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ABSTRACT

In  the  macroscopic  world,  we  can  obtain  some  important  information
through  the  vibration  of  objects,  that  is,  listening  to  the  sound.  Likewise,
we  can  also  get  some  information  of  the  nanoparticles  that  we  want  to
know by the means of “listening” in the microscopic world. In this review,
we  will  introduce  two  sensing  methods  (cavity  optomechanical  sensing
and  surface-enhanced  Raman  scattering  sensing)  which  can  be  used  to
detect  the  nanoparticles.  The  cavity  optomechanical  systems  are  mainly
used  to  detect  sub-gigahertz  nano  particle  or  cavity  vibrations,  while
surface-enhanced  Raman  scattering  is  a  well-known  technique  to  detect
molecular vibrations whose frequency generally exceeds terahertz. There-
fore,  the  vibrational  information  of  nanoparticles  from  low-frequency  to
high-frequency  could  be  obtained  by  these  two  methods.  The  size  of  the
viruses is at the nanoscale and we can regard it as a kind of nanoparticles.
Rapid  and  ultrasensitive  detection  of  the  viruses  is  the  key  strategies  to
break the spread of the viruses in the community. Cavity optomechanical
sensing  enables  rapid,  ultrasensitive  detection  of  nanoparticles  through
the  interaction  of  light  and  mechanical  oscillators  and  surface-enhanced
Raman  scattering  is  an  attractive  qualitatively  analytical  technique  for
chemical  sensing  and  biomedical  applications,  which  has  been  used  to
detect the SARS-CoV-2 infected. Hence, investigation in these two fields is
of  vital  importance  in  preventing  the  spread  of  the  virus  from  affecting
human’s life and health.
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 1   Introduction

The detection and imaging of nanoparticles in microscopic
systems  has  opened  the  door  to  understanding  the
microscopic world. In the past few decades, the detection
and imaging of microscopic particles by optical methods
[1–4], mechanical methods [5–12], and magnetic methods
[13, 14]  have  been  widely  studied.  Among  them,  the
detection  of  nanoparticles  by  optical  methods  is  the
most widely used detection method [15]. The principle of
optical  sensing  is  that  the  presence  of  nanoparticles
induces  changes  in  optical  microcavity  transmission  or
reflection  spectra,  such  as  mode  splitting  [1],  frequency
shifting  and  mode  broadening  [2].  The  interaction  of
light  and  matter  can  be  enhanced  by  high-Q optical
microcavity [15], plasmon [4], exceptional point enhance-
ment [3] and so on, which would improve the measurement
accuracy and sensitivity.

The  vibration  of  nanoparticles  contains  rich  informa-
tion,  and the detection of  nanoparticles  can be realized
through  the  vibration  of  nanoparticles,  that  is,  the
detection  of  nanoparticles  by  mechanical  methods,
including electromechanical methods and optomechanical
methods  [5, 8, 10, 11].  Microelectromechanical  systems
(MEMS)  can  convert  mechanical,  chemical  signals  or
other  sensing  singles  into  electrical  signals  [16, 17],
which could make ultrasensitive biosensors because field-
effect  transistors  combine  efficient  transducers  with
signal  amplifiers  in  which  a  small  parameter  alteration
induces a pronounced change of channel current [18, 19].
For example, Liqian Wang and his colleagues implemented
an  electromechanical  biosensor  for  the  detection  of
SARS-CoV-2 at ultralow concentrations via liquid-gated
graphene field-effect transistor [11]. However, not all the
MEMS could  detect  the  vibration  of  nanoparticles,  but
nanoparticles  affect  the  effective  mass  of  MEMS  or
dielectric environment which changes its frequency, line
width, and so on. Besides, the vibration frequency of the
nanoparticles  needs  to  be  similar  to  the  vibration
frequency of the MEMS in order to achieve the measure-
ment of the vibration modes. Raman spectroscopy is the
most  appropriate  method  for  measuring  high-frequency
vibrational eigenmodes [20–22].

In  this  review,  we  focus  on  cavity  optomechanical

sensing and SERS for nanoparticle detection. The existence
[5],  mass  [8, 23–30],  and  vibration  modes  [10]  of
nanoparticles  have  been  detected  at  ultrahigh  precision
via  cavity  optomechanical  systems until  now.  However,
qualitative  detection  for  nanoparticles,  such  as  viruses,
in  cavity  optomechanical  systems  is  still  a  problem.
SERS  is  an  ultrasensitive  qualitative  detection  method
[9].  SERS  provides  high  sensitivity  originated  from  the
amplified  local  electro-magnetic  field  in  plasmonic
nanostructures  [1, 6, 7, 12, 31],  which  cannot  be
provided  by  spontaneous  Raman  scattering  process.  In
the following, we will introduce the principles, platforms
and the latest progress of cavity optomechanical sensing
and SERS and the research perspectives in the future.

 2   “Listening” to nanoparticles by
ultrasensitive cavity optomechanical
sensing

 2.1   Basic principle of the cavity optomechanics

ℏ ℏ

ℏ

Cavity optomechanics enhances the interaction between
electromagnetic  radiation  and  mechanical  motion  via
microcavities  [32, 33].  The  optomechanical  coupling
mechanism based on radiation pressure is shown in Fig.
1(a). The optical Fabry–Pérot cavity contains a stationary
mirror and a movable mirror mounted on a spring. The
intracavity photons with momentum k,  where  is the
reduced  Planck’s  constant,  reflected  off  the  movable
mirror  transfers  a  momentum 2 k onto  the  mirror  due

 
Fig. 1  (a) Schematic diagram of the cavity optomechanical
coupling mechanism based on radiation pressure. (b) Whis-
pering-gallery-mode microcavity-based optomechanics.
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to the law of conservation of momentum.

L

i (t)

L

r

The displacement of the moveable mirror results in a
change in the cavity length , which changes the optical
resonance  frequency.  The  detuning  between  pump
frequency and cavity resonance frequency determines the
light  amplitude  inside  the  cavity,  which  subsequently
leads to change of the cavity length. Hence, it creates a
loop: the number of photons inside the cavity causes the
radiation  pressure  force  and  the  displacement  of  the
mirror, and the radiation pressure effectively depends on
the mirror position. As a result, the output photocurrent

 experiences a periodic modulation, with a frequency
corresponding  to  the  mechanical  frequency,  and  an
amplitude  proportional  to  the  displacement  and
linearized  optomechanical  coupling  strength.  The  whis-
pering-gallery-mode  (WGM)  microcavity  is  a  typical
high-Q optomechanical  system,  which  has  been  used
widely in high-precision sensing [5, 8, 10, 34]. The above
optomechanical  coupling  mechanism  is  applicable  to
WGM  microcavities  by  replacing  the  cavity  length 
with  the  microcavity’s  radius  as  shown  in Fig.  1(b).
The  circulating  photons  exert  radial  radiation  pressure
on microcavities and induce structural deformation [35].

