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ABSTRACT: Surface-enhanced Raman scattering  (SERS)  is  a  non-
invasive  spectroscopic  technique  that  provides  specific  chemical
fingerprint  information  for  biomarkers  in  cancer  and  pathogen
diagnosis.  However,  the  SERS  strategies  are  limited  by  the  non-
specific  interactions  between  substrates  and  co-existing  substances
in  biological  matrices  and  the  challenges  of  obtaining  molecular
fingerprint  information  from  the  complex  vibrational  spectrum.  In
recent  years,  the  rapid  development  of  novel  substrates  with  high
SERS activity has opened up new opportunities for their applications
in  cancer  and  pathogen  diagnosis.  The  aim  of  this  review  is  to
present  the  recent  progress  and  perspectives  of  novel  SERS-based
substrates for cancer and pathogen diagnostic applications. First, we
will  introduce  recently  developed  SERS-active  nanomaterials  and
discuss  the  influencing  factors  of  the  SERS  signals.  Second,  the
advantages of SERS in the diagnosis of cancer and pathogens will be
given.  Third,  we  will  review  the  latest  breakthroughs  in  cancer  and
pathogen  detection  research  with  SERS  technology,  as  well  as  the
new  opportunities  for  SERS  applications  brought  about  by  artificial
intelligence (AI) technology. In addition, the novel microfluidic-SERS platforms for cancer and pathogens diagnosis will also
be discussed. Finally,  we will  summarize the challenges and future perspectives of SERS technology in the field of early
cancer  diagnosis  and  rapid  pathogen  detection.  It  is  highly  expected  that  this  review  could  benefit  a  comprehensive
understanding  of  the  research  status  of  the  SERS-active  nanomaterials  and  arouse  the  research  enthusiasm  for  them,
leading to accelerated clinical translation of SERS technology in cancer and pathogen diagnosis.

KEYWORDS: surface-enhanced Raman scattering (SERS), SERS-active nanomaterials, cancer and pathogen diagnosis,
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1    Introduction
Rapid  diagnosis  of  diseases,  including  cancer  and  pathogens,

presents  a  significant  challenge  for  healthcare  systems  worldwide
[1].  Early  and  accurate  diagnosis  of  the  disease  is  crucial  for
precision  treatment  and  improved  patient  survival.  However,  very
low concentrations of target biomarkers are frequently encountered
in  early  cancer  stages  [2, 3].  Pathogens  can be  cultured in  vitro to
obtain  sufficient  cells,  which  improve  the  detection  sensitivity.
However,  such  complex  procedures  are  prone  to  lengthy
turnaround  times  for  results  [4−6].  Furthermore,  diagnosing
diseases  is  hindered  by  the  inherent  complexity  of  biological
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samples  [7−9].  Therefore,  the  detection  of  these  target  molecules
requires  more  sensitive  and  precise  techniques  to  ensure  reliable
diagnosis and monitoring.

Surface-enhanced  Raman  scattering  (SERS)  spectroscopy  is  a
powerful  vibrational  spectroscopy  technique  that  amplifies  Raman
scattering signals from target molecules by adsorbing them onto the
surface  of  SERS-active  nanomaterials.  By  designing  the  SERS
substrate  in  a  rational  manner,  the  enhancement  factor  (EF)  can
reach up to 1 × 1010–1 × 1014 [10]. This provides excellent sensitivity
and  an  ultra-low  limit  of  detection  for  the  detection  of  target
molecules  at  low  concentrations.  SERS  has  grown  rapidly  from
theory to application since its discovery 50 years ago [11]. Due to its
unique advantages, such as rapid and non-invasive detection, ultra-
high sensitivity, and negligible photobleaching properties, SERS has
gained  popularity  for  the  detection  of  biomarkers  in  cancer  and
pathogen diagnostics [12−16].  In fact,  cancer and pathogenic cells,
as  well  as  their  related  biomarkers,  are  primarily  composed  of
proteins  or  other  organic  molecules  that  possess  intrinsic  Raman
signals, enabling direct detection and target identification based on
the  unique “fingerprint” information  of  their  compositions.  More
importantly, the high sensitivity and fast detect feature provided by
SERS  are  sufficient  for  diagnosing  diseases  even  at  a  signal
molecular level [17−19].

The  sensitivity  and  reliability  of  SERS  detection  is  highly
dependent  on  the  nature  of  the  SERS  substrate,  including  its
composition,  size,  shape,  structure,  local  environment,  surface
chemistry,  and  interaction  with  the  target  molecules.  Therefore,
designing,  exploring,  and  constructing  effective  SERS  substrates  is
the foundation and is with the utmost priority for the development
and application of SERS technology. Generally, there are two types
of  SERS  enhancement  mechanisms:  electromagnetic  mechanism
(EM) and chemical mechanism (CM). The EM contributes to SERS
by  strong  Localized  surface  plasmon  resonance  (LSPR)  is  on  the
order of 1 × 104–1 × 1010, while the CM induced by charge transfer
(CT)  resonance  contributes  to  SERS  approximately  10–1000  [20,
21].  In  recent  decades,  SERS  substrates  have  expanded  from
plasmonic  metal  nanomaterials  to  semiconductor  nanomaterials
and metal/semiconductor nanocomposites to achieve efficient SERS
enhancement,  improve detection sensitivity,  and expand the range
of  their  applications.  Correspondingly,  the  SERS  enhancement
mechanism has  also  evolved from EM or  CM alone to  synergistic
enhancement  mechanism  [22−25].  SERS  technology  holds  great
promise  for  the  rapid  and  reliable  diagnosis  of  cancer  and
pathogens through the efficient construction of SERS substrates.

The  main  advantage  of  SERS  in  the  diagnosis  of  cancer  and
pathogens is that it allows direct and rapid detection of biomarkers
by  the  specific  Raman  fingerprint  of  organisms  [26−28].  Rich
spectrum  information  provided  by  SERS  enables  further  in-depth
study of related disease at the molecular level [29, 30]. However, this
label-free  detection  method  faces  challenges  in  the  analysis  and
interpretation  of  spectral  data  when  interfered  by  complicated
biological  matrices  [31, 32].  One  solution  is  performing  indirect
detection  with  SERS  tags,  which  typically  are  composed  of  SERS
active  nanomaterials  encapsulated  with  Raman reporter  molecules
that  give  strong  and  distinct  Raman  signals  [33−35].  Further
combined  with  specific  recognition  molecules,  SERS  tags  can  be
highly  selective  for  disease  diagnosis  even  in  complex  matrices.
Besides  indirect  detection  strategies,  the  rapid  development  of  the
artificial  intelligence  (AI)  technology  has  brought  important
opportunities for SERS. By employing machine learning algorithms
(MLAs),  large  amounts  of  SERS  spectral  data  can  be  used  for

automatic classification, pattern recognition, and feature extraction,
leading to more accurate sample identification and detection.  This
approach  provides  a  more  efficient  and  intelligent  method for  the
research and application of label-free SERS detection [36, 37].

This  review  gives  a  comprehensive  discussion  on  the  latest
advances and prospects of SERS for cancer and pathogens detection
(Fig.  1).  We attempt  to  highlight  diverse  strategies  to  improve  the
SERS performance,  hoping to provide readers with a reference for
constructing  a  powerful  SERS  detection  platform.  Firstly,  we  will
introduce  the  design  and  development  of  SERS-active
nanomaterials,  ranging  from  plasmonic  metal  nanomaterials,
semiconductor nanomaterials, to the nanocomposites composed by
them,  and  discuss  the  factors  that  influence  their  SERS  activity.
Secondly,  we  will  present  the  advantages  of  SERS  in  diagnosing
cancers  and  pathogens.  Thirdly,  we  will  review  recent
breakthroughs  in  cancer  and  pathogen  detection  research  using
SERS  technology,  as  well  as  the  new  opportunities  that  AI
technology  offers  for  SERS  applications.  In  addition,  the  novel
microfluidic-SERS  platforms  with  better  reproducibility  for  cancer
and pathogens  diagnosis  in  real  samples  will  be  discussed.  Finally,
we  will  summarize  the  challenges  and  future  prospects  of  SERS
technology in the field of early cancer diagnosis and rapid pathogen
detection. 

2    SERS-active nanomaterials
Research  on  SERS  technology  has  progressed  rapidly  since  the
SERS phenomenon was first observed in 1974 [38]. From then on,
SERS  substrates  for  Raman  signal  enhancement  have  been  widely
explored.  Initially,  precious  metal  nanomaterials  like  Au,  Ag,  and
Cu  were  chosen  as  SERS  substrates  due  to  their  unique  physical
properties,  i.e.,  the  negative  real  dielectric  function  and  small
positive  imaginary  dielectric  function,  that  result  in  strong  LSPR
[16, 39].  With  the  continuous  and  rapid  development  of
nanotechnology,  SERS-active  nanomaterials  are  no  longer  limited
to  plasmonic  metal  nanomaterials.  Semiconductor  nanomaterials
and metal/semiconductor nanocomposites have also been proposed
by researchers as efficient SERS substrates. This section will discuss
the recent research progress on these three types of commonly used
SERS substrates (Table 1). 

2.1    Plasmonic metal nanomaterials
The  SERS  effect  on  plasmonic  metal  nanomaterials  is  primarily
attributed to the EM, which refers to the enhancement of the local
electromagnetic  field  induced  by  plasmonic  resonance  excitation
[20, 40−43]. When the incident light interacts with plasmonic metal
nanostructures,  conducting  electrons  within  the  plasma  metal
nanomaterials  can  be  driven  to  generate  collective  oscillations,
resulting in local electromagnetic field enhancement. When Raman
scattering occurs within this local enhanced electromagnetic field, it
leads  to  a  significant  enhancement  of  the  Raman  signal  of  the
molecules  (Fig.  2(a))  [44].  A  variety  of  plasmonic  metal
nanomaterials  have  been investigated  as  SERS substrates  based on
their ability to concentrate electromagnetic fields within a nanoscale
range.  Among  them,  Au,  Ag,  and  Cu  are  commonly  used  SERS
substrates  for  the  enhancement  of  Raman  signals  from  biological
sources.  Au has  outstanding chemical  stability  and low biotoxicity
[33]. Although not as stable as Au, Ag has a lower imaginary part of
the  dielectric  function  in  the  visible  and  near-infrared  regions,
which  makes  Ag  more  likely  to  acquire  a  stronger  local
electromagnetic  field  and  higher  SERS  enhancement  [45].  Cu  is  a
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superior  alternative  to  Au  and  Ag  for  use  in  SERS-active
nanomaterials  due  to  its  cost-effectiveness  and abundance  [46].  In
addition to Au, Ag, and Cu nanostructures, other metals such as Al,
Pt, Fe, Co, Ni, Ru, Rh, and Pd have also been synthesized for SERS

substrates. Al nanostructures also have considerable EF values up to
1  ×  104–1  ×  106 compared  to  Ag,  Au,  and  Cu  nanostructures
[47−49].  It  is  regrettable that Al is  only suitable for applications in
the ultraviolet (UV) region. Besides this, the availability of Al is also

 

Figure 1    Schematic illustration of SERS strategies for cancer and pathogens diagnosis.
 

Table 1    Summary  of  several  representative  SERS-active  nanomaterials  and  the  corresponding  SERS enhancement  mechanisms  as  well  as  strategies  to  enhance  the
SERS activity

Type of
nanostructure

Enhancement
mechanisms

Strategies to improve
SERS activity

Representative
materials Reporter EF Advantage Potential

weaknesses Ref.

Plasmonic
metal EM

Size effect 150 nm Ag
nanospheres Py ~ 1 × 108

Excellent SERS
sensitivity Fabrication cost

[51]

Shape effect Ag nanocubes CV ~ 3.1 × 105 [53]
Constituent effect Au/Ag nanostar TFMBA 1.49 × 106 [63]
Aggregation effect AgFON Rh6G 4.3 × 106 [81]

Semiconductor CM

Defect engineering α-MoO3-x
nanobelts Rh6G 1.8 × 107

Selectivity; high
stability; good

biocompatibility; low
cost-effectiveness

SERS sensitivity

[98]

Elemental doping Ga-doped ZnO MPy 6.66 × 104 [105]

Interface engineering CuO/TiO2 p-n
heterojunction 4-MBA 8.87 × 106 [109]

Phase transition
engineering

TaSe2 with a
mixed structure

of 2H to 1T
(4:1) phase

Rh6G 1.5 × 105 [115]

Metal/
semiconductor EM and CM

The optimization of
each component in

nanocomposites
2D Au/PdSe2 Rh6G 4.5 × 105

Improved SERS activity;
good reproducibility;

high stability; selectivity

Controllable
construction;
mechanism
elucidation

[123]

Take advantage of the
inherent properties of

each component in
nanocomposites

Magnetic Fe3O4-
Au Rh6G 1.4 × 108 [131]
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limited  due  to  surface  oxidation  and  stability  issues.  While  other
transition metals such as Pt, Fe, Co, Ni, Ru, Rh, and Pd may not be
as  attractive  as  conventional  SERS  substrates  due  to  their  weaker
SERS  effect,  nanostructures  of  these  metals  have  shown  the
potential  to  provide  sufficient  enhancement  for  particular
applications.  Previous  research  has  shown  that  SPR  decides  the
huge  enhancement  of  Raman  signals  in  SERS.  Therefore,  precise
control  of  the  properties  of  the  plasmonic  metal  SERS  substrate,

such as sizes, shapes, constituents, and arrangements, which directly
affect  the  intensity  and  position  of  SPR,  is  essential  for  achieving
efficient SERS activity [50].
 

