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Optical imaging modalities have emerged as a keystone in oncological research, capable of providing
molecular and cellular information on cancer with the advantage of being minimally invasive toward
healthy tissues. Photothermal therapy (PTT) has shown great potential, with the exceptional advantages
of high specificity and noninvasiveness. Combining surface-enhanced Raman spectroscopy (SERS)-
based optical imaging with PTT has shown tremendous potential in cancer theranostics (therapeutics
+ diagnosis). This comprehensive review article provides up-to-date information by exploring recent
works focused mainly on the development of plasmonic nanoparticles for medical applications using SERS-
guided PTT, including the fundamental principles behind SERS and the plasmon heating effect for PTT.
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Today, cancer treatment that is minimally invasive is one of the biggest challenges for clinicians and the scientific
community. Diagnosing cancer at an early stage, identifying metastatic lymph nodes, providing noninvasive
or less invasive therapies with high specificity and reducing treatment costs are essential needs in oncological
medicine. Recently, nanotechnology-based theranostic strategies have shown tremendous potential in various clinical
applications [1,2]. In this context, plasmonic nanoparticles (NPs) have received enormous research interest in the last
few decades due to their excellent physicochemical properties, dealing with light confinement and manipulation at
the nanoscale level and acting as a bridge between various physical, chemical and biological studies. Among several
potential applications, plasmonic nanomaterials have had a tremendous impact on bioscience applications such as
bio-sensing, bio-imaging and cancer theranostics [3–6]. The surface plasmon resonance effect in noble metals is due
to the collective oscillations of free electrons in resonance with incident photon frequencies and resulting in an
intense electromagnetic (EM) field confinement at the metal surface. When the noble metals are in nm dimension
and the size is smaller than or comparable to the wavelength of incident radiation, then surface plasmon waves
are confined within the domain known as the localized surface plasmon resonance (LSPR) effect [7,8]. LSPR is
a widespread phenomenon having two important aspects: a macroscopic local electric field around the metallic
nanostructures, which is maximum at the surface and decays exponentially by increasing the distance from the
metallic surface, and the optical extinction coefficient of the NPs is maximum at the resonant frequency [9]. Further,
the plasmonic properties of NPs strongly depend on the particles’ geometrical parameters, the refractive index
of the surrounding medium, the composition and so on. Unique optical tunability, easy functionalization with
various biomolecules, good dispersibility in an aqueous medium and excellent biocompatibility make plasmonic
NPs a suitable therapeutic along with optically stable multimodal imaging agents [10]. Metal NPs such as gold (Au)
and silver (Ag) have already shown promising plasmonic properties, whereas hybrid NPs such as metal oxides,
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chalcogenides, dielectrics and polymer nanocomposites with noble metals recently receiving attention due to their
composition, which is unattainable by single-component nanostructures [11–13]. Therefore, plasmonic NPs can
behave as a nanosource of localized heat and light due to the generation of hot carriers and an enhanced local
EM field upon laser irradiation. However, tuning their heating efficiency requires careful engineering from an
application point of view [3].

Photothermal therapy (PTT) is a recent technique in which photoactive NPs generate localized heat upon
laser irradiation for hypothermic ablation of cancer cells. PTT provides some unique advantages over conven-
tional cancer therapies, such as precise spatial-temporal selectivity, high specificity, minimal invasiveness and
cost–effectiveness [1,14,15]. Dating back to the 19th century, a partial tumor regression was first observed in a patient
having a fever. Since then, a lot of effort has been expended to understand the mechanism of temperature-induced
cell death. Modern thermal treatments have a huge potential to serve as an alternative to radiation and chemother-
apy. Generally, carcinogenic tumor sites are involved with disordered vasculature and deficient blood supply, making
them more prone to heat than healthy tissues. Therefore, well-designed plasmonic NPs can generate heat to the
location of interest (localized heat) without affecting the healthy tissues under laser irradiation [16–19].

Further, PTT can be guided by multimodal imaging techniques using plasmonic NPs to provide better insight
into thermal ablation during therapy. The optical imaging techniques have several advantages, such as good
spatial resolution, use of the optical properties of the bio-tissue to generate contrast images and real-time bedside
monitoring. Confocal fluorescence microscopy is an excellent optical imaging tool that provides 3D images over a
typical spatial resolution of volume (500 × 500 × 1000) nm3 [20–22]. This resolution permits real-time monitoring
of fluorescently labeled probe molecules, including antibodies, proteins, various drug molecules and their metabolic
activities. However, the size of fluorescent labels, usually an organic dye molecule, is often large compared with
a small molecule; rapid photobleaching and low quantum yield values limit the analysis of molecular details at
the intracellular level. Similarly, the optical coherence tomography technique does not provide chemical contrast.
However, vibrational spectroscopic techniques, such as infrared (IR) and Raman imaging, generate contrast based
on the specimen’s chemical composition. Furthermore, IR imaging is not a suitable option for study related
to biomolecules and cells in an aqueous medium due to the strong IR absorbance of water. In that case, Raman
spectroscopy delivers better results, as water is a weak Raman scatterer [23,24]. Due to this property under physiological
conditions, Raman imaging has attracted major research interest, as tissue monitoring is possible without contrast
agents, it provides good spatial resolution, the Raman signal intensity can be enhanced further using the surface-
enhanced Raman spectroscopy (SERS) technique to detect probe molecules and the contrast-enhancing probes are
able to cross the cell membrane and identify DNA sequences, cancer biomarkers, enzymes, nucleic acids and several
intracellular processes. In addition, the SERS technique not only preserves the vital features of Raman scattering but
also provides highly sensitive and efficient signal detection even up to the single-molecule level in the bio-imaging
process [25–28].

