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Abstract: Surface-enhanced Raman scattering (SERS) has emerged as a powerful technique for detecting and
analyzing chemical and biological molecules at ultra-low concentrations. The effectiveness of SERS largely
depends on structures with sub-10 nm gaps, prompting the proposal of various nanostructures as efficient SERS-
active platforms. Among these, single-crystalline gold nanowires (AuNWs) are particularly promising due to
their large dielectric constants, well-defined geometries, atomically smooth surfaces, and surface plasmon
resonance across the visible spectrum, which produce strong SERS enhancements. This review comprehensively
explores the synthesis, functionalization, and application of Au NWs in SERS. We discuss various methods
for synthesizing AuNWs, including the vapor transport method, which influences their morphological and optical
properties. We also review practical applications in chemical and biosensing, showcasing the adaptability of
Au NWs-based SERS platforms in detecting a range of analytes, from environmental pollutants to biological
markers. The review concludes with a discussion on future perspectives that aim to enhance sensor performance
and broaden application domains, highlighting the potential of these sensors to revolutionize diagnostics and
environmental monitoring. This review underscores the transformative impact of AuNW-based SERS sensors
in analytical chemistry, environmental science, and biomedical diagnostics, paving the way for next-generation

sensing technologies.
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1. Introduction

Surface-enhanced Raman scattering (SERS) is a
powerful method, where the light scattering by molecule
is greatly enhanced when the molecules are adsorbed
onto photonic nanostructures.! Thus, more detail
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molecular and chemical information can be obtained
from chemical and biological molecules in solution
and/or at surfaces. Indeed, SERS is considered as a
powerful analytical technique with ultrasensitive and
fingerprint-diagnostic characteristics for molecule
detection in the fields of analytical chemistry,
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environmental science, and biomedical engineering.”

Due to its strong Raman signals enhancement at the
metallic nanostructure, SERS has been widely used
for the identification of chemical and biological species
at trace levels such as nM and pM.* The strong SERS
signal enhancement permits the ultrasensitive detection
of molecules even at the single molecule level.* The
remarkable SERS enhancement is mainly attributed
to SERS hot spots, where the electric field becomes
highly magnified when the incident light interacts
with the small nm gaps of plasmonic nanostructures.>®
The origin of SERS enhancement is described by
two mechanisms; electromagnetic and chemical effects.
The electromagnetic effect is based on the enhanced
electromagnetic field at or near laser-irradiated noble
metal particle surfaces as a result of localized surface
plasmon resonance (LSPR).” Most of normal SERS
enhancements are caused by the electromagnetic
enhancement.® On the other hand, the chemical effect
occurs from the specific interactions between analyte
molecules and the metal nanoparticles.” The chemical
enhancement results from resonant charge transfer
effects between a molecule, that is strongly chemically
adsorbed onto the surface and the metal itself leading
to 10%-10° fold of the enhancement.’

Both electromagnetic and chemical enhancements
strongly rely on the SERS substrate. The fabrication
of highly reproducible and reliable SERS substrates
is crucial for better understanding of SERS and its
applications in chemical and biological molecules
detection. The SERS substrates could be solid substrates
or colloidal NPs dispersed solution. Both substrates
have some merits. The colloidal NPs based substrates
have advantages due to their cost-effective synthesis and
the tailored optical properties by tuning particle size and
shape.2 On the other hand, solid substrates provides
highly reproducible SERS signal and possibility
for the large-scale production.

The SERS enhancement could be evaluated by the
enhancement factor (EF), which is dominated by the
gap-distance and surface density of hot spots.'
Generally, the EF is determined by the ratio of the
detected Raman signals under SERS and normal
conditions. The EF value is proportional to the fourth