2.1.1    Size effect

Au and Ag nanospheres are widely used as SERS substrates due to
their  fabrication  flexibility.  The  plasma  resonance  effect  of  these
isotropic  nanospheres  in  a  given  dielectric  environment  depends

 

Figure 2    The  SERS  effect  on  plasmonic  metal  monomer.  (a)  Electromagnetic  EM  of  plasmonic  NPs.  Reproduced  with  permission  from  Ref.  [44],  ©  Macmillan
Publishers Limited 2016. (b) UV–Visible absorption spectra of Ag NPs with different sizes (inset: illustration of Ag nanospheres with increasing sizes). Raman spectra of
Rh6G on Ag NPs with different  sizes  under different  lasers:  532,  633,  and 785 nm. Reproduced with permission from Ref.  [51],  © John Wiley & Sons,  Lnd 2016.  (c)
Illustration of Au NRs with different aspect ratios. The extinction spectra of Au NRs with different aspect ratios (AR 2, pink; AR 2.5, purple; AR 2.75, blue; AR 3, green;
AR 3.5, brown; and AR 4.5, orange) and the corresponding SERS spectra of methylene blue under different laser excitation. Reproduced with permission from Ref. [52], ©
American Chemical Society 2013. (d) UV–Visible extinction spectra of the AuxAg10−x NPs. From top to bottom: Ag, Au1Ag9,  Au5Ag5,  Au7Ag3,  Au9Ag1,  and Au (inset:
models used in the DFT calculations of Au, Au-Ag, and Ag). Dependence of the SERS signal on the molar ratio of Ag to Au. Reproduced with permission from Ref. [55],
© The Royal Society of Chemistry 2013.
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mainly on their sizes. Au and Ag nanospheres with a diameter of a
few  tens  of  nanometers  in  aqueous  solution  show  an  extinction
band  in  the  green  and  blue  region,  respectively,  ascribing  to  their
dipole plasmon resonance. As the particle size increases, the dipole
plasmon  resonance  red-shifts  and  broadens,  while  higher-order
multipole  plasmon  resonances  are  excited  at  shorter  wavelengths.
By optimizing the dimensions of Au and Ag nanospheres at a given
laser  wavelength,  a  higher  electromagnetic  enhancement  can  be
achieved.  For  example,  Tian  et  al.  fabricated  quasi-spherical  Ag
nanospheres  with  sizes  ranging  from  50  to  300  nm  using  a  seed-
mediated method [51]. The most remarkable SERS enhancement to
Rh6G  was  observed  from  Ag  nanospheres  with  a  size  of  150  nm
when excited by a 532 nm laser. The maximum enhancement was
observed from Ag nanospheres with a size of 175 and 225 nm when
excited by a 633 and 785 nm laser, respectively (Fig. 2(b)). Note that
the plasmon coupling effect of the surrounding precious metal NPs
under  SERS  detection  conditions  can  lead  to  a  red-shift  of  the
dipole, quadrupole, and higher-order modes in absorption band. 

2.1.2    Shape effect

Compared  to  isotropic  spherical  NPs,  anisotropic  Au  and  Ag
nanoparticles  offer  distinct  advantages.  Their  higher  curvature
regions  allow  for  greater  tunability  of  plasmon  resonance  and
higher  EM  enhancement.  For  example,  by  controlling  the  aspect
ratio of Au and Ag nanorods (NRs), their plasmon resonance peaks
can  be  finely  tailored  from  the  visible  to  the  near-infrared  range.
Murphy  et  al.  investigated  the  dependence  of  the  plasmon
resonance  frequency  of  Au  NRs  on  the  aspect  ratio  [52].  They
found  that  these  NRs  produced  longitudinal  surface  plasmon
resonances  in  the  wavelength  range  of  600–800  nm  and  could
generate  intense  electric  fields  at  the  tips  of  the  NRs.  They  also
discovered that  the optimal  SERS sensing could be achieved using
Au  NRs  with  a  lower  aspect  ratio  (Fig.  2(c)).  Similarly,  other
anisotropic  Au  and  Ag  NPs,  such  as  nanocubes,  nanostars,  and
nanoflowers,  also  exhibited  shape-dependent  plasmon  resonances.
The  numerous  sharp  tips,  edges,  and  gaps  on  their  surfaces  can
generate  a  significant  number  of “hot  spots” that  dramatically
enhance  local  electromagnetic  fields.  For  example,  Ma  et  al.
prepared  Ag  nanocubes  with  abundant “hot  spots” by  the  polyol
method  and  found  that  the  SERS  enhancement  effect  of  crystal
violet (CV) was significantly higher on these Ag nanocubes than on
Ag  nanospheres  [53].  Liz-Marzán  et  al.  found  that  Au  nanostars
can provide superior SERS enhancement by adjusting the core size,
tip  length,  and  sharpness  [54].  Furthermore,  anisotropically
structured NPs have higher surface-to-volume ratios than spherical
NPs. This promotes higher attachment densities of Raman reporter
molecules,  amplifying  the  SERS  signals  along  with  the  individual
tips of the nanostructures. 

2.1.3    Constituent effect

By regulating the constituents of the plasmonic metal nanoparticles,
the electronic structure, dielectric function, and spatial arrangement
pattern  of  plasmonic  metal  nanomaterials  can  be  significantly
altered,  resulting  in  superior  chemical  and  physical  properties
compared to single-component nanomaterials.  For example,  Brolo
et al. demonstrated that the SERS performance of Au-Ag bimetallic
alloy  NPs  is  superior  to  that  of  pure  Au  or  Ag  [55].  The  charge
donation  from  Ag  to  Au  atoms  allows  target  molecule  to  bind
selectively to different metal regions on the surface of the of the Au-
Ag bimetallic alloy (Fig. 2(d)). The preferential bonding caused the

positively  charged  probe  molecules  oxazine  720  (Oxa)  and  Nile
Blue  A  (NBA)  to  show  the  strongest  SERS  signals  on  the  Au-Ag
bimetallic  alloy  NPs  with  higher  Au  content,  whereas  the  4-
hydroxythiophenol  (HTP)  and  thiophenol  (TP)  probe  molecules
showed the highest SERS signals on the Au-Ag bimetallic alloy NPs
with the largest Ag content. Furthermore, by combining constituent
modulation  with  precise  manipulation  of  structure,  distribution,
and shape, it  is possible to achieve broader tunable SPR properties
and optimized SERS activity on plasmonic metal nanoparticles. As
shown by Verbrggen et  al.,  the spectral  shifts  of  Au-Ag alloys  and
Au@Ag core-shell  nanostructures were considerably different [56].
Specifically, the spectral red-shift of Au-Ag alloy NPs from pure Ag
to Au was proportional to the amount of Au, whereas the spectral
shift  of  Au@Ag  core-shell  NPs  was  not  gradual  and  the  LSPR
wavelength of Au@Ag core-shell  NPs was larger than that of alloy
NPs  with  the  same  overall  composition.  Furthermore,  Cui  et  al.
discovered  that  the  SERS  activity  of  core-shell  Ag100-xAux NPs  for
thiophenol and p-aminothiophenol was significantly influenced by
the  molar  ratio  of  Ag  to  Au  [29].  As  the  Au  molar  fraction
increased, the SERS activity was enhanced first and then weakened.
The  maximum  Raman  signal  intensity  was  observed  at  x  =  18,
which was 10 times higher than that of Ag colloid. This was due to
the  presence  of  some  pinholes  on  the  surface  of  the  core-shell
Ag100-xAux NPs,  which acted as a  hot spot for the enhancement of
the  electromagnetic  fields.  To  further  optimize  the  core-shell
sensors,  Liang  et  al.  corrected  the  signal  fluctuations  between
samples  and  measurement  conditions  by  embedding  an  internal
reference  in  the  core-shell  metal  NPs.  The  prepared
Au@DTNB@Ag  core-shell  NPs,  where  DTNB  acts  as  a  Raman
standard, can effectively correct the SERS signals and thus improve
the repeatability and accuracy of SERS sensors [57]. The poor SERS
enhancement  by  other  metals  (e.g.,  Pt,  Pd,  and  Ni)  and  the  weak
interactions  between  typical  noble  metal  SERS  substrates  and
analytes  like  oxygen  result  in  a  limited  SERS  sensitivity.  To  tackle
these  issues,  Weaver  et  al.  adopted  a  SERS-borrowing  strategy  in
which the inactive metal shell can “borrow” the SERS activity of Au
or Ag core, ultimately leading to improved SERS performance [58,
59].  Yang  et  al.  further  extended  this  strategy  to  transition  metal
surfaces  by  constructing  core-shell  NPs  [60].  Recently,  Zhu  et  al.
fabricated  Au@Pt  core-shell  NPs  to  directly  detect  and
simultaneously  identify  multiple  mitochondrial  ROS in  living  cells
using  spectroscopy  [61].  The  Raman  signals  of  multiple  ROS
adsorbed  on  the  Pt  surface  were  illuminated  by  the  SERS
enhancement  borrowed  from  the  Au  core.  Li  et  al.  extended  this
strategy to the Au@PtNi nanostructure and effectively observed the
catalytic  process  with  SERS in  situ [62].  Besides,  combining
constituent  modulation  with  shape  management  has  also  been
shown to further enhance SERS activity.  For example,  Wang et  al.
prepared Au-Ag NRs, nanoshells, nanoflowers, and nanostars by a
one-pot  strategy  and  found  that  by  changing  the  shape  of  the
plasmonic  metal  nanostructures,  the  peak  position of  the  LSPR in
the range of 551–693 nm could be modulated [63]. Further studies
showed  that  Au-Ag  nanostars  exhibited  the  highest  SERS  activity
and could be applied for DNA mutation detection. 

2.1.4    Aggregation effect

To  achieve  more  effective  SERS  enhancement,  plasmonic  metal
nanoparticle  aggregates,  and  assemblies  are  increasingly  employed
for SERS detection, as they can provide the necessary conjunctions
and gaps as the “hot spots” regions [64−66]. For instance, Schatz et

Nano Research | Vol. 18, No. 2 Wu et al.

94907096 (5 of 25) Nano Research, 2025, 18, 94907096

https://www.sciopen.com/article/10.26599/NR.2025.94907096
https://www.sciopen.com/article/10.26599/NR.2025.94907096
https://www.sciopen.com/article/10.26599/NR.2025.94907096
https://www.sciopen.com/article/10.26599/NR.2025.94907096
https://www.sciopen.com/article/10.26599/NR.2025.94907096
https://www.sciopen.com/article/10.26599/NR.2025.94907096
https://www.sciopen.com/article/10.26599/NR.2025.94907096
https://www.sciopen.com/article/10.26599/NR.2025.94907096


al.  conducted  computational  simulations  to  investigate  the  LSPR
characteristics of both spherical and triangular Ag dimers [67]. The
results  indicate  that  Ag  dimers  exhibit  a  stronger  local
electromagnetic  field  enhancement  compared  to  the  sharp  tips  on
the  surface  of  NPs.  Zheng  et  al.  synthesized  a  mixed  Au  NPs
(GMDT) of Au monomers (GM), Au dimers (GD), and Au trimers
(GT)  by  adding  sodium  chloride  in  the  liquid  phase  [68].
Compared  with  GM  solution,  it  was  found  that  a  red-shift  of  the
LSPR peak can be  observed in  the  extinction spectrum of  GMDT
solution.  Additionally,  the  GMDT  showed  a  stronger  SERS
enhancement  than  the  GM  (Fig.  3(a)).  The  simulation  results
indicated that the largest enhancement of the local electromagnetic
field  is  concentrated  in  the  gap  between  GD  and  GT  with  an
excitation wavelength of 632.8 nm. Van Duyne et al. engineered the
aggregation  of  Au  and  Ag  NPs  by  adding  inorganic  salts  as
aggregating agents in the liquid phase to form effective “hot spots”

for SERS, resulting in extremely high SERS enhancement and even
single-molecule  level  sensitivity  [69].  Xie  et  al.  prepared  Pd
nanocubes  dimers  with  an  ideal  face-to-face  configuration,
connected  by  biphenyl-4,4’-dithiol  (BPDT)  with  a  gap  distance  of
about  0.8  nm  between  the  two  cubes  [70].  The  highest  EFs  were
found at the corners of this interstitial gap, with values of the EFs as
high  as  2.8  ×  104.  By  combining  DNA  origami  technology  with
spherical  Au  or  Ag  NPs,  SERS-active  DNA  origami-based  dimers
were fabricated with nanometer precision gaps [71].  Subsequently,
the  SERS  performance  of  dimers  was  investigated  in  detail,
providing SERS signal EFs of up to 1 × 1011.