Regarding these aspects of research, it has been confirmed that the combination of SERS and PTT techniques
provides numerous advantages in cancer theranostics. Real-time monitoring of temperature-induced intracellular
changes by combined SERS–PTT techniques using plasmonic NPs for selectively killing carcinoma cells without
affecting healthy cells upon laser irradiation is possible [29]. Despite many technical and biological challenges, plas-
monic PTT combined with Raman imaging has proven to possess great potential in multimodal oncological strate-
gies. Several multifunctional plasmonic NPs have been developed, and their use as SERS–PTT dual-functioning
probes is currently a hot research topic with future potential.

Several review articles have summarized the importance of plasmonic NPs separately as SERS imaging or PTT
agents separately without discussing much as a combined techniques (SERS +PTT) [1,30–33]. Moreover, reviews
with special focus on plasmonic NP-based SERS-guided PTT are rare.

This review provides a general overview by covering the latest development of SERS–PTT as combined techniques
in cancer theranostics, the advantages, the current challenges and the future direction.

Concept of SERS & PT effect in plasmonic NPs
Principles of SERS
SERS comes under surface spectroscopy techniques, where the analyte molecules must be on or at proximity to
the metallic NP. Amplification of the Raman signal is possible in two ways: EM enhancement due to the plasmon
resonances in metallic nanostructures and chemical enhancement (CE) as the Raman polarizability of the analyte
molecule is increased due to absorption on a metallic surface [34,35]. The SERS enhancement factor (EF) due to
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Figure 1. Mechanisims involved in
SERS enhancement. (A) Schematic of
electromagnetic enhancement in the
surface-enhanced Raman
spectroscopy process: nanoparticle
(NP) excitation due to incident
radiation (EInc) leads to local field
(ELoc) enhancement, which further
interacts with the analyte molecule at
the vicinity of the NP. The molecule is
excited by the local field and scatters
and radiates an enhanced scattered
field at Raman wavelength (λR), and
in the reradiation process, the
scattered field interacts with the NP’s
local field and is enhanced further. (B)
Illustration of charge-transfer
resonance enhancement.
HOMO: Highest occupied molecular
orbital; LUMO: Lowest unoccupied
molecular orbital.
Data from [36,37].

EM enhancement (EFEM ≈ 104–1010) is considered dominant over CE (EFCE ≈ 101–102) which is much smaller
compaired to EM. To clarify, this review discusses these two effects in detail in the following sections.

EM enhancement

EM enhancement is believed to be the main contribution to the overall EF. This approach is applicable to all
analytes, and it is an instantaneous, two-step process. The first one is the enhanced incident field (ELoc) due to the
interaction between the incident field (EInc) and the metallic nanostructure, as shown in Figure 1A [36].

This microscopic local electric field is a function of incident wavelength (λInc) and induces a Raman dipole (pR)
with a magnitude of |ELoc(λInc)|

|EInc| , which radiates energy in free space in the order of |pR|2. Therefore, the microscopic
local electric field can be expressed as

ELoc = MLoc (λInc) · EInc (Equation 1)

MLoc(λInc) is known as the local field intensity EF, and it depends on the magnitude of Raman dipole – that is,
MLoc(λInc) = |ELoc(λInc)|2/|EInc|2.

Simultaneously, the analyte molecule interacts with the local electric field and scatters the Raman signal in all
possible directions. The scattered electric field is a function of Raman wavelength (λR), which can be described as

EScat (λR ) = α · |ELoc (λInc) (Equation 2)

where α is the molecular polarizability. Here, λR is shifted from λInc, and the scattered field is enhanced by the
induced local field of the NP. Again, in the second phase, reradiation occurs due to the interaction between the
scattered electric field and the NP’s local field. Therefore, the reradiated enhanced electric field can be expressed as

ERad = MRad (λR ) · EScat (λR ) = α · MLoc (λInc) · MRad (λR ) · EInc (Equation 3)

where MRad (λR) is the directional radiation EF in the direction of the SERS signal detector. The directional factor
matters due to the possibility of signal quenching if the enhanced signal deflects away from the detector. Finally,
by considering two main mechanisms of excitation and re-emission, the intensity of the Raman EF (ISERS) can be
written as

ISERS = MLoc (λInc) · MRad (λR ) · IInc = (SMIEF) · IInc (Equation 4)