power of the intensity of the local electromagnetic
field (|E|*), which results from both the incident and
emitted photons enhancement.'’ The EF is also depends
on both the SERS substrate and its fabrication method,
which is typically in the range between 10*-107,
although some SERS substrates exhibited high EFs
range as 10’-10"*.">!* Importantly, nanoscale roughened
surface is required for large SERS enhancements (high
EF value) in both mechanisms, where the analyte is
strongly adsorbed. Therefore, the selection of nanoscale
SERS-active platform is a crucial for effective SERS
enhancement. Various types of Au nanostructures
based SERS-active platforms are developed which
exhibit large SERS enhancement and are successfully
used for biomolecules and chemical detection.'>"'* The
detections of organic dye molecules and pesticides
are important as these molecules are widely used in
various industries and in the agriculture fields. These
toxic and health hazard chemical compounds could
easily enter into human body through the intake of
fish and agriculture products and can badly affect
human health. On the other hand, detection of biological
molecules has attracted increasing interest in clinical
diagnostics and biomedical applications. For example,
the detection of specific biological compounds as
biomarkers in the disease diagnosis and monitoring
is important and highly desirable. Thus, the SERS
detection of these chemical and biological compounds
need reproducible and stable SERS-active platform.
Among various SERS platforms, gold nanowires
(AuNWs) are superior to others because of their large
dielectric constant and surface plasmon resonance in
the entire visible range producing strong SERS
enhancement.”’ Therefor, the fabrication of such
AuNWs-based SERS-active platforms is greatly
desirable for developing SERS chemical/biosensors for
efficient chemical, biological and medical applications.
Since AuNWs based SERS-active platforms can
provide highly regular and reproducible SERS hot
spots for the high sensitive and selective detection of
an analyte of interest, thus, AUNWs are widely used in
SERS detection of chemical and biological com-
pounds.?'*" Recently, a single AUNW based dual mode
SERS/EC platforms has been reported for the sensitive
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and selective detection of severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2).! Jia et al. has
been developed a giant vesicles with tiny AuNWs-
based SERS platform for the detection of a dye
molecule, thodamine 6G (R6G).?A single AuNW-
based SERS nanosensor has been reported for the
detection of adenosine triphosphate (ATP).* A SERS
platform based on straight upward AuNWs grown
onto Fe;04@TiO, matrix has been reported for the
immunoassay detection of a colorectal and pancreatic
cancer biomarker, cancer antigen 19-9 (CA19-9).2*
Another SERS-platform based on one-dimensional
AuNWs supported silver aggregates for the immu-
noassay detection of a cancer biomarker prostate
specific antigen (PSA) has been reported.> The vertical
AuNWs-based SERS platform has been applied for
the detection of ocular bacterial pathogens, S. aureus,
E. coli, P. aeruginosa, and S. epidermidis 26 Another
interesting AuUNWs forests based SERS-immunoassay
kit for the detection of SARS-CoV-2 has been recently
reported.”’ Although, various AuNWs-based SERS
platforms have been recently widely used, however,
the single-crystalline AuNWs-based SERS platform is
more advantageous than conventional AuNWs due
to the more SERS enhancement. Kang et al. reported a
review on the synthesis of various single-crystalline
AuNWs those could be used as SERS active platform;
however, the sensing applications of those AuNWs
have not been discussed.?® Therefore, we summarize
and discuss the advantages and potentials of the
fabrications and applications of various single-crystalline
AuNWs based SERS-sensors and biosensors in this
review with two sections: (i) synthesis and fabrication
of Au NWs and (ii) applications of AuNWs-based
SERS platform in chemical and biosensing applica-
tions.

2. Synthesis and Fabrications
of Au NWs

The AuNWs can be synthesized generally using
nanotransfer printing and vapor transport methods,
and solution based methods.'®***" Since the final
products of AuNWs from solution based methods

Vol. 37, No. 4, 2024

showed relatively poor reproducibility of SERS signal
due to the irregular distribution of the Au nanostructures
during droplet evaporative self-assembly, the methods
are not prefer way to prepare AUNWs. Therefore, the
nanotransfer printing (nTP) and vapor transport methods
will be discussed in this section. The nTP in particular
solvent-assisted nTP (S-nTP) is a suitable method
for controlling the 3D nanostructures.”” The S-nTP
technique is based on the fabrication of a master mold,
the use of a polymer replica, metal deposition, and
solvent-assisted debonding. Although, the excellent
uniformity of Au NWs is a big advantages of nTP
method, this method has disadvantages such as (i)
complicated and composed of multi-steps fabrication
process and (ii) use of various reagents and materials.
On the other hand, the vapor transport (VT) method
is simple, straight forward, and easy to use. Therefore,
VT is widely employed for the synthesis of single-
crystalline AuNWs, %3138

