36], the real
world application is still extremely challenging, such as the low concentration of the targeted bacteria
in the sample and a relatively large amount of interference sample components. Therefore, researchers
have been developing various types of SERS-active substrates to enhance the signal intensity as well
as generate more reproducible SERS signals for different biological samples, such as bacteria and
viruses. Both “top-down” and “bottom-up” methods have been used for the synthesis of SERS-active
substrates [37]. For the “top-down” method, large multi-dimensional materials are reduced to ideal
nanoscale structures using direct fabrication process [38]. In comparison, the “bottom-up” method
refers to the development of complex nanoscale structures from simple molecules or atoms [39].

2.2.1. Direct SERS

Generally, SERS-active nanostructures are composed of two types of substrates: solid surface-
based substrates and colloidal substrates. The solid surface-based substrates can accurately control
the formation of “hot spots”. Once the bacteria cells are closed to the “hot-spot” on the surface of the
solid substrate, a significant SERS effect will be achieved. For example, a recent study presented a
label-free SERS-based method to detect and identify Salmonella enterica and Escherichia coli adsorbed on
the silver dendrites [40]. Since the nanoparticles were already closely aligned on the stem and branches,
“hot spots” could be generated without any aggregation process. This also contributed to producing
uniform and homogenous sample spots after drying, which eliminated the spot-to-spot variation
of the collected SERS signals. SERS spectra collected using the silver dendrites were consistent and
robust enough for the detection and identification of bacteria with a limit of detection (LOD) as low
as 10* colony-forming unit (CFU) per mL. Besides, porous anodic aluminum oxide (AAO) has been
widely used as the substrate for the synthesis of functional nanostructures by coating a thin layer of
gold or silver to develop a nanostructured noble metal substrate to enhance SERS signal intensity [41].
Ji and co-authors reported a three-dimensional nanostructure fabricated by depositing silver NPs into
AAO templates using a simple electrochemical deposition method [42], demonstrating well-ordered
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micro/nanostructures when it was characterized by field emission scanning electron microscopy.
The homogeneity of SERS substrates is the key to the reproducibility of SERS spectra and even minor
variation in the surface morphology can result in significant changes in the enhancement. Due to the
well-organized structure of decorated AAO membranes, the distribution of “hot-spots” is uniform,
which can eventually improve the SERS spectral reproducibility [43].