10.2217/nnm-2023-0010 Nanomedicine (Lond.) (Epub ahead of print) future science group
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The factor MLoc
2(λInc) · MRad

2(λR) represents the single-molecule intensity EF (SMIEF), and SMIEF is a function
of λInc and λR. Further, if both the wavelengths are close to each other, then SMIEF can be represented as

SMEF (λR ) = MLoc (λR ) =
|ELoc (λInc) |4

|EInc|4 (Equation 5)

From this mathematical expression, it can be understood that the SERS enhancement is almost at the 4th power
of the local electric field enhancement near the vicinity of the metal NP and the basis for the well-known |E|4-
approximation theory [38,39]. However, the exact influence on total enhancement has not been confirmed yet [40].

Therefore, by considering the EM theory, the above explanation seems highly relevant to explain the mechanism of
EM-SERS enhancement. Still, some underlying physics such as the polarization effect demands further research [41].
Nevertheless, analysis of the SERS EF by considering the microscopic local electric field provides a much simpler
understanding of the study. Therefore, if the probe molecule gets adsorbed on the metallic NP surface, the strong
localized plasmon-induced electric field improves the molecule’s SERS signal intensity. The plasmon-assisted intense
local electric field (hot spots) across metal NPs are central to intense Raman scattering.

CE effect

CE results from the increase in molecular polarizability of the analyte due to the charge transfer (CT) between the
metal and the analyte molecule [42]. New transitions occur as the electronic states of the analyte molecule interact
with the metal. In such interactions, the difference between the Fermi level (EF) of the metal and the highest occupied
molecular orbital or lowest unoccupied molecular orbital energies have resonance with the incident laser radiation,
as shown in Figure 1B. Such a photo-driven charge-transfer mechanism can be understood through electrochemical
cell experiments [38,43]. Molecular simulation methods such as density functional theory and molecular dynamics
are also powerful tools to identify molecular interactions with the metallic nanostructures [44]. Unlike EM-SERS
enhancement, CE is probe-dependent; bonding is necessary between the metal and probe molecule. Further, EM
enhancement theory cannot explain certain observations, such as the difference between the SERS spectrum and
the normal Raman spectrum of the same molecules and the change in enhancement factors when different analyte
molecules are being tested on the same SERS substrate with the same experimental conditions. Such observations
can be explained using CE concepts.

Principles of the photothermal effect
Noble metals have emerged as efficient photothermal transducers, and the LSPR effect associated with plasmonic
NPs induces an additional heating effect. To explore the nanotechnology-based hyperthermia treatments, the basic
processes responsible for light-to-heat conversion need to be understood and are discussed in this section.

Hot carrier generation & heating up the surroundings

On resonant excitation of plasmonic NPs, the plasmons are relaxed within ∼1–100 fs. The relaxation proceeds
radiatively by photon re-emission (scattering) or nonradiatively by Landau damping (absorption). The decay of
excited plasmons to hot electron-hole pairs is a pure quantum mechanical process. A nonthermal hot electron-holes
distribution above and below the Fermi energy level due to photoexcitation is shown in Figure 2A [45]. Further, these
hot carriers adiabatically lose energy by transferring the power to the lattice via electron–electron scattering to obey
a Fermi–Dirac-like distribution on a timescale of 100 fs to 1 ps with a large effective electron temperature (Tel),
as illustrated in Figure 2B & C. These complex processes can be explained by the two-temperature model, which
is a coupled two-step process of absorption of incident photon energy by electrons, followed by heating of lattice
due to electron–phonon collisions [46]. Thus, the electron energy is transferred to the lattice via electron–phonon
coupling factor to reach the equilibrium between lattice temperature (Tl) and electron temperature (Tel) over a
timescale of several ps. Finally, depending on the nature of the materials, particle size, and thermal conductivity
of the surrounding media, the energy is dissipated across the nanodomain by phonon–phonon interaction and
radiates to the NP’s surrounding in the form of heat within an ∼100 ps to 10 ns timescale [46,47].

The lattice transfers energy to NPs surroundings in the form of heat within a nanosecond timescale. The
temperature distribution by heat transfer model can be described by considering the usual heat transfer (Equation
6) of a uniformly heated spherical NP in an infinite homogeneous medium [48].