Ĥtot

To  precisely  model  the  cavity  optomechanical
coupling  process,  a  quantum  theory  is  introduced  to
depict the cavity optomechanical coupling. The phonons
and photons are both bosons, which can be pictured as
quantized bosonic fields. Here, a typical cavity optome-
chanical  system  composed  of  a  single  optical  cavity
mode and a mechanical resonator is shown in Fig. 1(a).
The total Hamiltonian  of the system can be written
as

Ĥtot = Ĥdrive + Ĥ0 + Ĥint, (1)

Ĥdrive Ĥ0

ωo ωm

Ĥint

where  is the optical driving of the system,  is the
uncoupled optical ( ) and mechanical ( ) modes, and

 is the interaction part of the system’s Hamiltonian.
When  a  continuous-wave  laser  used  to  pump  the

system, and the drive part of the system’s Hamiltonian
is written as

Ĥdrive = ℏ(Ω∗eiωLtâ+ h.c.), (2)

ωL â â†

Ω

Ω

where  is  the  frequency  of  the  pump  laser,  ( )  is
the bosonic annihilation (creation) operator of the cavity
optical  mode,  and  denotes  the  driving  strength.  The
driving strength  can be expressed as

Ω =
√
κexP ⁄ (ℏωL)eiϕ, (3)

κex P

ϕ

where  is the decay rate of input-cavity coupling,  is
the  input  laser  power  and  is  the  initial  phase  of  the
pump laser.

The uncoupling part of the system’s Hamiltonian can
be described as

Ĥ0 = ℏωoâ
†â+ ℏωmb̂

†b̂, (4)

b̂ b̂†where  ( ) is the bosonic annihilation (creation) operator
of  the  mechanical  mode.  The  displacement  operator  of
the mechanical mode is given by

x̂ = xzpf(̂b
† + b̂), (5)

xzpf =
√

ℏ
2meffωm

meff

where  is  the  zero-point  fluctuation,  and
 is the effective mass of the mechanical mode.

The interaction part of the system’s Hamiltonian can
be described as

Ĥint = ℏg0â†â
(
b̂+ + b̂

)
, (6)

g0 = xzpf · (∂ωo/∂x)

Ĥint

where  is  the  vacuum  optomechanical
coupling strength, expressed as a frequency, which quan-
tifies  the  interaction  between  a  single  phonon  and  a
single photon. The radiation pressure can be obtained as
the derivation of  with respect to displacement:

Frp = −∂Ĥint

∂x
=

ℏg0
xzpf

â†â. (7)

∆

ωL = ωo +∆ ∆ < 0 ∆ > 0

Typically,  the  driving  part  of  the  optomechanical
system’s  Hamiltonian  is  described  by ,  where

; conventionally,  ( ) is termed red
(blue)  detuning.  In  the  frame rotating with the  driving
field, the system’s Hamiltonian transforms to

Ĥ
′
=ℏωmb̂

†b̂− ℏ∆â†â− ℏg0â†â
(
b̂+ + b̂

)
+ ℏ(Ω∗

â+ h.c.), (8)

Û = eiωLâ†ât

which can be obtained by applying the unitary transfor-
mation  to make the driving terms time inde-
pendent.

The  analytical  treatment  of  the  radiation-pressure
dynamical backaction phenomena in the cavity optome-
chanical system can be described by quantum Langevin
equations.  The  quantum  Langevin  equations  are  given
by

˙̂a =− κ

2
â+ i

(
∆+

∂ωo

∂x
x̂

)
â− iΩ

−
√
κexâin,ex −

√
κ0âin,0, (9)

˙̂
b =

(
−iωm − γ

2

)
b̂− ig0â†â−√

γb̂in, (10)

κ0 κ = κex + κ0

γ

κ⁄ωo γ/ωm âin,ex

âin,0 b̂in

where  is  the  intrinsic  cavity  decay rate, ,
which is the total optical decay rate, and  is the damping
rate of the mechanical mode. The quality factor of optical
(mechanical)  mode  can  be  defined  as  ( ). ,

, and  are the noise operators of the intrinsic optical
decay,  external  input-cavity  coupling  decay,  and
mechanical damping, respectively.

 2.2   Key parameters of the cavity optomechanical sensing
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The noise is an important factor to be considered in the
optomechanical sensing, which could quantify the sensi-
tivity  of  the  optomechanical  sensors,  i.e.,  the  minimum
detectable  signal  in  the  optomechanical  sensing.  The
noise  in  the  optomechanical  systems  mainly  includes
thermal noise, shot noise and optomechanical backaction
noise,  where  thermal  noise  is  classical  noise  and  shot
noise and optomechanical noise is quantum noise.

meff

Thermal noise is one of the fundamental limits to the
precision of mechanical measurement. Before the discussion
of the thermal noise, we first take a look at the mechanical
measurement  in  optomechanical  systems.  The  Newton
equation of motion for a harmonic oscillator with effective
mass  is

ẍ+ γmẋ+ ω2
mx =

1

meff
[Fd (t) + FL (t)] , (11)

Fd (t) FL (t)

x (ω)

where  is  driving force  and  is  Langevin force
originating from thermal Brownian motion. In the exper-
iment,  we  mainly  concern  about  the  mechanical
displacement spectrum ,

x (ω) =
1

meff (ω2
m − ω2)− imeffγmω

[Fd (ω) + FL (ω)] ,

(12)

χxxwhere the mechanical susceptibility  is defined as

χxx =
1

meff (ω2
m − ω2)− imeffγmω

. (13)

Sxx (ω)The power spectrum density of the displacement 
is defined as the Fourier transformation of autocorrelation
function of the displacement,

Sxx (ω) =

∫ +∞

−∞
⟨x (0)x (t)⟩eiωtdt. (14)

Sxx (ω)

τ

However,  Eq.  (14)  is  not  applicable  for  the  practical
measurement.  In  the  practical  experiments,  is
measured in a limited duration ,

Sxx (ω) = lim
τ→∞

⟨∣∣∣∣ 1√
τ

∫ τ

0

x (t) eiωtdt
∣∣∣∣2
⟩
. (15)

⟨x2⟩
Sxx (ω)

The  average  displacement  can  be  obtained  by  the
integration of the ,

⟨x2⟩ =
∫ +∞

−∞
Sxx (ω)

dω
2π

. (16)

Sxx (ω)

According to fluctuation dissipation theorem, we can get
the , thus we can get the average thermal motion

⟨x2⟩th =
kBT

meffω2
, (17)

kB Twhere  is  Boltzmann  constant  and  is  temperature.
The thermal noise can be suppressed by some measurement

techniques, such as balanced homodyne detection.

∆φ∆N ∆ = 0

ωL = ωo

The shot noise is because of the Heisenberg uncertainty
relation that the number-phase for coherent states deter-
mines the limited precision of = 1/2. When ,
i.e., , we can get the displacement power spectrum
density induced by shot noise

Sshot
xx (ω) =

κ

16nog20

[
1 + 4

(ω
κ

)2
]
, (18)

no ω ≪ κ

Sshot
xx (ω)

where  is  average  photon  number.  When ,
 can be approximated as a constant and the shot

noise  is  a  white  noise.  Hence,  we  can  reduce  it  by
increasing the laser power. The optomechanical backaction
noise  originates  from  the  radiation  pressure  force  of
photons  acting  on  the  mechanical  resonator.  The
optomechanical  backaction  noise  could  be  neglected  in
many  optomechanical  sensing  experiments  as  a  result
from  that  the  probe  laser  power  is  relatively  low,  to
avoid thermal effect induced optical resonance shift.