Considering  that  the  final  aggregation  state  of  NP  aggregates  is
highly  dependent  on  the  experimental  conditions,  they  generally
show  poor  performance  in  terms  of  repeatability  and
reproducibility.  In  this  case,  self-assembly  processes  can  regulate
dispersed  colloidal  systems  into  well-organized  structures  or

 

Figure 3    The aggregated plasmonic metal nanomaterials as SERS substrates. (a) The absorption spectra of the GM and GMDT (insets: the scanning electron microscopy
(SEM) images of  GM, GD, and GT);  SERS spectra excited with 632.8 nm from Rh6G, GM, and GMDT; Images of  the simulated distributions of  |E|2 were plotted in
logarithmic scale with 632.8 nm excitation for GM, GD, GT and GMDT. Reproduced with permission from Ref. [68], © American Institute of Physics 2013. (b) Top and
side views of SEM images for Au NPs with narrow nanogaps; Raman mapping images were measured by monitoring the Raman peak intensity variation at 1589 cm−1 of
the Cy3 attached to the DNA terminal for 1 nM Cy3-DNA; RSD for the Raman peak intensities at 1589 cm−1 was determined as 6.44%. Reproduced with permission from
Ref. [73], © American Chemical Society 2023. (c) Schematic illustration of Au CFN as SERS substrates; Raman spectra of 4-NTP at different concentrations absorbed on
Au CFN; SERS mapping images of Au CFN at a wavenumber of 1340 cm−1 and the calculated RSD. Reproduced with permission from Ref. [76], © American Chemical
Society 2023.
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patterns  without  additional  guidance.  It  is  possible  to  precisely
control  the  self-assembly  of  individual  components  in  solution  by
modulating the functionality and affinity between NPs and solvent.
For  example,  Galantini  et  al.  exploited  an  approach  in  which
specifically  designed  chiral  co-surfactants  are  used  to  selectively
deprotect the tips of Au NRs, thereby promoting selective tip-to-tip
self-assembly  of  Au  NRs  [72].  It  was  further  found  that  the
assembled  Au  NRs  exhibited  a  significantly  higher  number  of
optical  hotspots  than  those  assembled  by  the  introduction  of  a
conventional  head-tail  surfactant  (sodium  dodecyl  sulphate  (SDS)
and bile salts (BS)). Choo et al. prepared an assembled layer of Au
NPs with narrow nanogaps at the water-butanol interface by simple
butanol dehydration (Fig.  3(b)).  This innovative approach resulted
in a highly sensitive, homogeneous and reproducible plasma SERS
substrate with a relative standard deviation (RSD) of 6.44%. Further
studies revealed that  this  SERS substrate can be used for the rapid
detection  of  severe  acute  respiratory  syndrome  coronavirus  2
(SARS-CoV-2), with an extremely low limit of detection (LOD) of
3.1 × 10−15 M [73].  Self-assembly process via capillary forces is also
one  of  the  common  strategies  for  fabricating  close-packed
plasmonic  metal  nanoparticle  arrays.  Lu  et  al.  were  the  first  to
assemble Au trisoctahedra (TOH) with multiple tips in the capillary
cube  by  electrostatic  adsorption  [74].  By  systematically  optimizing
the size, density, and immersion time of the Au TOH on the glass
surface, high activity (EF ~ 106) and good uniformity (RSD < 5%) of
the  prepared capillary-assisted substrate  was  obtained.  Wang et  al.
embedded  4-MBA  molecule  as  an  internal  reference  in  Au@Ag
core-shell  NRs  [75].  The  nanocomposites  were  further  self-
assembled  by  capillary  force,  and  the  obtained  SERS  substrate
possessed richer SERS “hot spots”, which reduced the RSD (RSD <
9.74%)  and  improved  the  detection  sensitivity.  However,  the
capillary  force-driven  self-assembly  strategy  suffers  from  a  major
disadvantage  in  that  it  is  highly  size-dependent  and  unable  to  be
adapted to larger-sized NPs.

In  addition  to  the  self-assembly  strategy,  several  techniques,
including  lithography  and  template,  have  also  been  developed  to
prepare a  large number of  uniform SERS substrates  with excellent
detection  sensitivity,  high  stability  and  good  reproducibility.
Photolithography  methods,  including  electron-beam  lithography
(EBL),  optical  lithography,  and  colloidal  lithography,  allows  for  a
wide  choice  of  geometries,  delicate  features,  excellent  signal
reproducibility,  and  large-scale  uniformity,  giving  this  approach  a
special position in the development of SERS active substrates. Xiong
et  al.  fabricated  layered  Au  CFN  (cap  and  film  nanostructure)  by
means of a controllable electron beam lithography [76].  Benefiting
from the remarkable electromagnetic field enhancement caused by
the efficient LSPR-surface plasmon polariton (SPP) coupling at the
structural  junction  of  the  Au  cap  and  the  Au  film  nanostructure,
this SERS substrate obtains an EFs of 2.8 × 106 and a low LOD of
10−13 M  employing  4-nitrothiophenol  (4-NTP)  as  the  probe
molecule  (Fig.  3(c)).  Recently,  Lu  et  al.  used  photolithography  to
produce  patterned  templates  in  which  the  assembly  of  Ag
nanocubes  was  confined  to  each  individual  point  of  the  pattern
[77].  As a  result,  SERS substrates  with high sensitivity  (2.06 × 10−7

M) and high repeatability (RSD ~ 6.91%) were achieved. However,
this strategy also has inherent disadvantages as it is time-consuming
and  expensive  to  implement.  The  templating  approach  typically
uses  closely  packed  polystyrene  or  silica  nanospheres  as  templates
[78−80].  Au  or  Ag  is  then  formed  by  evaporation  or  sputtering
onto  the  surface  of  the  templates  to  form  metal-film-over-
nanosphere  (MFON)  substrates.  The  high  SERS  performance  can

be  significantly  improved  by  optimizing  the  size  of  the  template
sphere. According to Chiang et al., the optimal SERS signal with an
EF  of  4.3  ×  106 was  achieved  using  the  AgFON  substrate,  drop-
coated with polystyrene nanospheres of approximately 1000 nm in
diameter,  for  a  range  of  nanosphere  sizes  from  430  to  1500  nm
diameters  [81].  This  was  observed  when  the  wavelength  of  the
incident light was 532 nm. 

2.2    Semiconductor nanomaterials
The  study  of  the  semiconductor  nanomaterials  with  SERS  activity
dates  back to the 1980s [38, 82].  Initially,  researchers  believed that
semiconductor  nanomaterials  with  SERS  activity  were  limited  to
metal  oxides,  silver  halides,  and  single-element  inorganic
nanomaterials  such  as  Si  and  Ge  [83].  After  almost  ten  years  of
development, SERS has been successfully demonstrated on various
semiconductor  nanomaterials  [84−87].  In  addition  to  inorganic
semiconductors, organic semiconductors have also been reported to
serve  as  SERS  substrates.  For  example,  the  nanostructured  1,10-
(benzo[b]benzo[4,5]thieno[2,3-d]thiophene-2,7-diyl)bis(octan-1-
one) (D(C7CO)-BTBT) film exhibited excellent SERS performance
due to their lower LUMO orbitals, dipolar C=O···C=O interactions
with  target  molecules,  hydrogen  bonds,  and  strong  π-interactions
that  achieve  an  effective  CT  resonance  [85].  Additionally,  the  EF
values  of  these  semiconductor  nanomaterials  have  been  increased
from less  than  1  ×  103 to  levels  equivalent  to  those  of  Au and  Ag
nanostructures  [88−90].  Furthermore,  semiconductor
nanomaterials  with  SERS  activity  offer  several  advantages  over
plasmonic  metal  SERS  substrates,  including  low  cost,  simple
preparation,  large  specific  surface  area,  outstanding  optical
properties,  and good biocompatibility.  Their  potential  applications
in SERS sensors are revolutionary.

The  SERS  effect  on  semiconductor  nanomaterials  is  primarily
attributed to  the  CM (Fig.  4(a))  [91].  Although this  mechanism is
not yet fully understood, there are three possible scenarios:  (1) CT
from the substrate to the target molecule by the incident beam with
excitation  resonance;  (2)  molecular  resonance,  where  the  target
molecule is excited by the incident beam; and (3) enhancement due
to non-resonant interactions between the surface and the adsorbed
molecules.  Therefore,  achieving  high  SERS  performance  relies  on
the  chemical  interactions  and  energy  level  matching  between
semiconductor nanomaterials and target molecules [92−94]. Several
strategies have been adopted to optimize the SERS performance of
semiconductor  substrates,  such  as  defect  engineering,  elemental
doping,  interface  engineering,  phase  transition  engineering,  size
control, crystallinity regulation, and morphology control [23, 59, 83,
95−97]. 

2.2.1    Defect engineering

By introducing new energy states,  defect  engineering is  performed
to improve the SERS performance of semiconductor substrates [98,
99]. Oxygen vacancy and oxygen incorporation are the two primary
methods  of  defect  engineering.  Zhao et  al.  discovered  that  Raman
signals  can  be  significantly  enhanced  by  appropriately  doping  or
extracting oxygen from semiconductor substrates [100]. Simulation
and  experimental  results  also  show  that  adjustment  of  the  energy
level  of  the  substrate  by  the  incorporation or  extraction of  oxygen
atoms  in  the  semiconductor  substrate  lattice  can  modulate  the
positions  of  charge  transfer  transitions  and  exciton  transitions  to
achieve SERS enhancement for specific molecules. Meanwhile, Li et
al.  proposed  an  effective  electric  current  model  based  on  the
effective  electric  current  in  the  photo-induced  charge  transfer
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(PICT)  process  [98].  This  model  can  quantitatively  describe  the
PICT process between the substrate and the target molecule, as well
as  the  oxygen  vacancy  concentration-dependent  SERS
enhancement  in  the  semiconductor  substrate.  Therefore,  it  can
predict the SERS behavior of other semiconductors. By modulating
the  concentration  of  oxygen  vacancies,  the  SERS  activity  of α-
MoO3−x nanobelts was significantly enhanced, with EFs reaching as
high as 1.8 × 107 and a LOD of 1 × 10−8 M for Rh6G. These results
are  comparable  to  those  obtained  with  noble  metal  substrates.
Additionally,  optimizing  the  chemical  synthesis  conditions  to
generate  surface  defects  can  also  greatly  improve  the  SERS
performance  of  semiconductor  substrate.  For  instance,  Yang  et  al.
developed a simple template-free approach to produce WO3 hollow
microspheres (H-WO3) assembled by nanosheets (NSs) [101]. This
self-aggregation  process  resulted  in  several  surface  defects  on  the
SERS substrate, leading to a significant increase in the SERS activity
of H-WO3 (Fig. 4(b)). 