ρ(r )c (r )
∂T(r, t)

∂t
= K �T(r, t) + Q(r, t) (Equation 6)

future science group 10.2217/nnm-2023-0010
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Figure 2. Plasmon induced local heat in nanoparticle. Stepwise time evolution of plasmon-induced electronic
excitation and relaxation of a metallic nanoparticle (NP) with electronic energy distribution diagram (A–C), where the
Y-axis represents the energy (E) and the Fermi energy is labeled EF. (A) Radiative and nonradiative decay of excited
localized surface plasmons in the NP, generating hot carriers. In the nonradiative decay process, the photo-excited
electrons jump from filled to unfilled states, generating a nonthermal electron distribution. The grey shadings are the
filled electronic states, whereas the blue and white dots represent the hot electrons and holes. (B) Redistribution of
the energy via electron–electron scattering and thermalization through a higher electron temperature. (C) The hot
electron distribution cools over time due to carrier relaxation through lattice heating. (D) Schematic representation
of a photo-excited NP with the temperature distribution plot across the NP as a function of distance. Data from [46].

where T(r,t) is the local temperature, which is a function of position coordinate (r) and time (t); ρ(r) is the mass
density; c(r) is specific heat; K is the thermal conductivity; and Q(r,t) is the source term, which comes from heat
generation inside the NP due to incident light. It can be expressed as Q(r, t) = σ absI, where σ abs is the NP’s
absorption cross section and I is the incident light intensity. Further, for the case of nonmagnetic lossy media, the
source term can be expressed as a function of electric field E(r,t) and the imaginary part of the dielectric function
ε(r, ω):

Q(r, t) =
ω

2π
Im [ε(r,ω)] |E (r, t)|2 (Equation 7)

where ω is the incident light frequency and ε is the electric permittivity of the NP. The source term also represents
the time-averaged energy density for the absorptive power dissipation of the NP [49,50].

In the steady-state and continuous laser pulse illumination regimes, the local temperature distribution around a
single NP system is given as

�T(r ) =
VNP Q
4πK0r

(Equation 8)

where VNP is the NP volume, K0 is the thermal conductivity of the surrounding medium and r is the distance from
the center of the NP. Further, the maximum temperature gradient �Tmax occurs at the NP surface, as illustrated
in Figure 2D. The time-dependent heat equation provides a relationship between temperature gradient (�T) and
NP size (RNP) as �Tmax ∝ R2

NP, indicating that the total heat generation rate depends on the physical properties
(i.e., the size of the materials) [51].
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Influencing factors in designing SERS-guided PTT nanoprobes
During PTT, human tissues exhibit a high extinction coefficient in the visible range, and the irradiated light
energy is absorbed by both healthy and cancerous tumor tissues. Consequently, it creates unwanted damage to
adjacent healthy tissues and limits its therapeutic efficacy. However, incorporating photo-absorbers such as NPs
into tumors allows the reduction of abnormal tissue heating in the surrounding healthy tissues with the maximum
conversion of photon energy to heat [52]. The combination of SERS and PTT techniques has been advantageous
in real-time imaging-guided cancer therapies. Therefore, while designing and fabricating an efficient nanoprobe,
necessary influential physicochemical factors need to be considered, so that there is no compromise on the SERS
signal enhancement and thermal therapy efficiency. Research efforts have mainly focused on identifying the role of
NP geometry, surface chemistry and biocompatibility of various plasmonic NPs for theranostics application [53].

Impact of shape, size & composition
Designing and incorporating plasmonic nanoprobes is challenging due to their complex synthesis route and their
optimum performance in in vivo and in vitro bio-environments. All classic active SERS plasmonic materials such as
Ag, Au and copper (Cu) NPs and a combination of plasmonic with nonplasmonic materials as nanocomposites are
known to be good thermal ablation agents [54,55]. Plasmonically engineered nanoprobes can be classified as basic
nanostructures or complex nanocomposites (see Supplementary Figure 1). Further, precise control on the absorption
spectra over the visible to near-infrared (NIR) range is possible by controlling the nanomaterial’s composition,
shape and size [56,57]. Light wavelength in the biological window makes tissues become partly transparent due to
the reduction of their extinction coefficient, mainly affected by the optical absorption of water, hemoglobin and so
on (see Figure 3A). Current studies mainly focus on the first biological window (NIR-I; 700–980 nm), whereas the
second biological window (NIR-II; 1000–1400 nm) has been less investigated. Therefore, designing NPs with high
photothermal transduction capacity and a wide absorption cross section for incident radiation from the NIR-I to
NIR-II window provides deep tissue treatments and reduces the undesired heating of healthy tissues. It also makes
PTT conceivable with low-power laser sources [58]. Using a specific laser wavelength under the so-called biological
windows limits tissue self-heating and gives the maximum permissible exposure (MPE) to light [52].

Most of the plasmonic metal-based NPs used in clinical studies are spherical. In contrast to nanospheres,
nanorods (NRs) exhibit dual plasmon modes typically from the UV-visible to IR spectral range, and the LSPR
peak position can be tuned by varying their aspect ratio. Takahata et al. synthesized cetyltrimethylammonium
bromide (CTAB)-coated ultrathin Au NRs of different aspect ratios; their LSPR band can be tuned up to the
mid-IR region by tuning the aspect ratios (Figure 3B) [61]. Other anisotropic geometries (e.g., nanostars [size
range: 100–200 nm]) are also popular, as their LSPR band can be modulated by simply manipulating their
nanotip sharpness, branch numbers and length. (Figure 3C) illustrates synthesized Au nanostars (synthesized using
optimized reactant ratios and temperatures) with different morphologies, sizes (45–100 nm) and corresponding
LSPR peak absorbance values [62]. Upon increasing the size and extent of anisotropy a red shift in the resonance
condition can be achieved. However, increasing the size limits their efficiency in in vivo application due to low
blood circulation periods, which limits the delivery of NPs to tumor sites via leaky vasculature [64]. Further, using
plasmonically engineered, bimetallic, metal–semiconductor and metal–polymer nanocomposites can also provide
near to far IR LSPR absorbance. Bhattacharya et al. have reported that a bimetallic Au core with spherical Ag shell
(both solid and hollow), Au core with cubical Ag shell (both solid and hollow) NPs and Au@Ag nanocubes (both
solid and hollow) showed a wide range of NIR absorbance values (Figure 3D) [59].