ω
√
SBB (ω)

The  optomechanical  measurement  sensitivity  of  a
physical quantity B (including displacement, force, etc.)
at the frequency  is determined by . Hence, the
broad  bandwidth  and  sensitivity  are  both  important
factors  for  optomechanical  sensors.  Thus,  microtoroids
are a good optomechanical sensing platform. Besides, the
optomechanical coupling rate, decaying rate and quality
factor are also important factors to be considered when
designing  the  structure  of  the  optomechanical  sensors.
We  will  introduce  some  structures  of  optomechanical
sensors below.

 2.3   Platforms for the cavity optomechanical sensing

In this review, the optomechanical sensing platforms are
divided  into  passive  optomechanical  sensing  platforms
[27–29] and electrical modulated optomechanical sensing
platforms  (electro-optomechanical  sensing  platforms)
[36–38]  depending  on  whether  there  is  an  excitation
source. The passive optical resonators placed on or close
to  the  mechanical  structures  was  the  firstly  developed
field  and  it  is  used  to  perceive  external  stimuli.  The
vibration  of  the  mechanical  structures,  usually
suspended in the form of disks [39]  or cantilever beams
[40], will be optomechanically coupled into optical modes
in the resonators, results in a wavelength shift of output
signal  [Fig.  2(a)]  [41].  The  second  field,  which  has
emerged in recent years, typically places internal stimuli
through electrical modulation in the radio frequency (RF)
range.  Combining  electrical  resonance  with  external
mechanical  input  will  increase  tunability  and  provide
more degrees of freedom for sensitivity enhancement.

The  passive  optomechanical  sensing  platforms  relies
on  larger  displacement  to  induce  change  which  is  more
prominent in the optomechanical  systems for  detection.
The micro-cantilever is a typical mechanical input struc-
ture  to  interact  with  the  environment,  which  has  an

FRONTIERS OF PHYSICS TOPICAL REVIEW

53602-4   Haonan Chang and Jun Zhang, Front. Phys. 18(5), 53602 (2023)

 



advantage that using such a cantilever allows for larger
mechanical  deformation.  Besides,  the  sensitivity  will  be
improved by reducing the effective mass and dimensions.
The typical optical readout configuration of the passive
optomechanical sensing platforms is microdisk resonators
[29]  [Fig.  2(b)]  and  photonic  crystal  resonators  [42–44]
[Fig. 2(c)].  The cantilever-based optomechanical sensors
can be divided into two main sections: photonic crystal
cavities  built  on  the  cantilever  leveraging  the  shape
deformation  of  the  optomechanical  resonators,  and

cavity  optomechanical  coupling  between  the  cantilever
and  microcavities.  These  types  of  optomechanical
sensors  are  mainly  found  in  chemical  sensing  [42]  and
atomic force microscopy applications [45, 46], where high
precision  sensitive  measurements  are  needed.  As  shown
in Fig.  2(b),  the  micro-cantilever  coupling  with
microdisk performed mass spectrometry ranging from 2.8
to 7.7 MDa in less than 5 min and demonstrated excellent
stability, which provides excellent toolboxes for optome-
chanical mass sensing of the viruses [29].

 
Fig. 2  Various cavity optomechanical coupling platforms. (a) The principle of the passive optomechanical coupling plat-
forms. The passive optomechanical coupling elements consisting of micro-cantilevers (b) (Reproduced with permission from
Ref.  [29],  Copyright © 2020 Nature)  and microcavities (c) (Reproduced with permission from Ref.  [41],  Copyright © 2009
IEEE). (d) The  principle  of  the  electrical  modulated  optomechanical  coupling  platforms. (e,  f) The  electrical  modulated
optomechanical coupling platforms. (e) Reproduced with permission from Ref. [37], Copyright © 2017 The Optical Society of
America. (f) Reproduced with permission from Ref. [36], Copyright © 2020 Nature.
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Cem ∼ 7

In  the  electro-optomechanical  coupling  platforms
[36–38],  piezoelectric-driven  and  electrostatic-driven  are
two  mainstream  approaches  to  probe  and  detune  the
optomechanical cavity modes and provide the bridge for
energy exchange between phonons and photons as shown
in Fig.  2(d)  [37].  The  acousto-optical  interaction
between  stimulated  acoustic  phonons  and  light  beams
provides excellent possibilities for a new class of inertial
sensing  without  movable  structures,  thus  enhancing
both  the  reliability  and  the  tuning  frequency.  In  2017,
Bekker et  al. [38]  demonstrated  a  radiation-pressure-
driven  cavity  optomechanical  system  actuated  and
locked by an integrated electrical  interface  as  shown in
Fig. 2(e). The injection signal employed to suppress the
drift  in  the  optomechanical  oscillation  frequency  could
reduce the phase noise by over 55 dBc/Hz at 2 Hz offset.
The  electrical  interface  allows  enhanced  scalability  for
future  applications  associated  with  arrays  of  injection-
locked precision sensors. In 2020, Han and his colleagues
[37]  reported  that  they  aligned  a  10-GHz  piezoelectric-
driven  microwave  resonator  on  the  top  of  an  optome-
chanical  cavity  [Fig.  2(f)],  which  enables  resonant
enhancement  of  optomechanical  and  electromechanical
interactions  simultaneously.  The  large  piezo-mechanical
cooperativity ( ) and the enhanced optomechanical
coupling boosted by a pulsed optical pump are achieved
in  this  triply  resonant  piezo-optomechanical  system
based on the integrated interface between superconducting
and nanophotonic circuits.

In  recent  years,  optomechanical  crystals  with  bound
states in the continuum (BICs) are an emerging research
field  [47–51],  which  refer  to  a  type  of  eigenstates  with
infinite  lifetime  yet  spectrally  overlapping  with  lossy
states in the continuum [49]. The optomechanical crystals
with  BICs  could  reach  ultrahigh  optomechanical
coupling  rate  and  mechanical  quality  factor  [49, 50],
which results in high sensitivity to small changes in the
phonon spectrum, thus the development of highly sensitive
optomechanical  sensors  is  one  promising  application  of
optomechanical  crystals  with  BICs.  Additionally,  they
can be fabricated using standard lithographic techniques
[50],  which  makes  them  compatible  with  existing  semi-
conductor processing technologies.

 2.4   Optomechanical detection of the mass of the
nanoparticles

fm

According  to  Eq.  (11),  we  can  obtain  the  resonance
frequency of mechanical resonator ,

2πfm =

√
k

meff
, (19)

kwhere  is  spring  constant.  When  the  nanoparticles  or
viruses  are  deposited  on  the  surface  of  the  mechanical
oscillator,  the  effective  mass  of  the  harmonic  oscillator
changes. Qualitatively, we simply consider the deposited

mdmass  as

md = δmeff = −2meff

fm
δfm, (20)

δmeff δfmwhere  is the changes of the effective mass and 
is  the  change  of  the  resonance  frequency.  Besides,  the
relationship  between  deposited  mass  and  resonance
frequency shift depends on the position of the deposited
objects  [8].  According  to  Eq.  (20),  we  can  get  that  the
detection  threshold  (i.e.,  the  smallest  mass  can  be
detected) of the measurement is related to the resonance
frequency of the mechanical oscillator. Hence, design and
fabrication  of  the  high-frequency  mechanical  resonators
[52–54] are of vital importance to improve the detection
threshold  and  sensitivity  of  the  optomechanical  mass
sensing.