2.2.2    Elemental doping

Elemental doping strategy is another attractive route to improve the
SERS  activity  of  semiconductor  substrates  by  tuning  the  energy

band or increasing the concentration of free electrons [102, 103]. In
the last  few years,  there have been reports  on the enhancement of
the SERS performance of semiconductors by doping strategies. For
instance,  Lombardi  et  al.  reported  a  Mo-doped  Ta2O5
semiconductor  SERS  substrate  that  exhibited  significant  SERS
sensitivity to methyl violet (MV) molecules with an EFs of 2.2 × 107

by modulating the Mo doping concentration (Fig. 4(c)) [104]. This
remarkable SERS effect can be rationally attributed to the “coupled
resonance” strategy:  (i)  MV  molecular  resonance  mechanism;  (ii)
PICT resonance between target  molecule  and SERS substrate;  and
(iii)  electromagnetic  enhancement  in  the  gap  and  sharp  tip  of
anisotropic Ta2O5 NRs. Similarly, Zhao et al. discovered that a Ga-
doped  ZnO  substrate  exhibits  excellent  SERS  sensitivity  to  the  4-
mercaptopyridine (MPy) molecule when excited by laser at 785 nm
[105].  By modulating the Ga doping concentration,  the EFs of  the
5% Ga-doped ZnO substrate was found to reach as high as 6.66 ×
104.  Besides  metal  doping,  non-metal  doping  has  also  been
reported. Yamashita et al. reported a simple way to prepare a series
of  heavily  hydrogen-doped  semiconductors  [106].  Among  them,
hydrogen molybdenum bronzes (HxMoO3) and hydrogen tungsten
bronzes  (HxWO3)  exhibit  strong  visible  plasma  resonances,

 

Figure 4    The  SERS  effect  on  non-metal  nanomaterials.  (a)  Chemical  enhancement  mechanism  (CM),  reproduced  with  permission  from  Ref.  [91],  ©  American
Chemical Society 2014. (b) Photo-induced CT process between H-WO3 and TB and photo-induced CT process between F-WO3 and TB; Raman spectra of TB (1.0 × 10−5

M) on H-WO3, F-WO3, and Si wafer. Reproduced with permission from Ref. [101], © American Chemical Society 2022. (c) The molecular orbital illustrations of the MV,
different Ta2O5 clusters and MV-Ta2O5 complexes; calculated polarizabilities of the single MV, the MV adsorbed on Ta2O5 NR, H-Ta2O5, and the Mo-Ta2O5, respectively.
The calculated static Raman spectrum of MV and MV on different Ta2O5 SERS substrates. Enhanced multiples of calculated Raman modes of MV at 992, 1176, 1376,
1528, and 1632 cm−1 on different Ta2O5 substrates. Reproduced with permission from Ref. [104], © Yang, L. et al. 2019. Published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (d) Schematic illustration of CuO/TiO2 p-n heterojunction as SERS substrates. Reproduced with permission from Ref. [109], © Published by Elsevier
B.V.  on  behalf  of  Chinese  Chemical  Society  and  Institute  of  Materia  Medica,  Chinese  Academy  of  Medical  Sciences  2023.  (e)  HRTEM  morphology  of  the  TaSe2

nanosheets with the ordered 2H phase and 1T phase. SERS signals for the Rh6G at different concentrations from 10−5 to 10−10 M. Comparison of the SERS performance of
TaSe2 with the MoS2 and WS2 and the pure 2H phase of TaSe2, MoS2, and WS2. Reproduced with permission from Ref. [115], © Wiley-VCH GmbH 2022.
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resulting  in  high  SERS activity.  However,  HxV2O5 semiconductors
cannot  support  plasma  resonance.  Therefore,  it  is  crucial  to  select
an appropriate substrate material for the doping strategy. 

2.2.3    Interface engineering

Unlike  defect  engineering,  interface  engineering  achieves  charge
concentration  modulation  without  disrupting  the  crystal  structure
[107, 108]. The strong coupling at the heterojunction interface can
enhance  the  separation  efficiency  of  photogenerated  carriers  and
promote  effective  CT,  which  is  beneficial  for  SERS  signals.  For
instance,  Zhao  et  al.  constructed  a  CuO/TiO2 p-n  heterojunction
that exhibited a high EFs (8.87 × 106) for 4-mercaptobenzoic acid (4-
MBA) [109]. This was mainly attributed to the internal electric field
provided by the CuO/TiO2 heterojunction interface and the strong
interfacial  coupling,  which  enhanced  the  charge  collection  ability
and  separation  efficiency  of  photogenerated  carriers  (Fig.  4(d)).
Recently,  this  group  designed  TiO2/ZnO  heterojunction  as  SERS
substrate  based  on  interface  engineering  strategy  [110].  This
substrate permitted the detection of  antibiotic  in eggs with a LOD
of only 13.1 μg/kg, which is much lower than the European Union
standard.  The van der Waals (vdW) heterostructures are a type of
vertical  2D  heterostructure  that  rely  on  interlayer  interactions
dominated by vdW forces. Such heterostructures provide a distinct
platform  for  SERS  by  combining  various  2D  materials  with  more
complicated  electronic  structures.  Chen  et  al.  found  that  a
graphene/WSe2 vdW heterostructure could significantly amplify the
SERS  signal  of  CuPc  through  the  CM,  and  the  stacking  sequence
controlled  the  EFs  due  to  the  electron  transition  probability  rates
being  affected  by  the  different  interlayer  couplings  [111].  In
addition  to  improving  CM,  vdW  heterostructures  have  also  been
reported  to  enhance  EM.  Wu  et  al.  reported  that  TMD
nanodome/graphene heterostructures could achieve highly sensitive
SERS  enhancement  with  a  LOD as  low as  1  ×  10−12 M [112].  The
researchers  attributed  the  phenomenon  to  a  combination  of
enhanced  CM  enhancement  of  dipole-dipole  interactions  at  the
TMD  nanodome/graphene  heterogeneous  interface,  and  EM
enhancement  via  LSPR  on  the  photo-doped  TMD
nanodome/graphene. 

2.2.4    Phase transition engineering

Recent  studies  have  shown  that  phase  transition  engineering  can
greatly  increase  the  Raman enhancement  effect  on  semiconductor
nanomaterials  by  manipulating  their  electronic  structure.  For
example, Jin et al. discovered that the SERS activity of MoX2 (X = S,
Se) NSs can be significantly enhanced by the phase transition from
the  2-hexagonal  (2H)-to  the  1-trigonal  (1T)-phase  [113].  First-
principles  density-functional  theory  (DFT)  simulations  suggested
that  the  considerable  enhancement  of  the  Raman  signals  on
metallic  1T-MoX2 results  from  the  facilitated  CT  from  the  Fermi
energy  level  (Ef)  of  metallic  1T-MoX2 to  the  highest  occupied
molecular orbital  level  (HOMO) of the adsorbed probe molecules,
which is more efficiently performed than the process from the top
of  the  valence  band  of  semiconductor  2H-MoX2.  This  work  not
only  elucidates  the  mechanism  of  the  Raman  enhancement  and
identifies 1T-MoSe2 and 1T-MoS2 as potential SERS substrates, but
also offers insight into the design of novel SERS substrates through
phase  transition  engineering.  Similarly,  Xi  et  al.  reported  that  the
phases of transition metal nitrides also make a significant impact on
the  SERS  performance  [114].  The  metallic δ-MoN  as  a  SERS
substrate achieved an LOD of 1 × 10−10 M and a strong EF of 8.16 ×

106 for Rh6G. The outstanding SERS performance of δ-MoN can be
attributed to the strong LSPR effect and the numerous of gaps and
pores between the NSs, which easily generate electromagnetic “hot
spots”.  Notably,  the  LSPR  effect  was  crucial  in  achieving  the
superior  SERS enhancement of δ-MoN. This  is  reported to be the
first discovery of SPR-enhanced Raman enhancement in non-metal
nanomaterials.  With  the  development  of  different  phases  of
semiconductor  nanomaterials,  a  series  of  semiconductor  with
mixed-phase  nanostructures  have  also  been  explored  as  SERS
substrates.  The semi-metallic  TaSe2 NSs  with  a  mixed structure  of
2H  to  1T  (4:1)  phase  was  demonstrated  as  an  excellent  SERS
substrate, and a LOD down to 10−9 M was obtained for Rh6G [115].
Surprisingly, the Raman enhancement of this SERS substrate is also
the  highest  by  comparing  with  pure  2H-TaSe2,  MoS2 and  WS2
containing  1T  and  2H  phases,  2H-MoS2 and  2H-WS2 (Fig.  4(e)).
The  experiments  and  DFT  simulations  confirmed  that  the
outstanding SERS properties of TaSe2 NSs can be attributed to the
strong adsorption energy and abundant electronic states near the Ef,
which  significantly  increase  the  CT  probability  in  the  CM
mechanism.  Furthermore,  the  TaSe2 NSs  allowed  for  highly
sensitive  detection  of  bilirubin  in  serum  and  urine  samples.  It
exhibited an excellent linear relationship and a low LOD of 0.316 ×
10−6 M.  This  work  is  considered  to  offer  an  attractive  avenue  for
applications  in  plasmon-free  SERS detection  of  target  of  relevance
in clinical diagnostics. 

2.2.5    Other strategies

In  addition  to  the  above  methods,  other  strategies  have  also  been
employed  to  improve  the  SERS  performance  of  semiconductor
substrates.  such  as:  (1)  Size  control.  Nanoparticle  size  is  a  crucial
factor in determining SERS activity; in particular, when it is smaller
than the exciton Bohr radius, the quantum confinement effect can
result in a strongly size-dependent Raman spectra and higher SERS
enhancement  by  fine-tuning  the  position  of  the  band  edge  in
semiconductors.  For  instance,  Zhao  et  al.  prepared  three  types  of
quantum dots with particle  sizes ranging from 2 to 100 nm [116].
They  discovered  that  MoO3·xH2O  quantum  dots  with  a  size  of
2  nm  generated  vibronically  coupled  multi-pathways  and  highly
efficient CT resonances due to the combination of the quantum size
effect and the increasing concentration of lattice defects during the
preparation  process.  This  vibronic  coupling  between  multi-
resonant  CT  processes  significantly  improved  the  SERS
performance  of  the  MoO3·xH2O  quantum  dots.  (2)  Crystallinity
regulation. Guo et al. prepared amorphous ZnO nanocages (a-ZnO
NCs) as SERS substrates, finding that amorphous materials facilitate
surface  electron  escape  and  transfer  due  to  their  long-range
disordered  structure  [117].  Systematic  experiments  and  DFT
calculations confirmed the significant SERS activity of the prepared
amorphous a-ZnO NCs. The EF was as high as 6.62 × 105, which is
higher  than  that  of  crystalline  ZnO  nanocages  (c-ZnO  NCs).  (3)
Morphology  control.  Two-dimensional  (2D)  non-metal
nanomaterials  have  received  considerable  attention  due  to  their
unique  thickness-dependent  physicochemical  properties,  especially
since the discovery of SERS activity in monolayer graphene by Liu
et  al.  [118].  For  example,  atomically  thin  TaSe2 as  SERS  substrate
was fabricated for detecting various Raman-active molecules [115].
The  excellent  SERS  performance  of  TaSe2 is  attributed  to  its  large
adsorption energy and a high number of filled electrons near the Ef.
Qiu  et  al.  also  reported  that  the  2D  Mo4/3B2 MBene  nanomaterial
exhibited superior SERS sensitivity compared to bulk MoB, with a
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low  LOD  (10−10 M)  and  a  high  EF  value  (3.88  ×  106)  [99].  (4)
Molecular enrichment. Metal-organic frameworks (MOFs) as SERS
substrates  have  attracted  significant  attentions  due  to  their
molecular  enrichment  ability,  selectivity,  gas-sensitizing  capability,
and good chemical enhancement properties. Li et al. reported MIL-
100 (Fe) SERS substrate with a LOD as low as 2.5 ppm to toluene
[119].  Similarly,  Jiang  et  al.  demonstrated  that  Cu2+-doped  ZIF-67
substrates  exhibited  a  high  EF  of  6.07  ×  106,  excellent  detection
sensitivity  to  MeB  with  LOD  of  10−8 M,  and  fine  reproducibility
with  an  RSD of  14.1%,  as  well  as  excellent  signal  stability  with  an
RSD  of  2.59%  [120].  (4)  Environmental  change.  The  low
temperature  has  been  confirmed  to  favor  the  SERS  activity  of
semiconductors. Taking porous ZnO NSs as an example, Wu et al.
found  that  low-temperature  conditions  effectively  improve  the
interfacial  PICT  efficiency,  thereby  enhancing  the  SERS
performance of the substrate [121]. 

2.3    Metal/semiconductor nanocomposites
The previous chapters discussed the SERS properties of  plasmonic
metal  nanomaterials  and  semiconductor  nanomaterials,
respectively.  semiconductor  nanomaterials  present  major
advantages  such  as  selective  Raman  signal  enhancement  of  target
molecules,  high  stability,  good  biocompatibility,  and  low  cost-
effectiveness,  but  SERS  sensitivity  is  still  lower  than  that  of
plasmonic metal nanomaterials, such as Ag and Au nanostructures
[122].  The  extended  construction  of  SERS-active  nanomaterials
from single-component to two or multi-components can therefore
achieve the collective properties  and performance enhancement of
nanocomposites  SERS  platforms  through  the  synergetic  or
complementary  performance  of  different  functional  components.
Furthermore, it is possible to overcome the limitations of plasmonic
metal  SERS-active  substrates  in  terms  of  reproducibility,  stability
and  selectivity  by  integrating  them  with  other  functional
components.  The  integration  of  plasmonic  metal  and
semiconductor  nanomaterials  is  expected  to  provide  synergistic
SERS enhancements  and new properties,  thus  providing  a  reliable
approach  for  designing  high  performance  SERS  substrates.
However,  it  is  still  crucial  to  explore  the  synergistic  effect  between
EM  and  CM  and  further  improve  the  SERS  sensitivity  of  these
nanocomposites.