In addition, various colloid systems of gold or silver have been synthesized as the liquid
format of SERS substrates for the detection of bacterial cells [44]. A more uniform distribution
of noble metal nanoparticles on the surface of bacterial cells can be achieved to improve the
SERS spectral reproducibility compared to that by using the solid SERS substrates [45]. A SERS
application employing a synthesis of silver nanocolloids coating on a bacterial cell wall can detect
the live bacteria in drinking water down to 2.5 x 102 CFU/mL [46]. Another study conducted by
Chen and colleagues applied Ag colloids for the discrimination of E. coli, Pseudomonas aeruginosa,
methicillin-resistant Staphylococcus aureus (MRSA) and Listeria. In situ synthesis of Ag nanoparticles
and the addition of Triton X-100 significantly improved the sensitivity of SERS detection [47].
A simple method of preparing SERS substrates was described by filtering Ag or Au colloidal particles
onto a ceramic filter, onto which the bacterial suspensions were then filtered [48]. This method
allowed the homogeneous distribution of bacteria on the surface of the substrate, which increased
the sensitivity of SERS detection. A microfluidic “lab-on-a-chip” platform can be used to further
improve the reproducibility of SERS signal by mixing the silver/gold nanocolloids with bacterial
cells in a controlled fluidic manner with limited precipitation of individual nanoparticles on the
substrate, in which case the channel in the microfluidic device could avoid spectral interference and
enhance the sensitivity of bacterial detection [49]. SERS-microfluidic systems have been used to
classify multiple foodborne pathogens using chemometrics and quantify single pathogenic bacterial
cells. For example, Mungroo and others successfully distinguished eight foodborne pathogenic
bacterial species using microfluidic-integrated SERS substrate and chemometrics, including principal
component analysis (PCA) and linear discriminant analysis (LDA) [50]. A SERS-based microfluidic
system was developed for the discrimination of E. coli strains with the spectral recording time
reduced to 1 s [51]. Ag nanoparticles were injected into the bacterial suspension to facilitate the
aggregation of nanocolloids on the bacterial cells. Besides, a SERS substrate composed of 3D Ag@ZnO
nanostructures was also integrated into a microfluidic device for SERS fingerprinting detection of a
single living cell [52]. Colloidal substrate seems to be more popular due to its simple and cost-effective
fabrication, but solid surface-based substrates are more favorable for the detection of water-insoluble
substances [53]. A variety of SERS nanomaterials used for bacterial biosensing have been summarized
in Table 1.
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SERS has been widely applied for the differentiation of antibiotic-resistant strain and antibiotic-
sensitive strains possibly due to the variation in the biochemical compositions of bacterial cell
membrane and cell wall. In a recent study, Li and others reported that surface-enhanced resonance
Raman spectroscopy (SERRS) could achieve almost a 100% accuracy for the differentiation between
carbapenem-resistant E. coli and carbapenem-sensitive E. coli [82]. Lu and coauthors developed a
microfluidic SERS platform for a successful high-throughput screening and differentiation between
MRSA and methicillin-sensitive Staphylococcus aureus (MSSA). In addition, the SERS characterization
of bacterial phenotypic profiles had a good correlation to the multilocus sequence typing as well as
antibiotic characterization using PCR, demonstrating the possibility of applying SERS as the alternative
to detect antibiotic resistance and track the outbreak of pathogenic bacteria [54]. In another study,
Miihlig and coauthors applied a similar SERS microfluidic chip for the differentiation of various
species of mycobacteria, including both nontuberculous mycobacteria and Mycobacterium tuberculosis
complex [55].

2.2.2. Indirect SERS

The aforementioned SERS substrates are related to “direct sensing” of the analyte (e.g.,
a bacterium) by using a laser with the wavenumbers of mainly 532, 633, and 785 nm [53]. In other
words, the collected SERS spectral features are directly associated with the chemical compositions of
the targeted bacteria (Figure 2a). In comparison, SERS tags have been designed and used for “indirect
sensing” of the analyte(s) (Figure 2b).
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Figure 2. Representative “direct” (a) and “indirect” (b) SERS detection of bacteria. (a) Schematic
diagram showing the SERS signal was directly collected from the bacterium on a vancomycin-coated
Ag/AAO SERS-active substrate (left). Scanning electron microscope (SEM) image of bacteria on the
substrate (scale bar, 500 nm) (right). (b) Schematic illustration of a sandwich-like indirect antibody-SERS
detection. Key steps including: immobilization of antibody on the surface of metal substrate; capture
of target bacteria by modified surface and labeling the target bacteria with SERS tag for detection.
Reproduced with permission [83]. Copyright Springer Nature, 2011. Reproduced with permission [72].
Copyright Royal Society of Chemistry, 2011.
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The schematic illustration of the SERS tag is shown in Figure 3. Specifically, a SERS-active
molecule, such as rhodamine 6G, will be used as the tag molecule for the synthesis of a gold/silver
nanostructure [72]. By conjugating with a separation element, such as an antibody, aptamer, or a
molecularly-imprinted polymer, a functional SERS tag will be developed. This SERS tag can specifically
recognize and capture the targeted analyte (e.g., a bacterium) from a complicated sample matrix to
achieve separation and possibly enrichment as well [32].

Y Nanoparticles
* * Y Antibody

* * * Raman reporter

molecules
* Silica layer
{ * ) ) Target bacteria
Figure 3. Schematic illustration of SERS tags.