The plasmonic properties of nanocomposite systems can be controlled by controlling the shapes and sizes,
which provides different quantum confinements and surface properties near nanojunctions. The hybrid metal–
semiconductor composites with a combination of the individual materials’ properties can offer an entirely new class
of photo-physical properties. Zhu et al. have adopted a modified self-limiting and self-assembly-based hydrothermal
synthesis route for fabricating monodisperse dual plasmonic Au@Cu2-XS and Au@Cu2-XSe NPs. The hybrid NPs
have two distinct LSPR bands covering visible to NIR regions (Figure 3E). The presence of a strong NIR band is
due to the coupling effects of the plasmonic core and Cu2-XS shell layer [63]. The NIR bio-window (NIR-II: 1000–
1350 nm) can provide MPE, and advanced nanoprobes with NIR-II LSPR absorbance can hold great promise.
Recently, an interesting nanomaterial composed of an Au nanoframework (Au NF) with mesopores showed strong
LSPR absorbance in the NIR-II bio-window, as shown in (Figure 3F) [60]. Such NPs would provide higher tissue
penetration depth with efficient photothermal conversion in deep tumor therapy.

future science group 10.2217/nnm-2023-0010



Review Das, Tsai, Sen & Moirangthem

E
x

ti
n

c
ti

o
n

 c
o

e
ff

ic
ie

n
t 

(c
m

-1
)

Wavelength (nm)

500 1000 1500

Oxygenated

whole blood

1

10

100

1000

B
io

-w
in

d
o

w
 I

B
io

-w
in

d
o

w
 I

I

N
o

rm
a

li
z
e

d
 a

b
s

o
rb

a
n

c
e

Wavelength (nm)

400 500 600 700 800 900 1000 1100

0.0

0.5

1.0

1.5

e

f

a

b

c

d

2.0

A
b

s
o

rb
a

n
c

e

Wavelength (nm)
400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

300 600 900 1200

Au TOH NP
NS

NC
HNS

HNC A
u
@

A
g

0.0

0.5

1.0

1.5

2.0

2.5

E
x

ti
n

c
ti

o
n

 (
a

.u
.)

Wavelength (nm)

400 600 800 1000

1

2

3

4

0.0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

Wavelength (nm)

300 500 700 900 150013001100

NIR-II

100 nm
50 nm

200 nm200 nm

200 nm

50 nm 50 nm 50 nm

50 nm 50 nm 50 nm

NIR-I

AR 1.1
AR 2.0
AR 2.7
AR 3.7
AR 4.4

1 mM
2 mM
3 mM
5 mM
8 mM

Figure 3. Shape, size & composition effect on LSPR absorption of nanostructures. (A) Extinction spectra of a
representative biological tissue with first and second biological windows range. (B) Transmission electron microscopy
(TEM) images of Au nanorods with different aspect ratios and their UV-visible spectra showing the tuning of localized
surface plasmon resonance absorbance by tuning the aspect ratios. Copyright (2014), American Chemical Society. (C)
Shifting of localized surface plasmon resonance peak position depending on change in nanostar tip sharpness.
Copyright (2010), American Chemical Society. (D) TEM image of gold (Au) core and spherical silver (Ag) shell (both
solid and hollow) and Au core and cubical Ag shell (both solid and hollow) nanoparticles (NPs) and their
corresponding absorbance spectra. Reproduced with permission from [59]. (E) TEM image of monodispersed
Au@Cu2-xS core-shell NPs and their extinction spectra with two distinct plasmon bands. Copyright (2017), American
Chemical Society. (F) Fabricated porous Au nanoframeworks using liposomes as a template and their widespread
absorbance up to second biological window region.
Reprinted with permission from [60]. Copyright (2020) John Wiley and Sons. Data from [58–63].



Plasmonic Nanoparticles-Based SERS Guided Photothermal Therapy: An Emerging Cancer Theranostics Review

0

10,000

20,000

30,000

40,000

50,000

Raman shift (cm-1)

SERS spectra of R6G with

shape-selective Au NPs

R
a
m

a
n

 i
n

te
n

s
it

y
 (

a
.u

.)

800400 1200 1600

60,000

20

30

40

50

60

70

Time (s)

T
e
m

p
e
ra

tu
re

 (
ºC

)

R
a
m

a
n

 i
n

te
n

s
it

y
 (

a
.u

.)