The CT in  the  heterojunction interface  of  plasmonic  metal  and
semiconductor  nanostructures  is  highly  dependent  on  the
physicochemical  properties  of  these  nanocomposites,  the  probe
molecule,  and  the  assembly  method.  Therefore,  the  overall  SERS
performance  can  be  significantly  improved  by  optimizing  various
parameters,  such  as  the  properties  of  each  component  and
excitation  energy  in  these  nanocomposites.  Zhao  et  al.  prepared
AuNPs/ReSe2,  AuNPs/MoS2,  and  AuNPs/PdSe2 SERS  hybrid
substrates  using  Au-mediated  mechanical  exfoliation  followed  by
appropriate  etching  in  KI/I2 solution  [123].  The  resulting  SERS
substrates  had  an  LOD  that  was  approximately  3  to  4  orders  of
magnitude lower than that of the bare 2D materials.  Among three
SERS hybrid substrates, Au NPs/PdSe2 exhibited the optimal SERS
performance,  while  AuNPs/ReSe2 exhibited  the  worst  SERS
performance. The simulation results also show that Au NPs/PdSe2
has the strongest electric field, while AuNPs/ReSe2 has the weakest.
Chen et  al.  reported that  by modulating the thickness  of  the Cu2S
shell,  the  SPR  resonance  frequency  and  carrier  distribution  of  the
Ag/Cu2S/4-MBA  nanocomposite  system  can  be  effectively  altered,
leading  to  excellent  SERS  performance  at  various  excitation

energies  [124].  Similarly,  Fu  et  al.  reported  that  CT  contributes
significantly  to  SERS  in  Ag/TiO2/Ni  nanopillar  arrays  at  different
laser  wavelengths,  showing  a  high  TiO2-thickness  dependence
[125]. Plasma metal-induced CT in SERS hybrid substrates can also
be  enhanced  by  a  CM  to  improve  overall  SERS  performance.  For
instance, Liu et al. produced Ag/ZnAl-LDH NSs using a simple one-
pot solvothermal growth strategy [126]. The LOD was as low as 1 ×
10−10 M,  and  the  EFs  was  1.7  ×  105 when  4-nitrobenzenethiol  (4-
NBT)  was  employed  as  probe  molecule.  In  this  SERS  hybrid
system,  laser  irradiation  generates  hot  electron-hole  pairs,  and  the
hot electrons are subsequently injected into the surface-state energy
level  (ESS)  of  ZnAl-LDH  and  the  LUMO  of  the  probe  molecule.
The addition of injected electrons improves the efficiency of PICT
in  the  substrate,  demonstrating  the  synergistic  effect  of  Ag  and
ZnAl-LDH (Fig. 5(a)).

Hybrid  substrates  composed  of  plasmonic  metal  and
photosensitive  semiconductor  nanomaterials  can  further  enhance
SERS  performance  through  photoinduced  enhanced  Raman
scattering  (PIERS).  This  PIERS  effect  involves  irradiating  the
substrate with a second light beam before or during Raman testing
to  promote  the  CT  process  between  the  semiconductor  and  the
metal,  resulting  in  increased  Raman  signals  and  improved
sensitivity. For instance, Parkin et al. reported that the SERS signal
was enhanced several times on Ag-TiO2 substrates after a period of
UV  pre-irradiation  [127].  The  researchers  suggested  that  the
mechanism  involved  in  PIERS  is  the  UV-mediated  migration  of
electrons from the semiconductor to the metal  nanoparticles.  This
results in a stronger local EM field for the metal NPs, allowing more
electrons  to  be  transferred  to  the  analyte  via  the  CT  process.
Similarly,  Li  et  al.  combined  TiO2@Ag  NP  substrate  with  Au
nanoprobes  to  form  a  sandwich  nanocomposite,  achieving
increased  sensitivity  beyond  the  normal  SERS  effect  under  UV
irradiation  (Fig.  5(b)).  This  PIERS  sensor  is  a  useful  tool  for
sensitively  analyzing  various  biomolecules  including  adenosine
triphosphate (ATP), thrombin, and cocaine [128].

In  addition  to  participating  in  the  CT  process,  semiconductor
nanomaterials  in  hybrid  SERS  substrates  also  provide  additional
functions  due  to  their  inherent  properties,  such as  interacting  and
selecting  with  target  molecules  differently  than  metal  NPs,
controlling the assembly of metal NPs, and protecting the surface of
the  plasmonic  metal  nanostructures.  Yamauchi  et  al.  combined
mesoporous  plasmonic  Au  films  with  microporous  homochiral
metal-organic frameworks (HMOFs) to prepare hierarchical porous
hybrid films [129]. The hybrid SERS substrates allow for extremely
low LOD for  pseudoephedrine  in  undiluted  blood plasma.  This  is
due  to  dual  enhancement  mechanisms,  namely  physical
enhancement by the mesoporous Au nanostructures and chemical
enhancement by HMOF. Additionally, the chemical recognition by
microporous AlaZnCl HMOF and a discriminant function for bio-
samples containing large biomolecules, such as blood components,
contribute to the substrate performance. Yang et al.  self-assembled
Au  nanospheres  into  Au  nanosphere  monolayer,  which  was
subsequently  coated  with  a  thin  silicon  shell  to  which
polydimethylsiloxane  (PDMS)  brush  was  grafted  [130].  The  silica
shell  acts  as  a  bridge  between  the  Au  nanosphere  monolayer  and
the PDMS brush layer, and also anchors the Au nanosphere to the
silicon wafer. Single-layer PDMS brush smooths the Au nanosphere
monolayer,  making  it  easy  to  clean  and  reuse.  Additionally,  the
smooth surface of the SERS substrate enables the concentration of
analytes  in  solution  into  small  areas  during  solvent  evaporation,
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significantly  enhancing  their  SERS  enhancement.  Efficient
collection  and  control  of  plasmonic  NPs  can  also  enhance  SERS
activity.  By  combining  plasmonic  NPs  with  magnetic
nanomaterials,  it  is  possible  to  control  and collect  SERS substrates
using an external magnetic field. For example, Yang et al. reported
angiotensin-converting  enzyme  2  (ACE2)-modified  Fe3O4-Au
nanocomposites in which the magnetic property of Fe3O4, the SERS
activity  of  Au  NPs,  and  the  viral  trapping  ability  of  ACE2  were
integrated into a hybrid SERS substrate [131]. The resulting Fe3O4-
Au-ACE2-virus  nanocomposites  enables  the  immediate  detection
of inactivated SARS-CoV-2 virus (Fig. 5(c)). Similarly, Fe3O4-WO3−X
@Au NPs integrated magnetic enrichment, fast clean-up separation,
and  synergistic  enhancement  of  plasmons  and  CT  for  rapid
quantification  of  analyte  [132].  Conventional  SERS  substrates  are
passive  nanoparticles  that  lack  controllability  and  adaptability  for
precise  and targeted sensing over  small  areas.  Ma et  al.  reported a
“rod-like” magnetic  nanomotor-based  SERS  probe  (MNM-SP),
which  consists  of  silica-coated  Fe3O4 NPs  [133].  Ag  NPs  were
grown on the silica-coated surface to provide SERS “hot spots” for
the nanomotors.  The MNM-SP is  driven by gradient  and rotating

magnetic fields. This enables it to precisely approach the target site
and  actively  rotate  to  enhance  contact  with  the  analyte.
Consequently,  it  provides  directionally-enhanced  SERS  sensing
through  remote  operation.  Similarly,  a  nano-enzymatic  magnetic
nanomotor with a core-island structure consists of magnetic Fe3O4
cores and surface-modified Au islands [134]. This nano-enzymatic
magnetic  nanomotor  can  be  controlled  by  an  external  magnetic
field,  enabling efficient  collection of  intracellular  analytes  for  SERS
sensing. 

3    Advantages of SERS in diagnosis of cancer and
pathogens
Currently,  numerous biosensing platforms have been employed to
detect  cancer  and  infection-related  targets,  such  as  cancer
biomarkers,  cancer  cells,  and  microorganisms.  Radioisotope
immunoassays  (RIA)  were  once  considered  promising  tools  for
disease diagnosis [135]. However, due to environmental health and
safety risks,  expensive specialized laboratory equipment,  and waste
disposal routes for radioactive materials, their application in clinical

 

Figure 5    The SERS effect on metal/non-metal nanocomposites. (a) Schematic diagram illustrates the photo-induced CT process between 4-NBT molecules and Ag-ZnAl
hybrid  substrate  under  the  excitation  of  785  nm  laser.  Raman  spectra  of  4-NBT  adsorbed  on  Ag-ZnAl-5  and  4-NBT  solution  dropped  on  Al  foil,  and  different
concentrations of 4-NBT adsorbed on Ag-ZnAl-5, where curves a to g corresponds to 10−5 to 10−10 M. Reproduced with permission from Ref. [126], © Elsevier B.V. 2022.
(b) The schematic of PIERS via a CT. The comparison of PIERS spectra and SERS spectra for 4-MBA on TiO2@AgNP substrate. A time-dependent PIERS signal at 1078
cm−1 of 4-MBA on TiO2@AgNP substrate after ultraviolet irradiation. Reproduced with permission from Ref. [128], © Elsevier B.V. 2019. (c) The schematic diagram of
magnetic SERS biosensor structure for SARS-CoV-2 virus detection. The SERS spectra of 10−6 M Rh6G by Fe3O4-Au nanocomposite with magnetic enrichment (red line)
and without magnetic enrichment (black line). The SERS spectra of Rh6G solutions with concentrations ranging from 10−6 to 10−8 M. Reproduced with permission from
Ref. [131], © Elsevier B.V. 2022.
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practice  has  gradually  declined.  Enzyme-linked  immunosorbent
assay  (ELISA)  employs  enzyme  as  the  reporter  to  analyze
biomarker [136, 137]. It is a safer, simpler, faster, and gold standard
technique. However, the high cost of commercial ELISA test kit and
the  long  analysis  time  have  been  barriers  to  the  wider  usage  of
ELISA.  In  addition,  they  are  usually  unable  to  distinguish  the
biomarker  with  low  concentration  and  live/dead  pathogens.
Fluorescence  immunoassay  (FIA)  is  a  highly  sensitive  approach
commonly used to detect  disease biomarkers at  clinically desirable
LOD  due  to  the  large  absorption  cross-section  of  fluorescence
[138].  It  is  not  surprising  that  FIA  has  several  drawbacks.  These
include  difficulty  in  identifying  or  labelling  the  target  analyte,
limited  multiplexing  due  to  frequent  overlap  of  spectra  caused  by
excessively broad emission bands, photobleaching, and non-specific
binding,  especially at  low analyte levels.  SERS is  a surface sensitive
technology that has been used for both quantitative and qualitative
biosensing  researches.  SERS-based  platforms  have  demonstrated  a
number  of  unique  advantages  in  the  field  of  cancer  and pathogen
diagnostics.  As  follows:  (1)  The  detection  of  robust  SERS  signals
from  biomarkers  at  femtomolar  concentrations  represents  a
significant  advance  in  biomedical  detection  technology,  exceeding
the  detection  limits  of  numerous  existing  techniques  such  as
electrochemical,  fluorescence,  magnetic  resonance  imaging,
positron emission tomography,  and X-ray  computed tomography.
(2)  SERS  offers  a  unique  fingerprint  for  each  analyte,  displaying
narrow  and  sharp  emission  peaks  that  enable  differentiation
between samples. This distinctive property allows SERS technology
to  effectively  identify  biomarkers  in  complex  biological  mixtures.
(3)  By  designing  particles  with  different  SERS  signatures,  it  is
possible  to  excite  them  simultaneously  using  a  single  laser  beam.
The signals emitted by these particles are spectrally proximate with
subtle  frequency  variations.  This  attribute  permits  these
nanoparticles  to  be  multiplexed  using  rather  simple
instrumentation,  allowing  for  the  simultaneous  detection  of
multiple  distinct  signals  within  a  single  detection  system.  (4)  In
contrast  to  infrared  spectroscopy,  Raman  spectroscopy  is
particularly  well-suited  to  medical  diagnostic  applications,  as  it
exhibits  minimal  interference  from  water  [139].  (5)  Raman
scattering  differs  from  fluorescence  in  that  it  is  an  almost
instantaneous  process,  which  allows  the  excitation  energy  to  be
relaxed  at  significantly  faster  rates  [140].  Consequently,  the  SERS
signals  are  significantly  more  stable  against  photodegradation  or
photobleaching.  Furthermore,  the peak width of  the Raman signal
is  approximately  10–100  times  narrower  than  that  of  the
fluorescence emission from organic dyes or quantum dots. 