There are many in-plane vibration modes in whisper-
ing-gallery  optomechanical  system  [Fig.  3(a)],  which
favors their coupling to optical whispering gallery modes.
In  2022,  Sbarra  and  his  colleagues  [8]  demonstrated
multimode  optomechanical  sensing  of  single  particles
with a radius between 70 and 150 nm [Fig. 3(b)], which
is approximately the size of the virus SARS-CoV-2 [55].
The optomechanical sensing principle is that an adsorption
produces a mechanical frequency shift within point-mass
approximation:

δfm/fm = − [md/(2meff)]u(r0)
2
, (21)

md u(r0)
2

r0

where meff is  the  effective  mass  of  the  considered
mechanical mode,  is the absorbed mass and  is
the normalized modal displacement at the analyte landing
position .  They  performed  multimode  mechanical
measurement  of  latex  nanoparticles  by  simultaneously
tracking  both RBM1 and RBM2.  The sensing  accuracy
is  determined  by  mechanical  quality  factor Qm and
optomechanical  coupling  coefficient gom.  Hence,  the
signal from RBM2 was noisier, the phase jumped smaller
and [Fig. 3(c)] the mass estimation was more inaccurate
because of low Qm and gom, which suggests that high Qm
and gom is necessary for optomechanical sensing. In their
work,  multiple  mechanical  and  optical  resonant  signals
can  be  obtained  simultaneously,  providing  access  to
several pieces of physical information about the landing
analyte  in  real  time,  which  provides  a  novel  way  to
detecting viruses in real time.

ωo (x) ∝ x

The  above  optomechanical  mass  sensing  experiments
are  carried  out  in  the  linear  optomechanical  coupling
regime [32],  in which the frequency of a cavity mode is
approximatively  proportional  to  the  displacement  of  a
mechanical  mode,  i.e., .  In 2010,  Sankey et  al.
[56]  demonstrated  that  an  optical  cavity  containing  a
flexible  dielectric  membrane  enable  us  to  realize  the
quadratic  optomechanical  coupling  in  experiment  as
shown in Fig. 4(b). In the pure quadratic optomechanical
coupling  regime,  there  is  a  linear  relation  between  the
position-dependent  cavity  resonance  frequency  and  the
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ω (x) ∝ x2square  displacement  of  the  membrane,  i.e., .
The quadratic optomechanical coupling has been used to
induce  unique  optical  phenomena  including  quantum
phase  transition,  two-phonon  optomechanical  induced
transparency  and  amplification,  and  the  preparation  of
squeezed  states  and  superposition  states  [24, 56–64].  In
2019,  Liu  and  his  colleagues  [24]  reported  a  novel
optomechanical  mass  sensing  scheme  in  theory  that  an
added mass deposited on the dielectric membrane can be
detected by the by monitoring the efficiency of variation
of the second sideband generation.

ωm

mm R

ωd ωp

As  shown  in Fig.  4(a),  the  model  they  studied  is  a
membrane-in-the-middle  optomechanical  cavity  and  a
degenerate  parametric  amplifier  (DPA)  [65, 66]  is
embedded  into  it.  The  membrane  is  designed  with  the
prosperities  that  angular  frequency ,  effective  mass

,  and  finite  reflectivity .  Besides,  the  nonlinear
cavity  optomechanical  system  is  driven  by  a  strong
control field  and probed by a weak probe pulse . In
the  optomechanical  system,  the  effective  frequency  of
the  cavity  is  approximated to  the  second-order  term of
displacement:

ω (x) = ωc +
1

2

∂2ω

∂x2
x2, (22)

Gand the quadratic optomechanical coupling constant  is
defined as [67, 68]

G =
1

2

∂2ω

∂x2

∣∣∣∣
x=0

=
8π2c

Lλ2
d

√
R

1−R
, (23)

c λd

ωm

mm

Qm

R

κ ωm

λd

∆ ωm

where  is  the  speed  of  light  in  vacuum  and  is  the
wavelength  of  the  control  field.  In  their  work,  the
parameters  of  quadratically  coupled  optomechanical
system were obtained from Ref. [69]. The parameters are
as follows: the angular frequency of the membrane  =
2π × 0.1 MHz, the mass of the membrane  = 100 pg,
the mechanical quality factor  = π × 104, the reflectivity
of  the  reflectivity  =  0.45,  the  cavity  length L =
67 mm, and the total loss rate  = 0.2 . Besides, they
assume the wavelength of control field  = 532 nm and
the  cavity  mode  detuning  =  2  to  build  a  two-
phonon resonance case in the quadratic  optomechanical
coupling circumstance.

δm GX0

As shown in Figs. 4(c) and (d), when the added mass
 increases, the steady-state solution of  decreases

 
Fig. 3  Weigh a single nanoparticle by multimode optomechanical system. (a) Multimode optomechanical system. (b) SEM
image of the 157 nm diameter nanoparticle. (c) Demodulated output signal phase at the resonance frequencies of the RBM1
(red) and RBM2 (green) during the landing of a cluster of three latex nanoparticles. Reproduced with permission from Ref.
[8], Copyright © 2022 American Chemical Society.
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monotonically,  while  the  eigenenergy  of  the  membrane
increases  monotonically.  Hence,  they  can  deduce  the
added mass change in the quadratically coupled optome-
chanical system has a prominent influence on the steady-
state solution of  the system and the eigenenergy of  the
membrane.  Besides,  they  derived  explicitly  analytical
expressions for the efficiency of a second-order sideband
and the sensitivity of a mass sensor beyond the conventional
linearized approximation. In short, their work illustrates
the  potential  to  use  the  nonlinear  dynamics  of  the
quadratically coupled optomechanical system for designing
an all-optical nonlinear mass sensor.

 2.5   Optomechanical detection of the vibrational modes

The  low-frequency  vibration  modes  of  proteins,  viruses
and bacteria in the terahertz and gigahertz domain [Fig.
5(b)]  carry  important  information  which  may  provide
valuable information on the diagnosis of certain diseases
[70].  However,  the  frequency  of  vibration  modes  of
bacteria and viruses is too low to be detected by traditional
optical tools, such as Raman spectrometry, and too high
to  be  detected  nanomechanical  resonator.  Gil-Santos
et al. [10] fabricated ultrahigh frequency optomechanical
disk  resonators  to  detect  the  vibration  modes  of  the

ωS

ωA

Q

bacterium  [Fig.  5(a)]  and  the  mechanical  resonance
frequency  could  reach  or  suppress  the  frequency  of  the
vibration modes of the bacterium [10]. According to the
ratios  of  sensor  eigenfrequency  ( )  to  the  fundamental
eigenfrequency of the analyte ( ), the system’s response
can be classified into three regimes [Fig. 5(c)]: an inertial
regime  (Λ ≪ 1),  in  which  the  resonance  frequency
redshifts  due  to  the  mass  of  the  analyte;  a  coupling
regime  (1≤ Λ ≤ β2),  where β2 is  the  ratio  between  the
2nd  eigenfrequency  of  the  analyte  and  its  fundamental
resonance  frequency,  in  which  two  mechanical  motions
resonate  with  each  other,  or  hybridize,  inducing  a
doublet in the mechanical spectrum of the system from
which the vibration characteristics of the analyte can be
extracted;  an  insensitive  regime  (Λ ≫ β2),  in  which  no
information can be obtained. Gil-Santos et al. [10] imple-
mented the experiment in the coupling regime and they
detected  the  vibration  modes  of  Staphylococcus  epider-
midis. Besides, they could monitor bacterium hydration
by measuring its eigenfrequency and  due to its porous
structure.  In  a  word,  their  work  goes  beyond  detecting
the presence or absence of analytes in the optomechanical
system whereas previous optomechanical sensing experi-
ments in the inertial regime only allows the detection of
the  presence  or  absence  of  the  analytes.  Their  work