2000 400 600

80

800
Raman shift (cm-1)

600400 1200 1400800 1000

615

774

1181

1310

1360

1507

1647

1575

1593

e

d
c

b
a 0.1

1

Light flux (w/cm2)

T
e
m

p
e
ra

tu
re

 i
n

c
re

a
s
e
, 
Δ

T
m

a
x
 (

K
)

ln
c
re

a
s
e
 i
n

 s
h

a
rp

n
e
s
s

102 105

10

104103

�
excitation

= 520 nm

n = 100.0

n = 100.5

n = 101.0

n = 101.5

n = 102.0

n = 102.5

n = 103.0

n = 103.5

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

Log|E�|

35

42

49

56

63

Time (s)

T
e
m

p
e
ra

tu
re

 (
ºC

)

200 4000 600 800 1000 1200

70

SERS nanotag

Plasmonic core

Target-specific binding
molecules

Raman reporter

Protective shell

+HAuCl
4

++HAuCl
4

+++HAuCl
4

HCCuS HCCuS@Dotted
 Au

HCCuS@Dotted Au NPs

HCCuS@spiky
Au shell

HCCuS@spiky Au NPs

HCCuS@lslanded
Au shell

HCCuS@lslanded Au NPs

5
9
1

e = Au nano prisms
d = Au nano wires
c = Au nano rods
b = Au nanosphere
a = Aqu. R6G solution

n = 100.0

n = 100.5

n = 101.0

n = 101.5

n = 102.0

n = 102.5

n = 103.0

n = 103.5

n = 104.0

n = 104.5

n = 105.0

Ex

kz

HCCuS@Spiky Au NPs
HCCuS@lslanded Au NPs

HCCuS@Dotted Au NPs
104 cps

R
NP

 = 100 nm

50 nm

40 nm

30 nm

20 nm

10 nm
Water

Figure 4. Plasmon induced local electric field enhancement and the photothermal conversion in nanostructures. (A) (I)Normal Raman
and surface-enhanced Raman spectroscopy (SERS) spectra of Rd6G mixed with shape-selective gold (Au) nanoparticles (NPs) at a fixed
concentration. Copyright (2012), Royal Society of Chemistry. (II) Photothermal properties based on NP shape. Copyright (2007) Elsevier. (B)
Tuning of electric field intensity and photothermal therapy temperature depending on tip sharpness of nanostar with transmission
electron microscopy image of synthesized Au nanostar. Copyright (2018), American Chemical Society. (C) Schematic of synthesis steps and
comparisons of SERS and photothermal therapy efficiency of hollow cubic copper sulfide (CuS) NPs, HCCuS@ dotted Au, HCCuS@ spiky Au
and HCCuS@ islanded Au NPs. Copyright (2018), Royal Society of Chemistry. (D) Schematic of SERS nanotag with transmission electron
microscopy image of a dye-doped silica-coated Au NP capped with small colloidal Au NPs as shell layer inset at the corner. Copyright
(2014) American Chemical Society. Data from [51,68,72,73,77].