Fig. 1(a) shows the schematic illustration of the
preparation of AuNWs using VT method. In this
method, Au precursor powder was put on an alumina
boat. The sapphire substrate was placed a few centi-
meters downstream from the alumina boat. The tem-
perature of the heating zone was brought to 1,100 °C
and the pressure was maintained at 1-5 Torr. Ar gas
flowed at a rate of 100 sccm was used to transport
the Au vapor. The AuNWs were grown on the substrate
and the synthesized AuNWs were single-crystalline
having atomistically flat facets with diameters of
100200 nm and length of up to tens of micrometers.
The crossed and parallel AuUNWs pairs were constructed
by first synthesizing AuNWs through VT method and
then transferring the AuNWs on a glass substrate
with a nanomanipulator.'®

A schematic illustration of the transferring process
of the prepared AuNWs with a nanomanipulator is
shown in Fig. 1(b). Similarly, a single Au nanowire
on an Au film (SNOF) was fabricated in which the
single-crystalline Au NWs were first synthesized by
using VT method and then incubated in analyte
solution and finally casted on an Au film.® The novel
single Au nanowire on graphene (SNOG) structure
was fabricated by firstly synthesizing Au NWs through
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Fig. 1. (a) A schematic illustration of Au NWs preparation by VT method, (b) the prepared Au NWs transfer by water and
nanomanipulator technique on various platforms for enhanced sensing, (c) a single Au NWs on a Au film (SNOF),
(d) crossed Au NWs, (e) a single Au NW on graphene platform, (f) a Au NWs-Au NPs structure, (g) a 3D-cross-point
nanostructure, and (h) free-standing Au NPs deposited Au NWs.

VT method on sapphire substrate and then transferred
onto a monolayer graphene-coated metal film by
using a simple attachment and detachment process.*
For decorating the AuNWs with AuNPs (AnNWs/
AuNPs), the nanogap-rich AuNWs were synthesized
using VT method and AuNPs were deposited onto
AuNWs by sputtering technique.’® Additionally,
AuNWs/AuNPs substrate was fabricated by firstly
synthesized Au NWs by VT method on c-sapphire
substrate and transferred onto a biotinylated Si substrate
by custom-built nanomanipulator followed by imme-
rsing in PBS solution of avidin for 3 h (AuNWs/Bio/
Avi).! The AuNWs/Bio/Avi were incubated in bioti-
nylated AuNPs solution for 3 h which formed AuNWs/
AuNPs substrate.’’ Schematic illustrations of the
fabrications of various structured AuNWs based SERS
platforms are shown in Fig. 1(c)-(h).

3. Applications of AuNWs Based
SERS Platform in Chemical Sensing

SERS is widely recognized as a powerful ultrasen-
sitive tool and AuNWs based SERS platforms have

been extensively employed in chemical sensing.
However, practical application of SERS based sensor
requires stable, reproducible, simple, and cheap fabri-
cation process. In this section, the various single-
crystalline AuNWs-based SERS chemicals sensor
will be summarized.

Yoon et al. introduced a novel SERS-active platform
based on SNOF for using as SERS chemical sensors
and biosensor® The chemical structures and the
corresponding SERS spectra for benzenethiol (BT),
brilliant cresyl blue (BCB), and thiolated 10-mer
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Fig. 2. Chemical structures and SERS spectra of BT, BCB,
and HS-A10 for the Au/Au SNOF system (blue) and
an Au NW on a Si substrate (green).® Copyright
2009 American Chemical Society.
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Fig. 3. (a) Schematic representation of the dsDNAs-modified single Au NWs on-chip sensor and (b) SERS spectra of cy5 at
1580 cm™! obtained from the (1) Hg?', (2) Ag’, and (3) Pb*" specific dsSDNAs-modified NW-on-chip-sensor.?> Reproduced
with permission from Ref. 26. Copyright 2012, Royal Society of Chemistry.