Most indirect approaches use a sandwich-like immunosorbent assay format, which is similar
to enzyme-linked immunosorbent assay (ELISA) [68]. The schematic illustration in Figure 2b shows
the basic steps for developing a representative sandwich-structured indirect antibody-SERS method.
Firstly, capturing antibodies are immobilized on the surface of a metal substrate. The second step is to
capture the targeted pathogen from the sample matrix using these immobilized antibodies. Finally,
the SERS tag will be introduced to label the targeted pathogen for Raman signal collection. The
availability of the collected SERS signal is derived from the SERS tag molecule, but can indirectly
indicate the availability and the concentration of the targeted bacteria in the sample matrix. This
indirect SERS-tag technology is extremely useful for the detection of bacteria in a complicated sample
matrix, such as a food, because the aforementioned direct SERS detection can be significantly affected
by the food sample matrix if the sample pre-treatment is not fully complete [37]. For example, Duan and
co-authors reported an indirect SERS-based method for the quantification of S. Typhimurium in milk
(Figure 4a) [73]. S. Typhimurium interacted with Fe3O,/Au core/shell nanoparticles functionalized
with specific aptamers and Raman reporters in conjugation to the same aptamer to form a sandwich-like
complex. A linear correlation for bacteria concentration of ~10-10° CFU/mL and a low LOD
of 15 CFU/mL were obtained in this study. Vibrio parahaemolyticus was successfully detected in
shrimp and water samples using a similar approach [74]. The specific aptamer immobilized on
the SiO,-core-Au-shell nanoparticles was used to selectively capture V. parahaemolyticus, leading to
a LOD of 10 CFU/mL. In another study, silver nanoparticles functionalized with antibodies and
Raman reporter to serve as the SERS tags were successfully applied for rapid detection of E. coli
to a concentration as low as 10> CFU/mL [63]. Although several publications demonstrated a
good separation capability and spectral reproducibility by integrating silver/gold nanoparticles
with magnetic materials [84-86], we still believe a functional SERS tag with separation element is more
effective at the current stage. More precise control of the numbers and orientations of the molecules on
the surfaces of the magnetic nanoparticles have to be achieved [84]. In addition, a few studies reported
the development of functional SERS tags by integrating both separation elements and magnetic beads
to achieve an even better separation, enrichment, and signal enhancement capability [62,70,80,87].
For example, an LOD of 35 CFU/mL and LOQ of 3.5 x 10> CFU/mL for E. coli was reported using a
combination of antibody-modified magnetic nanoparticles and gold nanorods labeled with the same
antibodies in a sandwich-format detection strategy [62]. Besides, a recent study conducted by Kearns
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and colleagues reported a novel assay of using lectin-functionalized magnetic nanoparticles along
with SERS-active nano-substrates functionalized with various antibodies to successfully capture and
detect multiple antibiotic-resistant pathogens, including Salmonella, E. coli and MRSA at the single cell
level in a simultaneous manner [88].
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Figure 4. (a) Schematic illustration of aptamer-based SERS approach for the detection of Salmonella
Typhimurium. Ag/Au core/shell nanoparticle was conjugated with a specific aptamer. The Raman
reporter, X-thodamine (ROX), was labeled on the same aptamer sequence. Nanoparticle-aptamer-
target-aptamer-Raman reporter complexes enabled SERS detection. (b) Schematic illustration of
the antibody-based sandwich-type SERS immunoassay for Escherichia coli enumeration. SERS tags
were constructed by gold nanoparticles first coated with a Raman reporter molecule, 5,5'-dithiobis
(2-nitrobenzoic acid) (DTNB), and subsequently with a corresponding antibody. (c) Multiplex detection
of Salmonella Typhimurium and Staphylococcus aureus using aptamer-SERS immunoassay. FezOy
magnetic gold nanoparticles were labeled with unique Raman reporters and aptamers against S. aureus
and S. Typhimurium and then employed into a sandwich-like assay. Reproduced with permission [73].
Copyright Elsevier B.V., 2015. Reproduced with permission [89]. Copyright Springer-Verlag, 2010.
Reproduced with permission [76]. Copyright Elsevier B.V., 2015.