 

ωd ωp

GX0 δm

Pd

δm

Pd

Fig. 4  Nonlinear cavity optomechanical systems for optomechanical mass sensing. (a) Schematic diagram of a quadratically
coupled  optomechanical  system.  A  degenerate  parametric  amplifier  (DPA)  is  embedded  into  a  membrane-in-the-middle
cavity driven by a strong control field  and a weak probe pulse . Reproduced with permission from Ref. [24], Copyright ©
2019 American Physical Society. (b) A quadratically coupled optomechanical platform in an experiment. Reproduced with
permission  from Ref.  [55],  Copyright  ©  2010  Nature. (c) The  steady-state  solution  of  versus  the  added  mass  for
different control field intensities  = 50 μW, 80 μW, and 150 μW. Reproduced with permission from Ref. [24], Copyright ©
2019 American Physical  Society. (d) The eigenenergy of  a membrane versus the added mass  for different control  field
intensities  = 50 μW, 80 μW, and 150 μW. Reproduced with permission from Ref. [24], Copyright © 2019 American Physical
Society.
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paves  a  new  way  to  detect  bioparticles  via  cavity
optomechanical system.

 2.6   Cavity optomechanical spring sensing of single
molecules

Single-molecule  sensors  are  at  the  cutting  edge  of
biochemical sensing field [71]. Yu et al. [5] reported the
first  single  molecule  sensing  experiment  based  on  the
cavity  optomechanical  spring  effect  in  2016.  They
detected  single  bovine  serum  albumin  proteins  with  a
molecular weight of 66 kDa at a signal-to-noise ratio of
16.8.  The  schematic  of  cavity  optomechanical  spring
sensing mechanism is shown in Fig. 6. In the high optical
quality  factor  microsphere,  the  optical  wave  inside  the

δfm = − dfm

d∆ δλ

microsphere produces a strong radiation pressure which
efficiently drives the radial breathing mechanical motion
of the microsphere. The mechanical resonance frequency
fm is dependent sensitively on the optical cavity detuning
Δ = λ1 – λ0,  where λ1 is  the  laser  frequency  and λ0 is
optical  cavity  resonance  frequency.  The  particle  or
molecule  binding  on  the  microsphere  induces  a  tiny
perturbation  to  the  cavity  resonance  wavelength  δλ,
which would be transferred to the mechanical resonance
frequency shift δfm, where . Hence, an effici-
ent transduction mechanism to amplify resonance wave-
length  sensing  can  be  realized  via  optical  spring  effect.
The  sensing  resolution  can  be  determined  by  effective
mechanical  quality  factor Qm = fm/δfm of  coherent
optomechanical  oscillation.  The Qm of  the  microsphere

 
Fig. 5  Experimentally detect the vibration modes of a single bacterium via an optomechanical microcavity. (a) Experimental
setup. (b) Frequency of the radial breathing mode of an optomechanical disk (blue region) and of the fundamental mode of
quasi-spherical  biological  particles  adsorbed on a rigid support (red region) as a function of  the disk and bioparticle  radii,
respectively. (c) The left panel: Color-intensity map of the amplitude of the fluctuations of the sensor as a function of the
dimensionless frequency and the ratio of the radial breathing mode eigenfrequency to the fundamental eigenfrequency of the
particle (Λ). The right panel: Cross-sections of the regions in the left panel for Λ = 0, 0.5, 0.9, 1, 1.1, 1.5 and 20. The gray
and purple vertical dashed lines represent the corresponding the values of Λ at the boundaries of the inertial region. Reproduced
with permission from Ref. [69] and Ref. [10], Copyright © 2020 Nature.
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device can reach a value above 106, resulting in a sensing
resolution  which  is  sufficient  for  single-molecule  detec-
tion.

 3   “Listening” to nanoparticles by SERS

 3.1   Basic principle of SERS

Raman spectroscopy,  which  relies  on  the  inelastic  scat-
tering of light to quantify the unique vibrational modes
of molecules, has enabled accurate label free fingerprinting
of  individual  viral  components  [72–79]. Figure  7 shows
the schematic diagram of anti-Stokes and Stokes Raman
scattering processes [80]. According to quantum mechan-
ics, the Stokes (anti-Stokes) process consists of a transition
to a virtual state, followed by a re-emission, leaving the

ν

ν

σ

IS N

IL

molecule  in  the  first  vibrational  excited  state  =  1
(ground  state  =  0),  which  corresponds  to  positive
(negative)  Raman  shifts  in  the  spectrum.  The  anti-
Stokes process depends on the population of the excited
level,  while  the  Stokes  one  is  independent  of  it,  which
lead to that Stokes process is  stronger than anti-Stokes
process  in  the  Raman  scattering  generally.  In  the
Raman scattering experiments, the efficiency of scattering
processes  is  measured  by  a  cross  section ,  and  the
Stokes intensity  for an ensemble of  molecules with
a pump laser power density  can be described by

IS = NσSIL(1 + n), (24)

σS n

n

where  is  the cross section of Stokes process and  is
average  phonon  number.  The  anti-Stokes  intensity  is
directly proportional to , i.e.,

IaS = NσaSILn, (25)

σaSwhere  is the anti-Stokes cross section.
However, the spontaneous Raman scattering could not

provide  the  essential  sensitivity  to  detect  a  low  viral
titer.  SERS attracts  increasing interest  as  an analytical
technique for chemical sensing and biomedical applications
due to several advantages, such as single-molecule sensi-
tivity, unique spectral signatures of analytes, no interfer-
ence  from  water,  easy  operation  without  complicated
sample  preparation  [81–83].  The  electromagnetic
enhancement  originating  from  the  amplified  local  elec-
tromagnetic field in plasmonic nanostructures is typically
the  largest  contributor  to  SERS  (Fig.  8)  [84],  which
would yield enhancements from 104 to 108 [85]. Besides,
the chemical enhancement is also a contributor to SERS
because  of  changes  in  the  electronic  structure  of

 
Fig. 6  Schematic  diagram  of  the  principle  of  detecting
nanoparticles based on the whispering-gallery cavity optome-
chanical  devices.  Reproduced  with  permission  from Ref.  [5],
Copyright © 2016 Nature.

 
Fig. 7  Schematic  diagram  of  Raman  scattering  process.
The  left  panel  is  Stokes  scattering  process  and  the  right
panel  is  anti-Stokes  scattering  process.  Reproduced  with
permission from Ref. [79], Copyright © 2008 Royal Society of
Chemistry.