4    Applications  of  SERS  in  diagnosis  of  cancer
and pathogens
Cancer  and  infectious  diseases  are  two  of  the  major  public  health
problems and a major economic burden in the world [19].  World
Health  Organization  (WHO)  statistics  show  that  both  cancer  and
infectious diseases are closely linked to the leading causes of death
worldwide [141]. Diagnosing disease early, quickly and accurately is
key to guiding treatment and increasing patient survival.  In recent
years,  the  development  of  molecular  biosensing  platforms  has
focused on meeting the growing demands of cancer and pathogen
diagnostics. Among these biosensing platforms, SERS offers several
advantages, including ultra-sensitivity, high multiplexing capability,
good  photostability,  and  less  interference  from  cell  or  tissue

fluorescence [142−144]. There are two main detection methods that
are  typically  adopted  for  SERS:  label-free  sensing  and  label-based
SERS Sensing [145]. The label-free SERS detection strategy involves
the  direct  adsorption  of  the  target  analyte  onto  the  surface  of  the
SERS  substrate  and  the  resulting  spectral  bands  provide  detailed
intrinsic  structural  information  and  dynamics  of  the  biomolecules
attached  to  the  substrate  [146].  This  strategy  can  provide  detailed
information on biomarkers, cells, and their interactions, which can
guide  the  diagnosis  of  cancers  and  pathogens  and  reveal  target
composition  and  disease  mechanisms  [96, 122, 147].  SERS  tags
typically  comprise  of  SERS-activated  nanoparticles  decorated  with
Raman  reporter  molecules  that  emit  a  strong  and  distinct  Raman
signal.  By  coupling  recognition  elements  such  as  antibodies,
enzymes, or aptamers to bind to epitopes of specific target analytes
(e.g.  metabolites,  nucleic  acids,  or  bacteria),  SERS  tags  can  be
effectively  applied  as  optical  labelling  tools  for  indirect  sensing  of
target biomolecules in vitro and in vivo [148]. Taking advantage of
its  unique  nature  and  integrated  sensing  capabilities,  research
reports on SERS applications in cancer and pathogenic diagnostics
have  increased  exponentially  in  recent  years.  Notably,  AI
technology  and  microfluidic  device-aided  SERS  technology  have
also  shown  great  potential  in  cancer  and  pathogen  diagnostic
applications  in  recent  years.  This  section  will  focus  on  the
development  of  label-free  sensing  and  Label-based  sensing  in
cancer  and pathogen diagnostics,  as  well  as  the  new opportunities
presented by AI and microfluidic device-aided SERS sensing. 

4.1    Label-free SERS sensing
Between  the  two  SERS  methods,  label-free  SERS  sensing  has  an
advantage  as  it  simplifies  sample  processing,  reduces  potential
sources of interference, and avoids additional costs and complexity
that labels  may introduce [149].  At the same time, label-free SERS
sensing also contributes to more accurate sample analysis and more
reliable results by more directly reflecting the chemical composition
and structural information of the target analyte itself.

SERS fingerprinting has great potential for identifying cancer and
pathogen  biomarkers  from  complex  biological  samples.  For
example,  Ray  et  al.  reported  a  hybrid  SERS  sensors  consisting  of
graphene  oxide  attached  to  popcorn-shaped  Au  NPs,  which  is
capable  of  ultra-sensitive  label-free  SERS  detection  of  human
immunodeficiency  virus  (HIV)  DNA  and  bacteria  and  provides
their chemical fingerprints [150]. The graphene oxide in this hybrid
SERS substrate  can enhance the Raman signal  through CM, while
the popcorn-shaped Au NPs can amplify the Raman signal through
high  EM  enhancement  due  to  their  sharp  tips.  Additionally,  the
popcorn-shaped Au NPs can be effectively employed as a reaction
site for selective binding to specific DNA or bacteria. Similarly, Petti
et  al.  prepared  a  novel  plasmonic  nanostructure  featuring  a  high-
density array of inverted pyramid-shaped Au nanopores [149]. The
abundant “hot  spots” and  small  pyramidal  area  of  this
nanostructure  facilitated  virus  detection.  Further  experimental
results  demonstrated  that  this  SERS  substrate  can  rapidly  and
highly  sensitively  detect  hepatitis  A  virus  (HAV)  in  water,  with  a
LOD as low as 13 pg/mL (Fig. 6(a)). Lee et al. fabricated solid SERS
probe for pancreatic cancer and prostate cancer diagnosis using 3D
Ag nanowires (Ag NWs) densely stacked on glass fiber filters (GFF)
[151]. The porous structure and large surface area of the Ag NWs-
GFF contribute to the high uptake rate of urine. The nanogaps and
nano-junctions of the crossed Ag NWs can function as “hot spots”,
and the 3D matrix of Ag NWs can significantly improve the SERS
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Figure 6    Label-free sensing for diagnosis of cancer and pathogens. (a) SEM images of Au nanopyramid (d = 160 nm, a = 550 nm, and l = 390 nm). Scheme diagram of
the  label-free  pathogen  detection  based  on  Au  nanopyramid.  SERS  spectra  of  the  HAV  virus  in  water  (103–105 PFU/mL)  adsorbed  on  the  gold  nanocavity  pattern.
Reproduced  with  permission  from  Ref.  [149],  ©  Palermo,  G.  et  al.  2021.  Published  by  American  Chemical  Society.  (b)  Scheme  diagram  for  the  preparation  of  Ag
NPs/UFM and the combination of PCA-LDA algorithm for label-free detection of colon cancer. Average SERS spectra and difference spectra of colon cancer groups (n =
16) and normal groups (n = 16) Primary serum samples combined with Ag NPs colloids. Average SERS spectra and difference spectra of colon cancer groups (n = 16)
and normal groups (n = 16) serum on its UFM after separation by filtration using Ag NPs/UFT biosensor. PCA-LDA analysis of four different ways of separating serum:
(i1)–(iv1) Two-dimensional scatter plot of serum from the colon cancer and normal groups; (i2)–(iv2) posterior probability discriminant scatter plots of serum from the
colon cancer and normal groups; (i3)–(iv3) ROC curves for cross-validation methods (AUC: area of integration under the ROC curve); (i4)–(iv4) confusion matrix of
serum predicted outcomes in the colon cancer and normal groups. Reproduced with permission from Ref. [153], © Elsevier B.V. 2023.
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effect by allowing additional “hot spots”. This is reported to be the
first  label-free  human  urine  SERS  analysis  for  pancreatic  cancer
diagnosis.  In  addition,  the  researchers  pointed  out  that  early
detection and monitoring of  cancer  could be greatly  supported by
combining  the  SERS  sensor  with  a  portable  Raman  device  to
monitor urine at home.

To improve the selectivity and specificity of cancer and pathogen
detection, especially in complex biological samples, effective capture
and  immobilization  of  target  analytes  are  critical.  Park  et  al.
fabricated  high-density  3D  arrays  of  Au  NPs  encapsulated  in
ultrathin  hydrogel  layer  on  filter  paper  [152].  During  one-pot
electrodeposition of  Au grains  onto  hydrogel-encapsulated  3D Au
electrodes,  bacterial  pathogen  molecule  (pyocyanin  (PCN))  was
trapped  in  the  gaps  between  the  Au  nanostructures  grown  in  the
3D  hydrogel  matrix,  significantly  enhancing  the  Raman  signal
intensity  of  PCN.  In  addition,  the  PCN  remain  trapped  in  the
nanostructures  during  the  washing  process,  allowing  for  the
removal  of  interfering  biomolecules  from  the  culture  medium
without  affecting  the  sensitivity  of  the  SERS  measurements.  The
integrity  of  the  metal  surface,  even  in  the  presence  of  complex
culture media, is maintained by the hydrogel layer, which prevents
the  penetration  of  large  adherent  molecules.  This  SERS  biosensor
nanoplatform  allows  easy  and  direct  monitoring  of  PCN
concentrations during bacterial cultivation without the requirement
for pre-processing steps. This is important for the early diagnosis of
infections  and the  in-depth study of  bacterial  cell  communication.
In  addition,  the  hierarchical  nanostructure  is  designed  by  self-
assembly  between  target-complementary  DNA  probe-conjugated
Au  NPs  and  head-flocked  Au  nanopillars  in  the  presence  of  the
targeted  miRNAs  [78].  This  nanostructure  generated  a  large
number  of  3D  plasmonic “hot  spots” that  trigger  extremely  high
amplification of SERS signals, achieving specific and ultra-sensitive
detection of the target miRNAs (miR-10a and miR-21) in an LOD
of  10  aM.  Furthermore,  clinical  validation  of  the  SERS  sensor  in
urine samples demonstrated that it discriminated between prostate
cancer  (PC)  patients  and  healthy  controls  with  high  diagnostic
accuracy  (0.93)  due  to  the  distinct  expression  levels  of  urinary
exosomal miRNAs.

In practical applications for detecting and identifying cancer and
pathogens,  the  concentration  of  target  analytes  is  commonly  low.
Therefore, various strategies, such as filtration, magnetically assisted
separation,  and  enrichment,  are  currently  being  developed  to
improve  the  accuracy  and  sensitivity  of  detection.  Lu  et  al.
employed  a  well-controlled “silver  mirror  reaction” to  uniformly
reduce  Ag  NPs  on  an  ultrafiltration  centrifuge  tube  (UFT)  [153].
Subsequently,  they  exploited  the  ultrafiltration  function  of  the  Ag
NPs/UFT  SERS  sensor  to  concentrate  and  isolate  human  serum,
which  not  only  overcomes  the  signal  fluctuation  problem  of  the
label-free  SERS  assay  based  on  the  Ag  NPs  colloid,  but  also
minimizes  the  interference  of  numerous  small  molecules  and
retains  and  concentrates  proteins  with  high  diagnostic  value.  The
screening  and  diagnosis  of  colon  cancer  can  be  accurately
performed by measuring the filtered serum with a portable Raman
instrument  and  calculating  it  by  means  of  a  principal  component
analysis-linear discriminant analysis (PCA-LDA) model (Fig. 6(b)).
This  work  introduces  a  novel  combination  of  an  ultrafiltration
device,  portable  Raman,  and  multivariate  data  analysis,  which  is
expected  to  offer  potential  in  the  field  of  non-invasive,  rapid,  and
practical early cancer screening. Fang et al. proposed a method that
integrates  a  low-cost  thermophoretic  enrichment  strategy  with

SERS  detection  [154].  With  the  thermophoretic  enrichment
strategy, exosomes and Au NPs could be concentrated together in a
small  area  of  500  μm  within  10  min. In  situ Raman  signals  of
different exosomes derived from normal cells (293 cells), hepatoma
cells  (HuH-7  cells)  and  human  serum  exosomes  are  dynamically
monitored  with  a  detection  limit  of  1  ×  102–1  ×  103

particles/microliter,  without  the  requirement  for  additional
antibodies.  By  combining  the  SERS  biosensor  with  MLAs,
exosomes  can  be  distinguished  from normal  cells  and cancer  cells
with  an  accuracy  of  100  percent.  The  researchers  have  concluded
that  this  label-free  SERS  sensing  technology  provides  a  low-cost
method for analyzing the Raman characteristics of exosomes, with
potential for early cancer detection and in-vitro diagnosis. 

4.2    Label-based SERS sensing
While  label-free  SERS  sensing  strategy  is  attractive  for  identifying
analytes  with  large  cross  sections,  the  direct  SERS  detection  of
biomolecules  with  very  small  intrinsic  Raman  cross  sections
remains a real challenge in the biological analysis environment [33].
As  a  result,  an  indirect  SERS  detection  strategy  via  SERS  tags  has
been proposed and rapidly developed in recent years. 