3. Tandem-SERS for Sensing Bacteria in a Sample Matrix

3.1. Tandem-SERS Methods

Tandem-SERS refers to conjugating the separation element to the SERS system that can achieve
separation and detection simultaneously [90]. The aforementioned functional SERS tag with a
separation element (e.g., antibody, aptamer, molecularly-imprinted polymer) is a classical tandem-SERS
system. Due to the size of bacterial cells, a sandwich tandem-SERS structure is always developed [15,68]
and the detailed illustration is shown in Figure 2b. Antibody is widely used as the recognition
element due to its specificity to bacteria via a covalently-bound effect. An antibody conjugated
with different SERS nanoprobes such as Ag@silica core-shell nanoparticles [71], popcorn-shaped Au
nanoparticles [72], and single walled carbon nanotubes-Au nanoparticles [91] was used to detect
normal Salmonella or multi-drug-resistant Salmonella. High correlation coefficients and LOD of 4 and
5 CFU mL~! were obtained using an antibody-SERS employing AuNPs via a sandwich immunoassay
for detecting and enumerating E. coli (Figure 4b) [89]. The results of testing bacteria in lake and tap
water samples were highly consistent with that of the classical plating assay.

Aptamer is another element that can be used and conjugated in tandem-SERS for the recognition,
separation, and enrichment of specific bacterial pathogens. Aptamer-based SERS assay was able to
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monitor photothermal activity response of MRSA and multi-drug-resistant Salmonella DT104 through
the change of Raman signal intensity of R6G [32]. Zhang and coauthors reported a simultaneous
detection of S. Typhimurium and S. aureus using Au NPs-aptamer based SERS biosensor (Figure 4c).
A high sensitivity with LOD of 35 and 15 CFU/mL for S. aureus and S. Typhimurium was achieved,
respectively [76]. Another format of tandem-SERS was to include SERS sensing in a microfluidic device.
A complicated design of the microfluidic device can realize the function of separation of bacterial
cells from the sample matrix mainly [49]. Dielectrophoresis is an effective method for concentrating
and trapping various types of nanoscale/microscale particles in a microfluidic device, including
microorganisms [92]. It is also feasible to conjugate the aforementioned separation elements, such as
aptamer, onto the microchannels to form a more comprehensive and effective tandem-SERS platform
for simultaneous separation and detection [67]. Lin and co-authors developed a fast single-step SERS
detection of E. coli O157:H7 at single cell level with speciation capability to sub-species. This was
achieved by a multiplexing dual recognition SERS platform that combined specific antibody conjugated
SERS tags with a microfluidic dielectrophoresis (Figure 5) [93].
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Figure 5. The integration of SERS nanoprobes and a microfluidic dielectrophoresis (DEP) device
for rapid detection of single bacterium. (a) Schematic presentation of using antibody-conjugated
nanoaggregate-embedded beads (NAEBs) as SERS nanoprobes for specific detection of bacteria.
(b) Photograph of the microfluidic DEP device and close-up view of central capturing area with four the
quadrupole electrodes. (c) The distribution of electric field of four microelectrodes in the microchannel.
(d) Schematic illustration of the DEP-SERS configuration. Reproduced with permission [93]. Copyright
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2014.

3.2. Tandem-SERS Integrated with Multiple Capabilities

Another major application advantage of such a tandem-SERS platform is to enrich the bacterial
cells and subsequently improve the detection sensitivity. Although SERS can theoretically detect a
single molecule/cell, its real world application can only detect ~10%> CFU/mL of bacteria, mainly due
to the interference from the sample matrix components [94]. Therefore, a relatively large amount of
samples therefore is required for the production of a meaningful SERS signal readout. In a recent
study reported by Zhang and others, the SERS-active substrate composed of gold nanoparticles was
integrated into the microfluidic device for rapid concentration and detection of S. aureus in liquid
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samples [95]. The SERS signal intensity of S. aureus after concentration in this device was over
100-fold compared to the signal obtained from the raw sample, leading to a LOD of 2 x 10?-2 x
10* CFU/mL. Hou and colleagues demonstrated a microfluidic system based on a discharge driven
vortex technique to concentrate a bacterial suspension of E. coli F-amp and Bacillus subtilis for SERS
detection. The combination of SERS and microfluidic with immunoassay techniques was able to
selectively capture the targeted bacterial cells [96]. A SERS-based sandwich immunoassay employing
antibody-coated magnetic nanoparticles for E. coli enumeration was also reported [97]. The authors
accomplished a LOD of 8 CFU/mL by combining bacterial separation with SERS detection using
specific SERS labels.