 
Fig. 8  Schematic diagram of Raman and SERS processes.
The  intensity  of  SES  is  enhanced  by  the  existence  of  the
plasmon  polariton.  Reproduced  with  permission  from  Ref.
[83], Copyright © 2014 Elsevier.
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molecules  adsorbed  on  metal  surfaces  and  it  is  usually
interpreted by charge transfer mechanism [86, 87]. while
the chemical enhancement process yields an enhancement
factor  only  between  10  and  100  [85]  and  it  is  a  great
challenge to distinguish chemical enhancement from the
electromagnetic  mechanism  [86–88].  The  design  and
fabrication of plasmonic nanostructures is the key to the
high-performance  SERS  sensors  because  the  maximum
field  enhancement  determines  the  sensitivity,  repro-
ducibility and applicability of the sensor.

xν

xν

The conventional explanation attributes the enhance-
ment of SERS to the subwavelength confinement of the
electromagnetic  field  near  nanoantennas.  However,  it
could  not  explain  why  the  maximal  enhancement  was
achieved when the laser was blue-detuned from the plasmon
resonance  by  the  vibrational  frequency.  Roelli  and  his
colleagues [89, 90] revealed that the major enhancement
of  SERS  originates  from  the  amplified  local  electro-
magnetic  field  in  plasmonic  nanostructures,  which  can
be understood as dynamical  backaction amplification of
molecular  vibrations  in  the  theoretical  framework  of
cavity  optomechanics  (Fig.  9).  The  plasmon  force Fp
with  an  amplification  factor  proportional  to  the  time-
averaged intracavity plasmonic field and Raman polariz-
ability dα/d , and thermal force Fth lead to the molecular
displacement  δ .  The  molecular  vibration  changes  the
polarizability  of  the  molecule,  which  in  turn  leads  to  a
shift  of  the  plasmon  resonance  frequency,  closing  the
feedback looping, which could enhance the Raman scat-
tering intensity under dynamical backaction amplification
and sharpen the Raman excitation spectral linewidth.

ωP ∆ωP

In the cavity optomechanical system, the optomechan-
ical coupling factor is of vital importance. We will introduce
the vacuum optomechanical coupling factor of plasmonic
resonance and molecule vibration. The change in resonance
frequency  of a cavity  when a dielectric is inserted
in an air gap is described by

∆ωP = −ωP

2

∫
V
P ·EPdV∫

ε0
d(ωϵ(ω))

dω |EP|2dV
, (26)

EP P

ε (ω) ε0

where  is the plasmonic cavity field,  is the induced
dipole per unit volume  is dielectric constant, and 
is  dielectric  constant  in  vacuum.  The  plasmonic  cavity
dimension  is  sufficiently  small  in  comparison  to  the
incoming  wavelength,  which  contributes  to  that  the
quasistatic  approximation  remains  valid  and  the
magnetic  energy  can  be  neglected.  Besides,  we  assume
that a single molecule is located at the position of maximum
electric field.

The molecular dipole moment p can be depicted as

∆ωP ≈ −ωP

2

p ·Emax
1
2µ

∫
ε0|EP|2dV

, (27)

µwhere  depends on the dielectric function of the metal
and  the  plasmon  resonance  frequency.  The  relation

Emaxbetween dipole moment p and  can be described by

p = α (xν) ·Emax =

[
α (0) +

∂α

∂xν
xν

]
·Emax, (28)

xν αwhere  is the displacement of molecule vibration and 
is  the  linear  polarizability.  The  polarizability  of  the
molecule  includes  the  contributions  from  the  internal
electronic  transition  so  that  it  is  frequency  dependent.
Hence,  we  can  obtain  the  sensitivity  of  the  plasmonic
frequency to the molecular vibrations:

Gpν =
∂ (∆ωP)

∂xν
= −ωP

2

∂α
∂xν

|Emax|2

1
2µ

∫
ε0|EP|2dV

= − ωP

ε0V m

∂α

∂xν
,

(29)

Vmwhere  is  the  effective  mode  volume  of  the  cavity
mode,

Vm =
µ
∫
|EP|2dV

|Emax|2
. (30)

When  the  plasmon  resonance  frequency  gets  closer  to
the bulk plasma resonance frequency, the energy stored
in the metal grows and the mode volume increases. The
single-photon  optomechanical  coupling  rate  can  be
obtained:

gν0 = Gpνxzpm,ν =
ωp

ε0V m

∂α

∂xν
=

√
ℏ

2mνων
, (31)

mν

ων

gν0/(2π)

gν0/(2π)

where  is the effective mass of the molecule vibration
and  is  the  frequency  of  the  molecule  vibration.  In
Philippe  Roelli’s  paper,  they  calculated  the  vacuum
optomechanical  coupling  rates ,  and  obtained
that  varies between 109 Hz to 1011 Hz, which is
ultra-high  compared  with  other  cavity  optomechanical
systems.

 
Fig. 9  Feedback  diagram  of  dynamical  backaction  in  the
SERS process in the theoretical framework of cavity optome-
chanics. Reproduced with permission from Ref. [88], Copyright
© 2015 Nature.
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 3.2   SERS-active nanomaterials

According  to  the  dimension  of  the  nanomaterials,  the
SERS-active  nanomaterials  can  be  classified  into  four
kinds: 0D, 1D, 2D, and 3D [91]. The typical noble metal-
dependent 0D SERS-active materials are gold nanoparti-
cles (Au NPs) [92] and silver nanoparticles (Ag NPs) [93]
[Fig. 10(a)]. Au NPs have shown good chemical stability,
excellent  biocompatibility,  unique  electronic  structure
and  outstanding  localized  surface  plasmon  resonance
absorption properties. Ag NPs exhibit a superior Raman
enhancement  effect  through  the  much  stronger  electro-
magnetic field between each particle under laser irradia-
tion, owing to the prominent optical properties while the
chemical  stability  of  the  Ag  NPs  is  not  as  good  as  Au
NPs.  In  1997,  Nie et  al. [94]  found  that  the  intrinsic
Raman  enhancement  factors  increased  on  the  order  of
1014 to 1015 for single molecules absorbed on the Ag NPs.
Besides,  the  shapes  of  metal  NPs play a  crucial  role  in
enhancement  of  Raman  signals.  The  typical  shapes  of
the NPs include spheres, stars, triangles, clusters, and so
on, which can be easily controlled by changing the reaction
conditions,  such  as  temperature,  reaction  volume,  and
the  ratio  of  precursors  [91].  To  generate  numerous  so-
called  hot  spots  on  the  surface  of  NPs,  many  novel
shapes  of  the  NPs  are  designed,  including  flower-like
nanostructures [95, 96], core–shell nanostructures [97–99],
hollow-shell nanostructures [100, 101], etc.

The  typical  SERS-active  1D  nanomaterials  mainly
include  metal  nanorods,  nanorod  bundles,  and  shuttle-
like, wire-like or tube-like nanocrystals [Fig. 10(b)] [102].
However,  the  lengths  of  the  above  1D  nanomaterials
reach  the  microscale,  inducing  that  the  hot  spot  only

distribute at both endpoints, which limits the enhancement
effect  of  the  Raman  signal.  Building  novel  NPs  on  the
extensive  surfaces  of  the  1D  nanomaterials  to  increase
the  number  of  hot  spots  is  a  good  strategy.  Kang  and
his  colleagues  [103]  designed  an  Au  particle-on-wire
sensor, which could be applied for detection of multiple
pathogen DNA by employing SERS technology. Besides,
hollow  nanowires,  i.e.,  nanotubes  could  generate  more
hot spots due to their high specific surface areas [104].