The effect of the plasmon-induced local electric field in maximizing SERS enhancement and photothermal
ablation is also essential to discuss with some relevant studies. The electric field around NPs directly affects the
SERS enhancement factor by generating a first-generation hot spot with moderate intensity. However, the elec-
tric field can further be enhanced by changing the structural geometry with sharp corners/tips (e.g., nanowires,
NRs, nanoprisms, nanocubes, nanostars, nanodimers, nanotrimers and nanoclusters) because of the lightning rod
effect [65]. In addition, the second-generation hot spots originated from coupled nanostructures with optimized
subnanometric interparticle separations provide extraordinary intense field confinement for better SERS signal-
ing [66]. By introducing wavy and rough edges or sharp corners to the nanostructures geometry can enhance the
SERS signal from two to 12 orders [67]. The SERS signal of rhodamine dye using shape-selective Au nanostructures
has been investigated by Kundu et al.; they showed that the SERS intensity improves by varying the NPs’ shape
(i.e., from nanosphere to NR) and to nanoprisms (Figure 4A [I]) [68]. Figure 4A (II) shows the temperature rise by
increasing NPs’ size and light flux [51]. Further, the shape of anisotropic bipyramid NPs can generate larger SERS
enhancement than NRs due to strong local field confinement across the nanoscale tip regions. The bipyramid NPs’
LSPR peak width is narrower than NRs’ due to smaller plasmon damping [69,70]. Branched NPs (i.e., nanostars
and nanoflowers) are the most promising shapes in contrast to other anisotropic nanostructures. The induced
plasmons from the central body and from the several arms of the star are coupled and provide better enhancement
compared with NRs and nanospheres [71]. With excellent SERS enhancement, Au nanostars also play a promising
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role in elevating PTT efficiency with a high light to heat conversion rate. Chatterjee et al. [72] studied the impact
of nanostar tip sharpness in escalating nearby temperature, as shown in Figure 4B. Simulated electric field strength
on nanospike tip head confirms the dependence of field strength on tip sharpness. The heating effect upon laser
irradiation (wavelength 785 ± 5 nm) for 20 min shows a maximum rise in temperature (≈30◦C) for the sharpest
tip heads, causing more cell death. Notably, Lv and coworkers explicitly reported a copper sulfide (CuS)-Au NP
system with different morphology and the NPs effect on SERS guided heating during therapy. Figure 4C depicts
the structural evolution of hollow core (HC) CuS@islanded Au shell NPs from hollow CuS nanocubes, and their
resulting SERS and photothermal effects. The SERS enhancement and photothermal conversion efficiency of
HC CuS with spiky Au shell NPs are maximum among these NPs. The real-time monitoring of bio-response
assisted by SERS-based intercellular imaging during PTT was successfully achieved due to the plasmonic coupling
effect and branched Au tips present on HC-CuS@ spiky Au core-shell configuration [73]. Further, the novel and
unique SERS nanotags have emerged as a promising alternative to many traditional plasmonic probes due to their
good photostability and ability to provide a strong Raman signal with minimal photobleaching. SERS nanotag
(Figure 4D) is composed of metallic NPs, certain Raman reporter molecules and additional encapsulation of a
protective shell layer such as silica, ethylene glycol, PEG and bovine serum albumin. Such encapsulation prevents
the release of Raman reporter molecules and avoids nonspecific bindings and protein adsorption in the biological
environment [74,75]. Jin et al. designed the mesoporous silica-coated SERS tags with three different embedded Ra-
man reporters (4-nitrobenzenethiol, benzenedithiol and naphtalenethiol) between the gap of Au nanorod core and
Ag shell. Such complex Au@Ag rodlike nanomatryoshkas with embedded Raman reporters have built-in hot spots
due to gap-enhanced plasmon coupling effect [76]. In another work, the Halas group reported unique Au rodlike
nanomatryoshkas consist of a Au core enclosed by a thin SiO2 layer, capped with a Au shell layer (Figure 4D).
Interestingly the dye molecules are bound within the pores of silica matrix and the strong interaction between the
Au core and shell layer gave rise to hybrid plasmon modes with strong NIR absorbance. In such NPs, the reporter
molecules are positioned within a few nm of the metallic surface, which can lead to a strong SERS signal with
quantitative information [77].

Impact of NP toxicity, biodistribution & surface functionalization
The enhanced permeability and retention effect in solid tumor tissues due to increased vascular permeability could
be used to drive NP accumulations in tumor sites compared with normal tissues. Such an inherent characteristic
of tumor cells to retain drug-loaded NPs due to the enhanced permeability and retention effect enhances passive
targeting. Further, active targeting requires NPs conjugated with antibodies, cytokines, aptamers, peptides or other
appropriate targeting ligands that can identify markers of cancer cells. Thus, targeting tumor cells using NPs has
the potential to deliver anticancer agents into tumor sites without affecting the normal cells [78]. Despite current
advancements in targeted therapy, the off-target toxicity potential of NPs needs more investigation. For example,
Au NPs are usually considered to be biocompatible and stable but, upon intravenous administration, Au NPs form
protein corona [64] due to the coating of serum protein, which changes NPs’ biological identity and inhibits their
ability to selectively bind to carcinogenic cells. As a result, off-targeted NPs can induce additional damages to healthy
cells during PTT [15]. Further, the use of specific surfactants such as CTAB during NP synthesis is cytotoxic [79].
Therefore, in most cases, for active targeting and to reduce toxicity, functionalization of NPs is needed.

Most plasmonic NPs can be conjugated with PEG, which improves NPs’ colloidal stability and biocompatibility
and protects the NPs’ surface from absorption of serum proteins to avoid protein corona formation. Also, many
PEGylated NPs have been approved by the US FDA [80]. Poly(N-isopropylacrylamide) (pNIPAM) is another
crosslinked polymer, and its coating on metal NPs enables the entrapment of Raman reporters without specific
affinity toward metal NPs due to their porous structures. Nie and coworkers [81] reported the first in vivo SERS
imaging of a xenograft tumor model using Au nanostars functionalized with both malachite green Raman reporter
and thiolated PEG derivatives, and then conjugated with an antibody to target epidermal growth factor receptor
(EGFR) on tumor cell surface (Supplementary Figure 2A). Other than polymer coating, encapsulation through
a SiO2 shell improves NPs’ biocompatibility and provides functional groups for attachment of ligands such as
Raman active molecules [82]. The unique mesoporous nature of SiO2 facilitates a large surface area for the effective
loading of anticancer drugs and their controlled release [83]. Song et al. [84] reported hydroxyapatite/mSiO2-coated
Au nanorods with NIR/pH responsiveness. Supplementary Figure 2B shows the drug release from mSiO2-Gold
nanorods (GNRs) doped with doxorubicin (DOX) in an acidic tumor environment. The collapse of the shell layer
enhanced the PTT efficiency as well as biodegradability. Yang et al. [82] reported another interesting multifunctional
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drug release system involving mSiO2-coated Au nanocage fabrication, as presented in Supplementary Figure 2C.
A pNIPAM coating was covalently anchored to form Au nanocage@mSiO2@ pNIPAM. Finally, DOX was loaded
into the nanosystem by stirring in phosphate buffer. Upon NIR laser irradiation, the Au nanocages can induce an
excellent photothermal effect by subsequent collapse of the polymer shell. Finally, the entrapped DOX could be
successfully released for the treatment. Other common ligands used to provide biocompatibility and stability are
bovine serum albumin [85], liposomes [86], polyvinylpyrrolidone [87], zwitterionic polymer ligands [88], cysteine [89]