Combination of SERS platform and a filter (e.g., polymer fiber) has been recently used for
the identification and detection of bacteria from clinical and environmental samples. For instance,
Lin and others demonstrated a filter-like SERS substrate prepared with AuNPs embedded in
mesoporous silica for the detection of Staphylococcus aureus from the aqueous samples [98]. The
targeted cells could be concentrated on the filter-like substrates within a few seconds. Strong SERS
signals with good bacterial discrimination were obtained without any need for pre-labeling, and the
reproducibility was also significantly improved. More recently, Kamiriska and colleagues presented a
new label-free tandem-SERS platform for rapid detection of Neisseria meningitidis [99]. This bacterium
is a Gram-negative diplococcus and one of the three major bacteria that cause acute bacterial meningitis.
The applied SERS substrate was based on Si/ZnO layers and electrospun polymer mats covered with a
thin layer of sputtered gold. A wide range of pore sizes makes the polymer mat an excellent material to
filter bacteria from fluids and then immobilize them onto the SERS nanostructures for the collection of
Raman signals, enabling the detection of single bacterial cells of N. meningitidis present in cerebrospinal
fluid samples. A similar approach was developed to detect bacteria from blood plasma [100]. Covering
the forcespun polymer mat with Au/Ag alloy turns it into a SERS-active platform, which can be
used as a filter to separate the microorganisms from fluids and immobilize them on the surface of
the mat during the measurement. S. aureus, Pseudomonas aeruginosa, and S. Typhimurium were
successfully detected and identified from blood plasma using the developed platforms. These
SERS-active nanostructures based on polymer mats provide the possibility for simultaneous filtration,
immobilization, and enhancement of Raman signals in a few seconds, demonstrating a simple and
low-cost method to analyze bacterial suspensions in biological fluids with SERS.

In addition, the tandem-SERS platform can achieve multiplex detection of bacteria by integrating
several different elements into a single system. By using a systematic evolution of ligands by
exponential enrichment (SELEX), different aptamers can be synthesized and each one targets one
species of bacteria. By conjugating the aptamers onto a substrate, such as the microchannel in a
microfluidic device, the mixture of bacterial cocktails can be individually captured by each aptamer
that eventually achieve multiplex detection in a simultaneous manner. For example, S. Typhimurium
and S. aureus were simultaneously identified using different aptamers in a sandwich-type tandem-SERS
detection within 3 h [76]. Sandeep and co-workers proposed another simple and robust cross-platform
approach using different nanoparticles functionalized with specific capturing ligands and Raman
reporter molecules. This multiplex detection platform was applied for simultaneous detection of three
different pathogens and offered an LOD ranging between 102 and 103 CFU/mL with a total detection
time less than 45 min [64].