The SERS-active 2D nanomaterials refer to monolayer
materials,  such  as  monolayer  graphene/graphene  oxide,
monolayer  molybdenum disulfide  monolayer,  monolayer
black phosphorous [Fig. 10(c)] [105–107].  The 2D nano-
material  substrates  can  provide  certain  wide  contact
surfaces to adsorb more molecules for detection and the
metal  NPs  could  be  arranged  on  their  surface,  which
offers  a  certain  number  of  hot  spots.  Hence,  the  2D
nanomaterial  system  can  effectively  capture  abundant
molecules  in  the  sample  and  adequately  amplify  the
SERS  signals,  and  is  identified  as  an  ideal  system  for
SERS  detection.  The  3D  nanomaterials  refer  to  the
three dimensions in space of  the materials  being not at
the nanoscale, but consisting of 0D, 1D or 2D nanomaterials
[Fig.  10(d)]  [108, 109].  Some  3D  nanomaterials  can  be
considered as a superposition of multi-layers of monolayer
2D nanomaterials [110, 111],  which could get rid of the
problems  that  the  2D  SERS-active  substrates  with  a
single plane limit their applications. All in all, the key to
design  SERS-active  substrate  is  to  generate  more  hot
spots on the uneven substrates.

 3.3   Application of SERS in the SARS-CoV-2
detection

The  polymerase  chain  reaction  (PCR)  is  the  most
commonly  used  means  of  detecting  SARS-CoV-2  infec-
tions,  which  provides  high  sensitivity  and  specificity
through the direct quantification of the viral RNA [112],
while a pandemic is likely to result in the overloading of
PCR  testing  facilities  which  can  retard  pandemic
response.  Hence,  other  rapid  and  relatively  accurate
virus  detection  methods  are  good  complement  to  PCR.
Lateral flow immunoassay (LFIAs) [113–118], SERS [112,
119],  and  terahertz  spectroscopy  [120–126]  are  three
kinds of typical rapid detection methods. As an alternative
to the PCR, LFIAs provide a more rapid response, while
their  lower  sensitivity  and  specificity  for  the  early
infected would lead to delayed diagnosis. Terahertz spec-
troscopy  is  a  non-invasive,  high-sensitivity,  and  rapid
detection method, while it requires careful sample prepa-
ration  to  avoid  the  interfering  signals,  and  terahertz
spectroscopy  equipment  is  not  as  widely  available  as
other  types  of  spectroscopy  equipment,  making  it  less
accessible, which leads to limited commercial availability.
Compared with the above methods, SERS has advantages
of  high  sensitivity  and  specificity,  non-destructive  and

 
Fig. 10  Schematic diagrams of SERS-active nanomaterials
in  various  dimensions: (a) 0  dimension, (b) 1  dimension,
(c) 2  dimensions, (d) 3  dimensions.  Reproduced  with
permission  from  Ref.  [109],  Copyright  ©  2020  American
Chemical Society.
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versatility  (i.e.,  detecting  a  wide  range  of  substances).
Owing to its high sensitivity and specificity, SERS sensing
technology has been explored in application in the SARS-
CoV-2 detection. In 2021, Chen et al. [127] developed a
SERS-based aptasensor, which enables detecting SARS-
CoV-2 with a limit of detection of less than 10 PFU/mL
within  15  min.  Leong  and  his  colleagues  [9]  reported  a
SERS-cased  portable  breathalyzer  [Fig.  11(a)]  for  mass
screening of coronavirus disease (COVID) 2019 under 5
min  achieving  >95%  sensitivity  and  specificity  across
501 participants in 2022. The principle of their experiment
is  that  coronavirus-induced  immune  responses  and
metabolic  changes  can  alter  concentrations  of  breath
volatile organic compounds (BVOCs) such as 4-mercap-
tobenzoate  (MBA)  [Fig.  11(b)],  4-mercaptopyridine
(MPY) [Fig. 11(c)], and 4-aminothiophenol (ATP) [Fig.
11(d)],  enabling  the  identification  of  COVID-positive
individuals  regardless  of  their  symptoms.  Ultrasensitive
SERS  sensor  is  key  to  the  experiment.  They  designed
multiple surface receptors on their on-chip SERS sensor,
which possess specific functional groups that can chemically
interact  with  BVOCs via  hydrogen  bonding,  ion–dipole
interactions  and  π–π interactions  to  bring  the  gaseous

analytes  close  to  the  plasmonic  surface  in  order  to
enhance  the  intensity  of  SERS.  The  rapid  and  high
throughput COVID-19 classification is realized via using
partial  least-squares  discriminant  analysis.  In  a  word,
their  work  demonstrated  a  novel  way  to  classify  the
virus-infected based on SERS of vibrational fingerprints
which  arise  from  the  interactions  between  breath
metabolites and multiple molecular receptors.

Precisely  designed  and  fabricated  plasmonic  nanos-
tructures,  arranged  in  a  regular  pattern  with  well-
defined periodicity and predictable spatial localization of
near-field  enhancement,  are  the  key  for  achieving  a
reproducible  and  measurable  SERS  signal.  In  2022,
Paria and his colleagues [119] reported a label-free spec-
troscopic  SARS-CoV-2  detection  on  versatile  nanoim-
printed substrates as shown in Fig. 12. For the design of
nanostructures,  they  discerned  the  location  of  the
hotspots  and  determine  an  estimate  of  the  resonance
properties  of  the  nanostructure  using  finite  element
methods. To make resonance frequency close to the laser
excitation  ensuring  maximum  Raman  signal  amplifica-
tion,  the  plasmonic  nanostructures  they  designed  are
composed  of  a  field-enhancing  metal–insulator  antenna

 
Fig. 11  SERS-based  strategy  to  identify  COVID-positive  individuals  using  their  breath  volatile  organic  compounds.
(a) Custom  SERS  Breathalyzer. (b) (i)  Ion–dipole  interactions  between  MBA-aldehydes  and  H-bonding  with  hydroxyl-
containing  compounds.  (ii)  521  cm–1 SERS  peak  of  MBA  for  blanks,  COVID  positive  and  negative  breath  samples.
(c) (i)  Deprotonated  and  protonated  MPY  forming  hydrogen  bonds  with  aldehydes  and  hydroxyl-containing  compounds.
(ii)  MPY I1617/I1586 SERS peak intensity ratio  for  blanks,  COVID positive  and negative  breath samples. (d) (i)  Increased
laser-induced  ATP  dimerization  to  DMAB  in  the  presence  of  breath  metabolites  that  serve  as  hot  electron  acceptors.
(ii) ATP SERS spectral region at 1030–1600 cm–1 for blanks, COVID positive and negative breath samples. Reproduced with
permission from Ref. [9], Copyright © 2022 American Chemical Society.
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architecture with multiple alternate stacks of silver and
silica, which is similar to metal–insulator–metal plasmonic
nanoantennas. For the fabrication of the nanostructure,
they used nanoimprint lithography and transfer printing.
Nanoimprint  lithography  creates  a  large  area  of  well-
defined  nanopatterns  in  a  parallel  fashion  with  a  high
degree of  reproducibility and high throughput,  which is
an  emerging  lithography  technology  invented  by  Chou
and  his  colleagues  [128]  in  1996.  The  large  area  nano-
manufactured flexible sensor surface can be mounted on
any surface like doorknobs, cylinders, building entrance,
and so forth, to enable on-site rapid testing with a hand-
held Raman setup. Moreover, machine learning was used
for  rapid  and  accurate  detection  of  SARS-CoV-2.  In
their study, a random forest algorithm was employed for
multiclass  classification  of  the  virus  spectral  data  set.
For  the  classification  of  viral  samples,  they  trained  a
multiclass  random  forest  classifier  with  a  training  set
(randomly chosen two-third of the data set) composed of
100  decision  trees.  The  accuracy  for  the  prediction  is
99%. Their work provided a method for us to design and
fabricate  nanostructure  in  order  to  gain  reproducible
and  measurable  SERS  signal.  Besides,  the  machine
learning  used  in  their  work  is  an  important  tool  to
analyze  the  Raman  signal  rapidly,  realizing  the  rapid
and accurate detection of SARS-CoV-2.