adenine single-stranded DNA (HS-A10) using the
Avu/Au SNOF system (blue) and an AuNW on a Si
substrate (green) are presented in Fig. 2. Single-
crystalline AuNWs were used for fabricating SNOF
platforms. The EF value of the platform was
determined as 5.9 x 10°. The authors claimed that
reproducible, stable and high sensitive SERS spectra
could be observed for BT, BCB, and HS-A10. The
other sensing parameters such as limit of detection
(LOD) or relative standard deviation (RSD), however,
were not presented.®

Jeong et al. reported the S-nTP method based AuNWs
with 2D and 3D nanostructures and used to detect
thodamine 6G (R6G) molecules at 10° to 107" M
concentration.”’ Average enhancement factor (AEF)
values were obtained from the monolayer 2D AuNWs
array and 3D AuNWs with vertically stacked up four
layers as 5.2 x 10° and 4.9 x 10*, respectively. This
high AEF of 3D AuNWs suggested that 3D AuNWs
exhibited ca. 11 times higher signal enhancement
than the 2D AuNWs array.”! The AuNWs/graphene
hybrid nanostructure based SERS platform also showed
11-fold higher signal enhancement than the 2D AuNWs
array without graphene.>! However, no reproducibility
data for the 2D and 3D AuNWs based SERS platforms
were reported, showing the S-nTP method of AuNWs
based SERS platform has limitations for practical
applications.”

Vol. 37, No. 4, 2024

Kang et al. developed single-crystalline AuNWs-
on-chip based SERS multiplex sensor for sensitive
detection of multiple toxic metal ions.* Fig. 3 shows
the schematic representation of the (i) Hg*" (i) Ag",
and (iii) Pb*" specific dsDNAs-modified NW-on-chip
sensor and SERS spectra of Cy5 at 1580 cm™" obtained
from the (i) Hg*" (ii) Ag", and (iii) Pb*" specific
dsDNAs-modified NW-on-chip sensor. The detachment
of the reporter from the AuNWs-on-chip substrate in
the present of metal ion resulted a decrease in the SERS
signal. Thus, simple, rapid, sensitive, and quantitative
detection of metal ions was possible by using the
reporter. The detections of three metal ions were
achieved through a single step using the reporter
elimination method. Fig. 3(a) and 3(b) shows the
schematic representation of the dsDNAs-modified
single Au NWs on-chip sensor and SERS spectra of
cy5 at 1580 cm™' obtained from the (1) Hg*, (2) Ag",
and (3) Pb**, respectively. The substrate successfully
detected Hg**, Ag", and Pb*" coexisting in the same
solution with LODs of 500 pM, 1 nM, and 50 nM,
respectively. Moreover, the AuNWs-on-chip sensors
exhibited excellent reproducibility, making it suitable
for real-time, onsite, and on-line detection of metal
ions.* Kim e al. developed an efficient SERS-active
platform based on a novel SNOG™* A single crystalline
AuNW was assembled on a monolayer graphene-
coated metal film. The SNOG substrate could
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Fig. 4. Schematic illustration of UO,*" detection by a plasmonic
nanowire (NW) interstice (PNI) sensor combined with
a DNAzyme-cleaved reaction”® The left panel shows
the SERS spectra measured from PNI sensors in the
absence of (blue spectrum) and the presence of 10 nM
UO,*" (red spectrum) and the right panel shows the
modification of a PNI sensor.

provide extremely reproducible and stable SERS
signals due to its continuous nanogap structure. The EF
of the SNOG platform was calculated to be 1.18 x 10°,
which was higher than that of AuNW on the Au film
(736 x 10°). This high EF of the SNOG platform
might be related to the synergistic effects of electro-
magnetic enhancement of single-crystalline AUNWs
and chemical enhancement of graphene. The RSD
was determined to be 6.17 %, indicating high
reproducibility of the SNOG platform.*®