3.3. "Two-Step” and “One-Step” SERS

In comparison to the aforementioned concepts of “direct sensing” and “indirect sensing”,
“two-step sensing” and “one-step sensing” is another pair of the terminologies that are related to
tandem-SERS platform. Once the separation and SERS detection are separate, it refers to “two-step”
sensing. An intriguing “two-step” SERS approach based on a sandwich assay for the separation and
detection of multiple pathogens in food samples was demonstrated by Wang and co-authors [70].
Figure 6a depicted the key steps of the process. The targeted pathogens in a food matrix were
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first captured and separated using silica-coated magnetic nanoparticles functionalized with the
corresponding antibodies. Then, AuNPs integrated with a Raman reporter and surface-modified
antibodies specific to the pathogen were used to complete the SERS detection. This platform achieved
a LOD of 10® CFU/mL for multiplex detection of S. Typhimurium and S. aureus in spinach wash
water and peanut butter. “One step” sensing indicates that the separation and detection can occur
simultaneously. Once “one-step” sensing is applied, a critical parameter is to ensure that the distance
of the separation element is within 10 nm from the SERS-active substrate [90]; otherwise, the SERS
effect will be tremendously reduced [101]. Naja and coauthors presented a “one-step” sensing of
bacteria using silver nanoparticles functionalized with antibodies (Figure 6b). When the model bacteria
attached to the corresponding antibodies absorbed on the protein-A-modified silver nanoparticles,
the distance between the bacterium and the nanoparticle surface was 8 nm, thus the SERS signal
of the bacterial cell wall would be generated and detected [102]. Further, “one-step” tandem-SERS
sensing requires a relatively more complete clean-up of the sample matrices than that of the “two-step”
tandem-SERS sensing method [90].
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Figure 6. Representative “two-step” (a) and “one-step” (b) tandem-SERS sensing methods. (a)
Tandem-SERS platform composed of the magnetic-based separation and SERS detection for multiple
pathogens in food matrices. Pathogens were first captured with silica-coated magnetic probes,
and then pathogen specific SERS probes (gold nanoparticles integrated with a Raman reporter and
corresponding antibodies) were deployed to complete the following detection. (b) Schematic diagram
for SERS-based detection of E. coli using silver nanoparticles conjugated with antibodies. Reproduced
with permission [70]. Copyright Springer-Verlag, 2010. Reproduced with permission [102]. Copyright
Royal Society of Chemistry, 2007.

4. Flucidating Antibiotic Resistant Mechanism of Bacteria Using SERS and Chemometrics

Besides the detection of antibiotic resistant bacteria either in a simple matrix or a complicated
environmental, agri-food or clinical sample matrix, another major research direction of using SERS
is to study the working mode and mechanism of antibiotics to inactivate bacteria. Bacterial cells can
develop various strategies to resist to the antibiotic treatment as the pinnacle of evolution. Although
new antibiotic resistance has been continuously emerging and spreading globally, bacteria use is
one of two leading genetic strategies to deal with antibiotic treatment, namely mutation in genes
associated with the action of antibiotic compounds and the acquisition of external DNA for the
resistance determinants through horizontal gene transfer [103]. These genetic variations will lead to
the change in biochemical composition of the bacterial cells. For example, three different biochemical
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routes can arise, fluoroquinolone resistance, including over-expression of efflux pumps to extrude the
antibiotics from the bacterial cells, mutations in genes encoding DNA gyrase and topoisomerase, and
generating specific proteins to protect the targeted site of fluoroquinolone [104,105].

4.1. Characterization of Antibiotic Resistance of Bacteria Using SERS

As a three-dimensional complex surrounding the bacterial cells, peptidoglycan is the major
component of the bacterial cell wall [106]. Since a relatively large amount of antibiotics is designed to
target the bacterial cell wall, the biochemical compositions of the bacterial cell wall are expected to
change along with the treatment of these antibiotics. Because SERS can record the macromolecular
fingerprints of the bacterial cell membrane and cell wall, it can be applied to determine the effectiveness
of antibiotic treatment as well as the antibiotic resistance patterns of the bacterial cells [15]. Although
conventional Raman spectroscopy has been widely applied to profile the phenotypic response of
bacteria to the antibiotic treatment, it requires a high concentration of bacterial culture for the collection
of Raman signal [107]. Therefore, a relatively long time for bacterial cultivation and enrichment is
necessary. By applying SERS for characterization, the antibiotic-resistant pattern of a single bacterial
cell can be achieved. In addition, it will be critical to study the variations in responses among individual
cells to the antibiotic treatment.

Antibiotic susceptibility testing (AST) is used to evaluate the effectiveness of antibiotic treatment
against the pathogen infections. SERS-based AST could reduce the time by avoiding the need for
overnight culture in MIC determination through the conventional AST methods. Liu and coauthors
used an SERS-active substrate made of AgNPs imbedded in AAO to determine the antibiotic sensitivity
of E. coli and S. aureus at the single-bacterium level [108]. Antibiotic-sensitive bacteria could be
differentiated from antibiotic-resistant ones within 1 h after antibiotic exposure by monitoring the
characteristic changes in SERS spectral profile. This approach demonstrated that SERS has the potential
for direct detection and characterization of antibiotic resistance in real world samples instead of pure
bacterial culture. Another study employed SERS-active AuNPs to study the antibiotic susceptibility
of 12 urinary tract infection-causing bacteria [109]. Strain-specific identification was achieved with
analytical sensitivity >95% and specificity >99%. The time for positive identification and AST was
reduced to less than one hour.