4.2.1    SERS tags

Typical  SERS  tags  involve  SERS-active  nanomaterials,  Raman
reporter  molecules,  a  protective  layer,  and  target  recognition
molecules.  The  preceding  section  summarizes  that  nanomaterials
with  SERS  activity  have  tunable  SERS  properties,  which  expands
their  potential  applications.  A  crucial  step  in  the  preparation  of
SERS  tags  is  the  coupling  of  nanomaterials  with  SERS  activity  as
SERS  substrate  with  Raman  reporter  molecules,  which  generate
strong  characteristic  Raman  signals.  Therefore,  Raman  reporter
molecules  should  possess  stable  and  strong  Raman  signals,  clean
spectral  region  with  specific  peaks,  and  the  ability  to  bind  to
nanomaterials with SERS activity. Rh6G, CV, 4-aminothiophene (4-
ATP),  5,5-dithiobis-2-nitrobenzoic  acid  (DTNB),  and  methylene
blue (MB) are commonly selected as Raman reporter molecules for
SERS  labelling  [155−159].  However,  these  molecules  display
multiple spectral bands in the fingerprint region, which can overlap
with those of biomolecules and make them hard to discriminate. To
solve  this  issue,  several  Raman  reporter  molecules  that  do  not
produce  background  interference  have  been  reported,  such  as
alkyne (C≡C) and nitrile (C≡N) [160−162]. These molecules exhibit
single  peaks  in  the  Raman  silent  region  (1800–2800  cm−1),  which
reduces  spectral  confusion  and  background  interference.  This
makes them a good choice for the analysis of biological samples. In
addition,  wrapping the nanostructure  with a  protective  layer,  such
as  silica,  liposomes,  polymers,  or  biomolecules,  can  improve  the
stability  of  SERS  signals,  enhance  biocompatibility,  and  prevent
nanoparticles  from  aggregating.  Finally,  recognition  elements  are
introduced to identify target  analytes.  These can be categorized as:
(1) Antibodies,  which are Y-type proteins widely used for efficient
and  specific  antigen  recognition.  However,  they  are  commonly
associated with low stability and high cost [163].  (2) Aptamers are
DNA or RNA molecules that specifically bind to a target, providing
inexpensive,  stable  and  highly  specific  recognition.  However,  they
are  not  as  widely  used  as  antibodies,  particularly  in  clinical
applications, because of limited target selection, cross-reactivity, and
stability issues resulting from their small size [164]. (3) Antibiotics,
used to inactivate or kill  bacteria.  Such capture elements also have
the advantages of low cost, chemical stability, and high productivity,
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but  they  are  only  specialized  to  identify  different  types  of  bacteria
and  have  limited  selectivity  for  different  strains  [165].  (4)  Other
recognition  elements,  such  as  transferrin,  can  also  be  applied  for
target  capture  due  to  the  overexpression  of  the  corresponding
specific receptor on the surface of cancer cells [166, 167]. 

4.2.2    SERS tags for diagnosis of cancer and pathogens

In  recent  years,  there  has  been  considerable  interest  in  applying
SERS  tags  to  the  diagnosis  of  cancer  and  pathogens.  Liu  et  al.
developed  an  interference-free  SERS  platform  with  a  sandwich
structure [168]. This nanoplatform adopted a worm-like plasmonic
Au  film  (pAu)  as  the  SERS  substrate  and  vancomycin-modified
core-shell Prussian blue coated Au NPs (Au@PB@Van NPs) as the
SERS  tag.  The  pAu  was  modified  with  a  hybrid  self-assembled
monolayer  (SAM)  containing  4-mercaptophenylboronic  acid  (4-
MPBA) and 4-mercaptophenylbenzonitrile (4-MBN) (referred to as
SAM/pAu).  4-MBN  displays  Raman  peaks  in  the  Raman  silent
region and acts as an internal reference probe. 4-MPBA serves as a
trap to capture the bacteria on the pAu. Subsequently, the SERS tag
Au@PB@Van NPs were bound to the captured bacteria, forming a
sandwich  structure  of  Au@PB@Van/bacteria/SAM/pAu.  The
detected SERS signal  is  derived from the Raman silent  region and
there is no background signal of biological origin, thus eliminating
interference and improving the sensitivity and accuracy of the assay.
This  SERS  biosensor  allows  for  the  capture  and  detection  of
Staphylococcus  aureus (S.  aureus)  in  whole  blood  samples.
Additionally,  the  synergistic  photothermal  effect  of  pAu  and
Au@PB@Van NPs  can  achieve  approximately  100% antimicrobial
efficiency (Fig. 7(a)). Fan et al.  developed a ratiometric SERS assay
using  two  molecular  beacons  anchored  on  sea-urchinlike  Au
nanoclusters for quantitative detection of bladder cancer biomarker
TK1  mRNA.  This  novel  SERS  biosensor  was  proven  to  be  an
effective  tool  in  distinguishing  bladder  cancer  cells  from  normal
cells.  Further clinical  trials  demonstrated the potential  of  the SERS
biosensor for early non-invasive diagnosis of bladder tumor (BCa),
with  a  sensitivity  of  80%  and  a  specificity  of  100%  [169].  The
overexpression of β-galactosidase (SA-β-gal),  which is a biomarker
of cellular senescence and aberrant apoptosis, has been reported to
be  associated  with  cancer.  You  et  al.  prepared  self-assembled  Au
nanostars  on  glass  slides  to  form monolayers  of  Au NSs  (Au-NF)
[170].  The  Au-NF  were  then  modified  with  4-
mercaptophenylboronic acid (PMBA) to serve as a SERS substrate.
The  SERS  labels  were  formed  by  PMBA  and  4-aminothiophenol
(PATP)-modified  Au  NSs.  Lactose  molecules  acted  as  a  bridge
between the substrate and the SERS tag. This connection generated
more “hot spots”, greatly increasing the SERS signal intensity. The
SERS biosensor enables highly sensitive and rapid detection of SA-β-
gal  and positively discriminates between cancer patient serum and
normal human serum.

Magnetic  nanoparticles  (MNPs)  are  frequently  employed to  aid
SERS  tag  for  more  efficient  capture  and  subsequent  accurate
detection  of  target  analytes  in  complex  matrices.  Zheng  et  al.
designed  a  novel  biosensor  based  on  different  morphologically
controllable  SERS  tags  using  Raman  reporter  molecules  and
aptamers synergistically mediated by Au NRs [171]. The SERS tags
exhibited  cracked  octahedral  shapes  and  small  protruding
morphologies could achieve improved SERS sensitivity. Embedded
Raman  reporter  molecules  and  anchored  aptamers  with  specific
biorecognition  capabilities  enable  simultaneous  detection  of
multiple  pathogens  without  signal  interference.  The  modified

magnetic  nanoparticles  coupled  with  antibodies  were  used  for
specific  separation  and  enrichment  of  the  target  pathogens E.  coli
O157:H7 and S. typhimurium. The SERS tags allowed simultaneous
quantification of E. coli and Salmonella typhimurium in a range of
10  to  1  ×  106 cfu/mL,  with  LOD  of  5  and  8  cfu/mL,  respectively.
Kim  et  al.  developed  Au  NPs-coated  starch  magnetic  beads  (Au
NP@SMBs) to separate, concentrate and detect the target pathogen
E. coli O157:H7, with LOD as low as a single cell [172]. The closely
packed  Au  NPs  on  the  surface  of  the  beads  provide  an  enhanced
electromagnetic  field,  thereby  amplifying  the  SERS  signal  in  the
presence of the target bacteria. The amplitude of the SERS signal is
greatly  enhanced  by  introducing  SERS  tags,  which  consist  of  Au
NPs with specific antibodies immobilized by a bifunctional linking
protein. This versatile SERS biosensor is expected to be a platform
material for sensitive detection of target bacteria in various sample
forms.  This  SERS  biosensor  could  effectively  separate  and  detect
target  bacteria,  making  it  a  promising  platform  material  for  the
highly  sensitive  detection  of  target  bacteria  in  a  variety  of  sample
forms.  In  addition,  Zhou  et  al.  designed  a  magnetically  assisted
sandwich-type  SERS  biosensor  consisting  of  an  SERS  tag  (robe
DNA-conjugated DNA-engineered fractal gold nanoparticles, F-Au
NPs)  and  a  magnetic  capture  substrate  (capture  DNA-conjugated
Ag-coated  magnetic  nanoparticles,  Ag  MNPs)  [173].  This  SERS
biosensor  enables  multiplexed,  ultrasensitive,  highly  selective  and
accurate  detection  of  hepatocellular  carcinoma  (HCC)-associated
three  miRNAs  (miRNA122,  miRNA-223,  and  miRNA-21)  in
human  serum,  with  great  potential  for  the  applications  in  cancer
prediction, diagnosis, monitoring and staging.

Simultaneous  detection  of  multiple  target  analytes  can  be
achieved  by  designing  SERS  tags  with  multi-pathway  detection
capability  using  diverse  Raman  reporter  molecules  and  diverse
specific  recognition  elements.  For  instance,  Gao  et  al.  constructed
an  SERS  chip  with  a  sandwich  structure  [174].  This  SERS  chip
comprises  a  plasmonic  Au  substrate  coated  with  graphene  and
modified  with  phenylboronic  acid  (pAu/G/PBA),  as  well  as  two
SERS tags consisting of a core (Au) and a shell (Prussian blue/poly-
L-lysine  and  4-mercaptobenzonitrile/polydopamine),  both
functionalized  with  aptamers  (Au@PB@PLL@Apt  and
Au@MB@PDA@Apt). In this SERS platform, the detection signals
depend on the distinctive and non-overlapping Raman bands of the
SERS tags in the Raman silent region. This region does not produce
any  background  signals  from  the  sample  matrix,  resulting  in
enhanced  detection  sensitivity  and  accuracy.  Moreover,  the
incorporation  of  high-affinity  aptamers  as  recognition  elements
ensures  the  specific  detection  of  the  SERS  chip.  Based  on  this,  a
wide range of bacteria can be quickly and accurately identified and
killed  with  the  help  of  the  SERS  chip.  Li  et  al.  fabricated  a  novel
hairpin  self-assembly  (CHA)-based  SERS  biosensor  array  for  the
simultaneous measurement of multiple cancer-related miRNAs in a
sample  [38].  The  construction  of  the  sensor  array  involved
immobilizing  one  of  four  different  hairpin-structured  DNA
sequences  (hp1)  onto  one  of  four  Au/Ag  alloy  NPs  (AuAg  NPs)-
coated detection wells, each with a different sensing unit. The SERS
tags,  prepared  by  coupling  AuAg  NPs  with  a  Raman  reporter
molecule  of  4-mercaptobenzonitrile  (MPBN)  and  the  associated
hairpin-structured  DNA  sequence  2  (hp2),  were  trapped  on  the
corresponding  sensor  unit  through  a  repeated  specific  CHA
reaction  when  the  target  miRNA  was  present.  The  interactions
between the SERS tags and the surface of the sensor coated with an
AuAg NPs layer generated a large number of “hot spots”, resulting
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in  a  strong  SERS  signal  that  enabled  the  detection  of  the  target
miRNAs with a detection limit of 0.15 pM. Furthermore, the SERS
sensor  array  successfully  determined  multiple  cancer-associated
miRNAs  (miR-1246,  miR-221,  miR-133a,  and  miR-21)  in  buffer,
serum,  and  cellular  RNA  extracts.  Wang  et  al.  proposed  a  new
lateral  flow  immunoassay  (LFIA)  that  employed  raspberry-like

Fe3O4@Au  magnetic  NPs  (RAuMNPs)  as  a  multifunctional  SERS
tag  for  the  ultrasensitive  and  simultaneous  quantification  of
multiple  tumour  biomarkers  (Fig.  7(b))  [175].  RAuMNPs  with
raspberry-like morphology possess abundant hotspots and excellent
magnetic  properties.  The  NPs  were  functionalized  with  Raman
reporter  molecules  and  specific  antibodies  to  enable  magnetic

 

Figure 7    Label-based sensing for diagnosis of cancer and pathogens. (a) Illustration of the working principle of the present multifunctional SERS platform; SEM images,
and  the  corresponding  Raman  spectra  of  the  SERS  substrate  incubated  with  human  blood  containing S.  aureus after  a  labeling  process  with  Au@PB@Van  NPs.
Reproduced with permission from Ref. [168], © American Chemical Society 2020. (b) Schematic illustration of the synthetic process of RAuMNPs, antibody modified-
RAuMNP SERS tag preparation, and RAuMNP tag-based LFIA for the simultaneous detection of three tumor biomarkers.  Photographs of RAuMNP-based magnetic
SERS-LFIA for PSA, AFP, and CEA detection in the serum sample. The average SERS spectrum of three T zones for different concentrations of PSA, AFP, and CEA.
Reproduced with permission from Ref. [175], © The Royal Society of Chemistry 2020.
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enrichment  of  target  tumor biomarkers  in  serum and quantitative
detection  of  targets  on  LFIA  strips.  By  adopting  this  strategy,
multiplexed  analyses  of  three  common  tumor  biomarkers  on  a
single  LFIA  strip  resulted  in  detection  limits  of  1.43  pg/mL  for
prostate  specific  antigen,  1.92  pg/mL  for  alpha-fetoprotein  and
3.84  pg/mL  for  carcinoembryonic  antigen.  Label-based  SERS
sensing  allows  highly  sensitive,  multiplexed  detection  of  target
analytes.  But  it  leads  to  the  loss  of  the  rich  intrinsic  biological
information  of  the  biological  matrix.  Additionally,  the  use  of
secondary  labelled  dyes  significantly  increases  the  total  analysis
time, reactant volume, and preparation steps. These limitations may
restrict  its  application  in  high-throughput in  situ cancer  and
pathogen diagnostics. 