Gwak el al. developed a plasmonic nanowire interstice
(PNI) sensor comprising a DNAzyme-cleaved reaction
for high sensitive uranyl ion (UO,>") detection in natural
water.*® Fig. 4 presents the schematic representation
of PNI sensors and corresponding SERS spectra for
UO,*" detection (left panel). The magnified modifi-
cation scheme of a PNI sensor with DNAzymes is
shown on the right of the SERS spectra (right panel).
The SERS detection was based on the UO,*" induces
the cleavage of DNAzymes to released strands, then,
Raman-active molecules and the PNI sensor capture
the released strands with reporter-active molecules,
giving strong SERS signal. The PNI sensor detected
a low level of UO,*" as low as 1 pM with a wide
dynamic range from 1 pM to 10 nM. Importantly, the
PNI sensors exhibited high selectivity towards other
metal ions (e.g., Cd**, Hg**, Pb**, Ca®*, Mg*, Zn*',
Cu*', Fe**, Co*', Ni?*, and Th*") at 10 nM.>®

4, Applications of Au NWs Based
SERS Platform in Biosensing

Sensitive, accurate, reproducible, and specific
detections of biomolecules or biomarkers are very
challenging and have utmost importance for clinical
and diagnostics purposes in biomedical applications.
Single-crstalline AuNWs-based SERS biosensors have
received intense attention and developed significantly
during last few decades. In this section, single-crystalline
AuNWs-based SERS biosensors for biomolecular
detections will be summarized.

A PNI sensor based on single-crystalline AuNWs
on Au film (AuNWs/Au) was developed for the
attomolar detection of biomarkers of prostate cancer,
miR141 and miR375 which are released from living
prostate cancer (PC) cells.’” This sensor showed a
magnificent ability to detect miRNAs with a wide
dynamic range (from 100 aM to 100 pM) and an
ultralow LOD as 100 aM. Moreover, single-base
mismatches were discriminated by this PNI sensor,
enabling the detection of extracellular miR141 and
miR375 in the living PC cell lines (LNCaP and
PC-3).>” Therefore, the PNI sensor could be used as
a strong diagnosis strategy to detect PC.

The Au particle-on-wire based SERS substrate
was applied as a DNA biosensor (Fig. 5).%' The
schematic illustrations of the Au particle-on-wire
based SERS substrate is shown in Fig. 5(a). Fig. 5(b)
and 5(c) show the modification scheme of the Au
particle-on-wire based SERS sensor and SERS spectra
from each of the four particle-on-wire system when
the sample included two kinds of target DNAs (E.
faecium and S. maltophilia). The EF of the sensor
was determined to be 2.6 x 10° by monitoring the
1580 cm™' band intensity of Cy5 as the concentration
of target DNAs changed. Additionally, linear dynamic
range and LOD were determined to be 107''-10° M
and 10 pM, respectively, corresponding to 300 amol
(300 x 107'® mole). To evaluate practical applicability,
the system was employed for pathogen diagnosis using
the target DNAs prepared by polymerase chain reaction
(PCR) amplification of the genomic DNAs extracted
from four reference pathogenic strains (Enferococcus
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Fig. 5. (a) Schematic representation for the patterned multiplex pathogen DNA detection using a particle-on-wire SERS sensor.”®
(b) modification of the Au particle-on-wire SERS sensors, (¢) SERS spectra from each of the four particle-on-wire
system when the sample included two kinds of target DNAs (E. faecium and S. maltophilia), (d) Bar graph representation
of the detection of only one kind of target DNA at 10~ M concentration, (e) and two, three, and four kinds of target
DNAs at concentrations of each 10 M). Copyright 2010 American Chemical Society.

faecium, Staphylococcus aureus, Stenotrophomonas
maltophilia, and Vibrio vulnificus). Fig. 5(d) and 5(e)
show the bar graph representation of the detection of
only one kind of target DNA at 10 M and multiple
kinds of target DNAs at 10 M each. The SERS PNI
biosensors successfully detected various DNAs indi-
vidually or unitedly at 100 nM, indicating the high
potentiality of the Au particle-on-wire sensor for
pathogen detections.”!
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Another AuNWs based PNI sensors for highly-
specific and high sensitive (at zeptomole) detection
of miRNAs was developed through bi-temperature
hybridizations method (Fig. 6).** Fig. 6(a) shows the
schematic representation of miRNA detection by
PNI sensors working with bi-temperature hybridization.
Fig. 6(b) and 6(c) show the SERS spectra of Cy5
measured from PNI sensors in the presence of perfectly
matched miRNA and of single base mismatched

207
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Fig. 6. (a) Schematic representation of miRNA detection by PNI sensors worked with bi-temperature hybridization method.”