In addition, SERS-active substrate can be employed as a means to establish MICs for various
bacteria. Liu and colleagues demonstrated that SERS could monitor the reduction of specific bacterial
biomarkers along with the treatment of antibiotics within two hours [110]. Clinical isolates of
MRSA were exposed to vancomycin, while E. coli, A. baumannii, and K. pneumoniae were exposed to
imipenem at the incremental concentrations. The isolates were determined as susceptible, intermediate,
and resistant based on the change of the characteristic bands in SERS signals at a very early stage of
antibiotic treatment, and the SERS MIC results were in excellent agreement with the standardized
plate dilution methods that took upward of 24 h to complete. In a recent study, Cui and coauthors
developed a homogeneous vacuum filtration-based method to improve SERS signal reproducibility and
illustrated that the existence of heavy metal arsenic could increase the MIC of bacteria to the treatment
of tetracycline. The authors claimed that SERS has the potential for culture-free characterization of
resistome in a real microbiota system at the single cell sensitivity level [111].

Furthermore, monitoring the characteristic bacteria cell wall bands in the SERS spectra allowed
for a further understanding of the antibiotic degradation mechanisms. The antibiotic response of
Lactococcus latis was investigated using SERS-active AuNPs [112]. Antibiotic-induced spectral changes
from ampicillin and ciprofloxacin were observed at 60 min after exposure to both antibiotics. However,
ciprofloxacin induced only minor changes while ampicillin induced large SERS spectral changes. This
was possibly because the inactivation mechanism of ciprofloxacin is to disrupt DNA synthesis, therefore
the cell wall integrity was maintained for extended time periods and the cell wall signatures remained
stable in the SERS spectra. While ampicillin interrupts the cell wall synthesis, which was directly
detected by the SERS-active AuNPs. In another study, the SERS signals of E. coli were tracked upon
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antibiotic exposure to chloramphenicol, trimethoprim, polymyxin B, ampicillin, and formalin [113].
No spectral changes were observed after exposure to formalin although in vitro tests, which confirmed
the cells were not viable. The authors noted that it was most likely due to the mechanism of formalin
to crosslink membrane proteins but not degrade the cell wall. Similar results were observed with
chloramphenicol and trimethoprim, which inactivate bacteria by inhibiting protein and DNA synthesis,
respectively. The SERS signals remained unchanged after 2h exposure, which is possibly attributable
to the sustained cell wall integrity. In contrast, SERS spectra changed within 5 min after antibiotic
exposure to polymyxin B and ampicillin. They both aggressively degraded the bacterial cell wall,
which released the SERS-active AgNPs and drastically reduced the SERS intensities. The technique
could be used to further understand the fundamental mechanisms of microbial inactivation.

4.2. Chemometrics Used with SERS

Chemometric statistical analyses are usually required to decipher Raman spectral patterns so
that minor variations in the spectral features of different biological samples can be distinguished.
Multidimensional information of SERS spectra can be reduced into a few independent latent
variables (called principal components) that account for the most variability of the original dataset by
multivariate statistical analyses [114]. These principal components can then be used to segregate and
quantify analytes based upon specific calibration models [115]. Chemometric methods include both
unsupervised and supervised algorithms [116]. Among the spectroscopic-based pattern recognition
methods, unsupervised principal component analysis (PCA) and hierarchical cluster analysis (HCA)
are commonly used to provide either cluster plots or dendrogram structures for segregation and
discrimination based upon the minor differences in Raman spectra [117]. Supervised chemometric
models are generally used with some known answer from existing knowledge of the sample.
Discriminant function analysis (DFA), partial least squares regression (PLSR), and soft independent
modeling of class analog (SIMCA) are some of the most widely used models for the interpretation
of SERS results [114]. For instance, a discriminant analysis is divided into two steps: to build a
model using Raman spectra of bacterial cultures exposed to antibiotics of known class assignments,
and to classify a new Raman spectrum of an antibiotic-exposed culture based on the distance to the
multivariate mean of the closest class [118].