4.3    AI-aided SERS sensing
When  diagnosing  cancer  or  pathogens  using  label-free  sensing,
molecular  vibrations  may  produce  specific  fingerprints  that  are
difficult  to  recognize  through manual  visual  inspection.  Therefore,
MLAs,  as  part  of  AI,  has  been  integrated  into  SERS  detection  to
identify  features  or  perform  classification.  The  efficiency  of  MLAs
in  extracting  information  from  vibration  spectra  of  complex
mixtures or large datasets has enabled the translation of SERS from
proof of concept to clinical application.

By  combining  SERS  with  MLAs,  more  efficient,  accurate  and
deeper analysis of spectral data is possible. For instance, Zhao et al.
exploited  SiO2-coated  Ag  NR  arrays  as  an  SERS  substrate  to
discriminate  and  classify  viral  species,  strains  and  variants  by
combining  them  with  MLAs,  including  support  vector  machine
(SVM),  k-nearest  neighbour,  and  random  forests,  and  achieved  >
99%  discrimination  accuracy  [176].  SVM-based  regression  was
used  to  construct  quantitative  calibration  curves  for  accurately
determining  unknown  virus  concentrations  in  buffer  and  saliva.
This  SERS  sensing  platform  enables  precise  classification  and
quantification  of  viruses  in  less  than  20  min  from  sample
preparation to diagnostic results. The integration of SERS and MLA
method  demonstrated  the  potential  of  their  rapid  virus  detection
and  immediate  diagnostic  platforms  by  detecting  and  quantifying
common respiratory viruses, including those that cause SARS-CoV-
2.  Pan  et  al.  developed  a  label-free  SERS  substrate  for  clinical
samples to capture bacteria and perform non-destructive detection
in  the  saliva  of  patients  with  periodontal  disease  [177].  The  SERS
substrate was prepared with NaBH4-reduced Ag NPs, and Na+ was
selected  as  an  aggregating  agent  to  provide “hot  spots” for
capturing bacteria,  resulting in enhanced porphyromonas gingivalis
(P.  gingivalis)  fingerprints.  Combined  with  MLAs,  four  different
oral  bacteria  including P.  gingivalis, Enterococcus  faecalis (E.
faecalis), S.  aureus and Streptococcus  mutans (S.  mutans)  can  be
effectively  classified.  The  researchers  collected  saliva  from  patients
with clinical  gingivitis  and periodontitis  and successfully  identified
the SERS signals of P. gingivalis in a complex oral environment (Fig.
8(a)).  Jung  et  al.  designed  flexible  and  highly  absorptive  three-
dimensional  plasmonic  hexaplex  nanostructures  (3D-PHP)  coated
on paper  substrates  [178].  These  structures  were  integrated with  a
commercial  saliva  collection  tube  to  create  an  efficient  on-site
sensing  platform  for  lung  cancer  screening  through  SERS
measurements  of  human  saliva.  The  multispike  hexaplex-shaped
Au  nanostructures  improve  contact  with  saliva  viscosity,  enabling
efficient  sampling  and  SERS  enhancement.  The  3D-PHP  sensor
was  successfully  used  for  lung  cancer  detection  and  diagnosis  by
testing patient saliva samples. A logistic regression-based ML model

accurately  classified  patients  as  benign  or  malignant  with  high
clinical  sensitivity  and  specificity.  Furthermore,  the  study
investigated  the  locations  of  significant  Raman  peaks  associated
with different stages of lung cancer, providing new insights for early
cancer diagnosis (Fig. 8(b)). Integrating the 3D-PHP sensor with a
conventional  saliva  collection  tube  platform  is  expected  to  offer
promising utility  for rapid on-site  disease screening and diagnosis,
as well as significant advances in cancer detection and patient care. 

4.4    Microfluidic-aided SERS sensing
The latest research in biosensing points to microfluidic chips as the
most popular and widely used method for accurately preparing and
treating  detection  samples.  The  integration  of  SERS  with
microfluidics  has  demonstrated  several  advantages.  While  the
sensitivity  of  SERS in  microfluidic  devices  is  comparatively  low in
comparison  to  conventional  macroscopic  SERS  platforms,  the
integration of SERS with microfluidics offers high-resolution, rapid,
highly  sensitive,  non-destructive, in-situ,  and  multi-target
microchip  Raman  detection  with  excellent  reproducibility,
providing  new  avenues  for  analytical  platform  integration,
automation,  and  miniaturization  [179, 180].  For  instance,  Qian  et
al.  developed a  pump-free,  high-throughput microfluidic  chip that
employs catalytic hairpin assembly and hybridization chain reaction
as a signal cascade amplification strategy for SERS detection [181].
This  chip  was  comprised  of  six  parallel  functional  units,  which
allowed the simultaneous analysis of multiple samples. The pump-
free  design  and  hydrophilic  treatment  had  enabled  the  automated
flow of reaction solutions in microchannels, removing the need for
external heavy-duty pumps and significantly enhancing portability.
This  detection  platform  displayed  low  LOD  for  PIK3CA  E542K
(1.26  aM)  and  TP53  (2.04  aM)  (two  gastric  cancer-related
circulating  tumor  DNA  (ctDNA))  of  1.26  aM  and  2.04  aM,
respectively. Moreover, the entire process was completed within an
impressive  13  min.  This  system  provided  a  valuable  tool  for
analyzing ctDNA expression levels in real-time, which is beneficial
for early cancer diagnosis. The SERS-coupled microfluidic platform
designed  by  Kamińska  et  al.  provided  a  powerful  solution  for
identifying specific cancer cell lines [182]. It enabled monitoring of
the  expression  levels  of  the  cancer  marker  EpCAM  in  four  target
cancer cell  lines: high (human metastatic prostate adenocarcinoma
cells  (LNCaP)),  medium  (human  metastatic  prostate
adenocarcinoma cells  (LNCaP)),  weak (human metastatic  prostate
adenocarcinoma  cells  (LNCaP)),  and  no  epithelial  cell  adhesion
molecules (EpCAM) expressions (cervical cancer cells (HeLa)). This
SERS-coupled  microfluidic  platform  opened  up  a  new  avenue  for
early  cancer  diagnosis,  identifying  cell  types  by  quantifying  the
levels  of  certain  biomarkers  on  the  cell  surface.  In  addition  to
cellular  research,  SERS-coupled  microfluidic  platforms  have  been
developed  for  the  characterization  and  classification  of  pathogens.
For  instance,  Sârbu  et  al.  achieved  fuzzy  characterization  and
classification of  bacterial  species  at  the  single-cell  level  using  SERS
technology,  and  the  detection  process  was  performed  in  a
microfluidic device [183]. This Label-free SERS sensing enables the
identification  of  bacterial  species  by  comparing  recorded  raw
spectra  with  detected  spectra.  However,  the  Raman  spectra  of
pathogens are inherently weak and poorly defined, thus increasing
the  difficulty  of  label-free  SERS  detection.  Chen  et  al.  developed
SERS  probes  tailored  to  selectively  identify  target  microorganisms
[184].  They  then  employed  a  microfluidic  system  to  separate  and
isolate  microbial  samples  and  utilized  SERS  technology  for  high-
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precision,  quantitative  analysis  of  microorganisms.  It  is  worth
noting  that  this  SERS-microfluidic  chip  has  been  shown  to
accurately  quantify  yeast  in  a  concentration  range  of  10⁶  to  10⁹
organisms/mL,  with  a  maximum  relative  standard  deviation  of
5.6% from the concentration calibrated by the cultivation method.
The  results  highlight  the  significant  potential  of  this  SERS-
microfluidic  chip  for  the  rapid  detection  of  a  diverse  range  of
microorganisms, including pathogenic bacteria and viruses. 

5    Conclusions and prospects
Cancer  and  pathogens  are  currently  the  leading  causes  of  death
worldwide.  Therefore,  there  is  a  critical  need  to  develop  simple,

rapid, and effective diagnostic tools. Recent advances in optics and
nanomaterials  science  have  driven  the  development  of  surface-
enhanced Raman spectroscopy (SERS), which shows great potential
for  disease  diagnosis,  including  the  detection  of  cancer  cells,
microbes  and  related  biomarkers.  In  this  review,  we  summarize
recent advances in SERS technology for rapid, sensitive, and stable
diagnosis  of  cancer  and  pathogens.  In  short,  due  to  its  high
sensitivity,  flexibility,  SERS  technology  has  become  a  promising
platform for recognition and detection in both label-based and label-
free  applications  in  recent  years.  Considering  the  aforementioned
progress in SERS-active nanomaterials, there are various directions
for  future  development  in  this  field  with  the  goal  of  producing

 

Figure 8    AI-aided SERS for  diagnosis  of  cancer  and pathogens.  (a)  Schematic  illustration of  the  label-free  SERS platform for  clinical  samples  to  capture  bacteria  and
perform non-destructive detection in the saliva of  patients with periodontal  disease.  Reproduced with permission from Ref.  [177],  © Elsevier B.V. 2024.  (b) Schematic
illustration of the 3D-PHP sensor integrated with saliva collection tube for applications in human saliva sensing and lung cancer diagnosis. Reproduced with permission
from Ref. [178], © Linh, V. T. N. et al. 2023. Published by Elsevier B.V.
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more  effective  and  desirable  SERS  substrates  to  meet  increasingly
demanding application requirements:  (1)  For  the  plasmonic  metal
SERS substrates, the key to their further development is to explore
effective  strategies  to  construct  plasmonic  nanostructures  with
highly  ordered,  uniform,  and  repeatable “hot  spots” for  reliable
SERS  detection.  Thus,  it  would  be  of  great  interest  to  further
develop  simple,  reliable  and  novel  nanofabrication  techniques  to
introduce smaller nano-gaps and generate more tightly packed “hot
spots” on plasmonic metal SERS substrates. (2) For semiconductor
nanomaterials, weak SERS activity has been a significant obstacle to
their  practical  development.  The  development  of  integrated
multiple nanomaterial engineering strategies is expected to optimize
the  SERS  performance  of  semiconductor  nanomaterials.  The
exploration  of  synergistic  enhancement  mechanisms  and
preparation  methods  for  the  integration  of  multiple  materials
engineering  strategies  is  essential.  (3)  For  metal/semiconductor
nanocomposites,  the  combination  of  metal  and  semiconductor  is
one of the most effective ways to obtain ideal SERS substrates. The
difficulty lies in how to effectively integrate the advantages of each
component and fully exploit their multiple contributions to induce
and  enhance  SERS  signals  through  careful  selection  of  functional
components  and  rational  design  of  composite  structures.
Metal/semiconductor  SERS  substrates  can  combine  the  inherent
selectivity  of  strong  EM  enhancement  and  relatively  weak  CM
enhancement,  making  the  construction  of  such  substrates  an
effective  way  to  achieve  highly  sensitive  and  selective  SERS
enhancement.  However,  the  currently  developed  approaches  to
composite SERS substrates all have their limitations and face many
challenges,  including  controlled  construction  and  complex
mechanistic  elucidation.  (4)  The design and development of  SERS
active  nanomaterials  also  requires  full  consideration  of  their
adaptability and applicability, which in most cases meet application-
specific criteria. In direct SERS detection strategies, how to enhance
the  interaction  between  target  molecules  and  SERS  substrates  is  a
major issue. In the label-based SERS detection strategy, the precise
screening of affinity agents and Raman reporters in advance is the
key to achieve accurate, effective and reliable SERS detection. These
systems enable rapid detection of pathogens directly from complex
samples  without  the  need  for  purification  or  amplification  steps.
Antibodies  have  high  binding  affinity,  but  their  large  size  makes
them  difficult  to  properly  orient  on  SERS  substrates  and  often
interfere  with  the  SERS  spectra  of  target  analytes.  Aptamers  and
polymers  offer  greater  versatility,  smaller  sizes,  higher  packing
densities,  minimal  interference  with  SERS  signatures  and  often
lower production costs. (5) The development of portable and micro-
SERS  platforms  is  also  important  to  extend  the  applicability  of
disease  diagnosis  to  more  realistic  scenarios.  While  current  efforts
such as portable Raman device platforms allow for greater flexibility
in disease diagnostics, traditional SERS technologies are widely used
in  cancer  and  pathogen  diagnostics  due  to  their  superior  SERS
performance  in  terms  of  sensitivity,  spectral  resolution,  and
mapping  capabilities.  For  example,  portable  devices  have  been
successfully used to screen COVID-19 individuals in clinical breath
samples  or  dengue  virus  in  clinical  blood  samples  [1].  This  work
has  clearly  demonstrated  the  effectiveness  of  portable  devices  in
facilitating  clinical  translation  and  the  great  potential  for  the
development  of  non-invasive  human  diagnostic  tools  for
immediate detection or mass screening purposes. Therefore, further
efforts are required to achieve the portability of disease diagnostics
to meet clinical demands. 
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