(b) SERS spectra of Cy5 measured from PNI sensors in the presence of perfectly matched miRNA (miR206; blue spectrum)
and of single base mismatched miRNA (miR206 A; red spectrum), both in 100 pM concentrations, and (c) bar graph
representation of the 1580 cm ™' band intensities measured from each PNI sensor when the sample contains one, two,
three, and four kinds of target miRNAs 100 pM concentration each. Copyright 2014 Wiley-VCH Verlag GmbH & Co.

KGaA

miRNA and bar graph representation of the 1580 cm™
band intensities measured from each PNI sensor
when the sample contains multiple kinds of target
miRNAs, respectively. This method shows near-
perfect accuracy of single nucleotide polymorphism
(SNPs) and exhibits a wide dynamic range (100 aM—
100 pM) and an ultralow LOD of 100 aM (50
zeptomole) without any amplification/labeling steps
and chemical/enzymatic reactions. The multiplex
sensing capability of this sensor was examined by
detecting various miRNAs in the mixture of miRNA.
The sensor was also applied to investigate the
expression patterns of four miRNAs in human tissues
including skeletal muscle and heart tissues. The
resultant SERS signals show varying levels of miR206,
let-7a, and miR21 in the total RNA extracts from
human tissues with very low miR96 expression
indicating the present PNI sensor has outstanding
ability for multiplexed miRNA detection.** Using the

similar type of PNI sensor, an attomolar detection of
miR141 and miR375 released from living PC cells
was achieved.”” This PNI sensor also exhibited an
ultralow detection limit (100 aM) and a wide dynamic
range (100 aM to 100 pM) for all target miRNAs.
Additionally, the PNI sensor could discri-
perfectly the diverse single-base mismatches in the
miRNAs and successfully detected the extracellular
miR141 and miR375 released from living PC cell lines
(LNCaP and PC-3), proving the excellent diagnostic
ability of the sensor for PC.

In addition, a nanogap-rich AuNW SERS platform
has been reported for the detection of telomerase

minate

activity in various cancer cells and tissues.>® The
substrate was constructed by depositing AuNPs on
single-crystalline AuNWs, which provided highly
reproducible SERS spectra. The EF of nanogap-rich
AuNWs was determined to be 1.34 x 10*. The telomeric
substrate (TS) primer-attached nanogap-rich AuNWs
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successfully detected telomerase activity in various
cancer cell lines (gastric and breast cancer) with a LOD
of 0.2 cancer cells mL™" and RSD of 4.8 % with the
elongation of TS primers, folding into G-quadruplex
structures, and intercalation of methylene blue,* demon-
strating the excellent ability of the nanogap rich AUNW
sensor for diagnosing gastric and breast cancer tissues
accurately. The sensor could be applied for diagnosis
of gastric and breast cancer with more accuracy
compared to previously developed strategies.

5. Conclusions and Future
Perspective

In this review, we have discussed the development
of the AuNWs based SERS sensors for chemicals
and biological molecules. The important issues are to
make high SERS enhancement ability with high
reproducibility, inexpensive, and easy sensor fabrication.
Although the VP method is simple and easy to use,
the use of high temperature in the synthesis of AUNWs
is still relatively expensive, which need to minimize.
Most of the work described here showed very high
sensing ability in terms of EF value, but only few of
them discussed the systematic analytical detection of
analytes with specificity issue and real sample analysis.
The further development of the AuNWSs based SERS
sensors and biosensors must be followed to validate
and translate the current substrates to point-of-care
devices for improving the quality of our life in detection
of food contaminants, pollutants, biomolecules, and
pathogens detection. It is expected that the AuUNWs
based SERS sensor and biosensors will be one of
potential tools in routine environmental, food, medical,
biochemical, and biological analyses in future.
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