 3.4   Combining SERS with cavity optomechanical sensing

Developing  a  platform  that  supports  both  cavity
optomechanical sensing and SERS is attractive, because

it  could  detect  and  qualitatively  analyze  nanoparticles
with high sensitivity. The cavity optomechanical sensing
has drawbacks of low selectivity, while SERS has advan-
tages  of  high selectivity,  which allows for  the  detection
of  specific  molecules  in  complex  mixture.  Cavity
optomechanical  sensing  allows  for  real-time  monitoring
of  mechanical  motion  in  the  cavity.  When  combined
with  SERS,  this  can  enable  the  real-time  detection  of
chemical  and  biological  molecules  with  high  sensitivity
and specificity. One possible approach is to use a metallic
nanostructure  as  the  mechanical  resonator  in  a  cavity
optomechanical device. This allows the SERS enhancement
to  be  combined  with  the  sensitivity  of  cavity  optome-
chanics.  Another  possible  approach  is  to  use  SERS-
active  nanomaterials  deposited  on  a  mechanical
resonator  to  enhance  the  Raman  scattering  signal  of
molecules. To our knowledge, there is no relate literatures
reporting  a  platform  combining  SERS  with  cavity
optomechanical  sensing,  thus  it  needs  our  further
research.

As  mentioned  in  Section  2.3,  the  whispering-gallery
microcavity is a kind of important cavity optomechanical
platform that could strengthen the light–matter interac-
tions.  In  2019,  Zhu  and  his  colleagues  [128]  combine
whispering-gallery  microcavity,  graphene  and  Ag  NPs
together as shown in Fig. 13(b), and reached a femtomolar
SERS  response  with  an  enhancement  factor  of  0.95  ×
1012 and an ultralow detection limit down to 1015 M. In
this  substrate,  graphene  can  improve  the  SERS  signals
through  charge  transfer  between  the  graphene  and  the

 
Fig. 12  The detection scheme. SERS signals collected from
samples consist of different types of respiratory and nonrespi-
ratory  viruses  placed  on  a  nano  manufactured  2D  array  of
field-enhancing metal–insulator antenna (FEMIA) on a flexible
elastomer  substrate.  Principal  component  analysis  (PCA)
and  random  forest  classification  were  applied  on  the  SERS
spectra,  which allow us  to  distinguish  and identify  different
viral  samples.  Reproduced  with  permission  from  Ref.  [118],
Copyright © 2022 American Chemical Society.

 
Fig. 13  Potential platforms combining cavity optomechan-
ical  sensing  with  SERS. (a) Photonic  crystal  nanobeam
cavity  with  a  plasmonic  bowtie  antenna.  Reproduced  with
permission  from Ref.  [129],  Copyright  ©  American  Institute
of  Physics  2017. (b) ZnO/graphene/Ag-NP hybrid  whisper-
ing-gallery  microcavity.  Reproduced  with  permission  from
Ref.  [128],  Copyright  ©  Royal  Society  of  Chemistry  2019.
(c) Solid  Au  core/SiO2 shell  nanostructure  inside  a  single
hollow  nanocavity.  Reproduced  with  permission  from  Ref.
[134], Copyright © Elsevier 2022.
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analyte  molecules  [19, 76, 111]  and  the  whispering-
gallery  could  also  enhance  the  intensity  of  light,  which
leads to high sensing performance of the ZnO/graphene/
Ag-NP hybrid microcavity. Photonic crystals nanobeam
cavities  with  plasmonic  antenna  [Figs.  13(a,  c)],  which
could  reach  exceptionally  high  quality  and  low  mode
volumes  [130–133],  are  also  a  potential  platform  to
achieve both optomechanical sensing and SERS. In 2021,
Cheng et al. [134] reported a highly sensitive nanoparticle
sensing based on a hybrid plasmonic-photonic cavity in
a  freely  suspended  microfiber.  Therefore,  combining
cavity optomechanical sensing with SERS may be feasible
in a hybrid microcavity, which could improve the detection
frequency range and sensitivity at the same time.

 4   Summary and perspective

Detecting  the  nanoparticles  via  cavity  optomechanical
coupling  and  surface  enhanced  Raman  scattering  has
been  realized  in  the  past  several  years.  The  low-
frequency vibrational signals of the nanoparticles can be
detected  by  cavity  optomechanical  platforms,  and  we
can  get  some  information  of  the  nanoparticles,  such  as
the  mass,  vibrational  modes  and  so  on.  In  this  review,
we firstly introduced the principle of cavity optomechanical
coupling, the principle of cavity optomechanical sensing
and  the  typical  optomechanical  sensing  platforms.
Besides, we summarized some state-of-the-art studies on
optomechanical sensing the mass, existence and vibrational
modes of nanoparticles. Optomechanical sensors, benefit-
ing from their ability of enhancing interactions between
light  and  mechanical  oscillators,  as  well  as  their  small
size, scalable production methods, and ability to be inte-
grated with other systems, may have particular potential
for  the  qualitative  detection  of  viruses,  such  as  SARS-
CoV-2, which provides a way to improve the sensitivity
of  detection.  The  electro-optomechanical  coupling  plat-
forms  combining  electrical  resonance  with  external
mechanical  input  will  increase  tunability  and  provide
more  degrees  of  freedom  for  sensitivity  enhancement,
which  may  be  a  promising  research  field  of  cavity
optomechanical sensing. At present, most optomechanical
sensing  experiments  are  complemented  based  on  the
linear optomechanical coupling effect, thus optomechanical
sensing based on quadratic or even higher-order optome-
chanical  coupling  effects  is  also  worthy  of  our  in-depth
investigation.  However,  the  qualitative  detection  of
nanoparticles by cavity optomechanical coupling has not
been  realized  until  now.  SERS  provides  the  essential
sensitivity to detect a low viral titer, which could not be
provided by the spontaneous Raman scattering process.
The high-frequency vibrational signals of the nanoparticles
can be detected by SERS and we can get the vibrational
fingerprint  of  the  nanoparticles.  Hence,  SERS  is  an
attractive  qualitative  analytical  technique  for  chemical
sensing  and  biomedical  applications.  Overall,  with  the
methods of SERS and cavity optomechanical sensing, we

can  get  the  information  of  the  nanoparticles  from  the
vibration of the nanoparticles, i.e., detecting nanoparticles
by  “listening”,  which  has  great  potential  for  creating
highly  sensitive  and  selective  sensors  for  a  range  of
applications,  such  as  biomedical  diagnostics,  environ-
mental monitoring, and chemical analysis.
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