Different bacterial species or strains can be segregated into distinct groups based upon different
biochemical compositions reflected by the major latent variables. For example, E. coli, S. epidermidis
and four Salmonella strains exhibiting antibiotic resistance to the common therapeutics were detected
and differentiated using SERS coupled with PCA [69]. In another work, SERS spectra of P. mirabillis
and Enterococcus were quite similar despite having different cell wall structures. DFA was employed to
analyze the subtle differences of SERS spectra from 6 strains of clinical urinary tract infection isolates
for identification at genus-level [35]. Chemometric analysis play an important role in the determination
of antibiotic resistance by SERS-based methods. Spectral differentiation of antibiotic resistant and
sensitive strains can be demonstrated by chemometric models. For instance, Tien and others applied
PCA for Raman spectra from MSSA and MRSA. MRSA cluster and MSSA cluster were segregated that
can be used to differentiate MRSA from MSSA [119]. A SERS-based PLSR model was used to accurately
determine the concentration of an MRSA strain in a mixture containing MSSA [54]. One recent study
applied a three level chemometric model based on PLSR in combination with linear discriminant
analysis (LDA) to extract those molecular changes and distinguish vancomycin-resistant and sensitive
Enterococci. In addition, antibiotic-induced spectral changes from ampicillin and ciprofloxacin were
monitored and statistically analyzed using PCA to understand the different working mechanisms of
these antibiotics [112].

5. Conclusions and Future Direction

Raman spectroscopy and SERS have been validated for their potential in bacterial detection,
typing, and characterization for almost three decades. Compared to the application of MALDI-TOF
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mass spectrometry for bacterial characterization, the use of Raman spectroscopy and SERS by industry
is still in its infancy. This is mainly due to the relatively poor spectral reproducibility by using
different types of the manufactured SERS substrates. As indicated in numerous review papers related
to SERS bacterial study, to develop a stable SERS-active substrate for consistent and global use
in a commercial manner is highly critical to promote this versatile technology to environmental,
agri-food and clinical applications. Another major challenge is the relatively high cost of the confocal
micro-Raman spectroscopic system. Although very little cost is required for purchasing consumables
and instrumental maintenance compared to MALDI-TOF mass spectrometry, industries are still
reluctant to purchase a bench-top Raman spectroscopic system. Therefore, a portable/handheld
Raman instrument might be more affordable even though the resolution of the collected SERS spectra is
relatively low. A more user-friendly software is also required for the convenient spectral interpretation
as well as chemometric analyses. Several vendors have developed their own software for spectral
processing and chemometrics, but a major doubt is how reliable such software for spectral analysis can
be. By only clicking each “black-box” in the software, the researchers may not fully understand how
each algorithm will affect the performance of the chemometric models. A standardized protocol for
SERS spectral analyses and chemometric analyses therefore is critical to achieve inter-laboratory
validation of the results for bacterial characterization, such as the characterization of bacterial
antibiotic resistance.

Albeit these aforementioned challenges and potential limitations, SERS is definitely a very
promising candidate for the determination of bacterial antibiotic resistance in a high-throughput,
multiplex, and ultrafast manner. We suggest that industries use SERS for the detection and
characterization of bacterial antibiotic resistance as an innovative fast screening alternative that can
couple with the conventional methods for a further confirmation. Along with the further advancement
in optical instrumentation and machine learning, the new version of the Raman spectroscopic system
will be more user-friendly and cost-effective. We also envision that SERS can be used to further
illustrate the modes of antibiotic and antimicrobial resistance of bacteria. This may contribute to
the design of more effective antimicrobial treatment. Although SERS itself can be regarded as the
core technology for an individual project, such as the detection of antibiotic resistance bacteria in a
clinical specimen, we also believe it can be integrated as part of a more complicated study to drive
very fundamental scientific research questions related to bacterial antibiotic resistance.
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