and phospholipids [90].
Evaluation of NP biodistribution and toxicological effects can be influenced by several factors, such as NP size,

shape and surface chemistry. Among them, the size effect is one of the essential factors that has been studied
extensively. Studies revealed that Au NPs larger than 50 nm show comparatively less targeted cellular uptake
compared with particles of sizes between 5–15 nm [91,92]. Huo et al. have demonstrated that Au NPs less than
6 nm effectively enter the nucleus of the cell, whereas slightly larger NPs (10–16 nm) only penetrate through
the cell membrane and in the cytoplasm. Thus, smaller NPs are more toxic than NPs of 10 nm or more, as they
can enter the nucleus [93]. Further, in vivo experiments have revealed that larger NPs (50–250 nm) are found in
the blood, liver and spleen areas, whereas NPs smaller than 10 nm are rapidly distributed among all tissues and
organs [94]. The toxicity effect due to biodistribution of bare or functionalized NPs, and the subsequent interference
with intercellular processes, also plays a major role. Therefore, the possible negative consequences associated with
undesired biodistribution inside the body should be dealt with during the design of therapeutic agents.

In vitro & in vivo examples of SERS-guided PTT in nanotheranostics
In 2009, Rycenga et al. first reported a combined study of photothermal and SERS effects using a single nanoprobe.
The SERS analysis of 1-dodecanethiolate-covered Au-Ag nanocages showed a change in the intensity ratio between
two strong G and T carbon-carbon stretching Raman bands due to an increase in sample temperature during
laser irradiation. They found that the plasmon excitation in Au-Ag nanocages can simultaneously generate EM
enhancement for SERS effect and localized heating for the photothermal applications [95]. In the same year, another
critical study by the group of Bhatia reported on SERS-coded PEG-Au nanorods for in vivo multiplexing for SERS
detection and photothermal heating [96]. A novel approach to deep tumor visualization with highly specific tumor
margin detection was reported by Kircher et al. in 2012, using core/silica shell/Gadolinium (Gd)-coated NPs in
mouse glioblastoma models involving triple-modality such as MRI, photoacoustic imaging and Raman imaging.
For the first time, this study detected the invasive tumor margins and their macroscopic extensions using Raman
signals [97]. Over the past 11 years, various research groups have made tremendous advances across the globe in
tumor theranostics. This section of the review summarizes the reported studies related to SERS imaging-guided
photothermal cancer therapy since 2009 (see Table 1) and discusses some of the crucial findings and advancements.

Hybrid NPs composed of a combination of different nanomaterials and different chemical compositions have
drawn a lot of research interest due to their unique optical properties. In biomedical research, such composite NPs are
used as multifunctional platforms; specifically, combining noble metals with metal chalcogenides/oxides can provide
multimodal imaging-guided therapeutic applications [121]. In 2010, for the first time, CuS NPs were investigated
for photothermal ablation of carcinogenic tumor cells by Li et al. [122]. Since then, Cu chalcogenides and their
different combinations with Au or Ag NPs have drawn the attention of many research groups. Nonstoichiometric
Cu2-xS NPs containing a large number of hole carriers supports NIR absorption and high photothermal effects.
Ding and coworkers [52] reported a dual plasmonic Au-Cu9S5 nanohybrid with a well-controlled interface to study
the plasmon coupling effect due to the collective oscillation of the electron and hole. Interestingly, the coupling
between the plasmonic Au core and Cu9S5 semiconductor shell of as-prepared NPs shows an enhanced optical
absorption cross section with higher photothermal conversion efficiency at the NIR-II region under low laser power.
Later, Lv et al. [109] reported an aqueous-mediated green synthesis of folic acid-coated Au@Cu2-xS NPs through
anion exchange and employed them in in vivo tumor-targeted ablation therapy guided by the SERS imaging
modality (see Figure 5A [I]). Transmission electron microscopy imaging confirmed the capping of the Cu2-xS shell
layer around the Au core, and the simulated electric field profile showed intense electric field confinement due
to surface plasmons and excitons, resulting SERS enhancement of embedded dye molecules (see Figure 5A [II]).
During in vivo study, Au@Cu2-xS NPs showed excellent photothermal transduction ability upon 808 nm laser
irradiation (5 min, 0.72 W cm-2) when intravenously injected Au@Cu2-xS NPs (dose of 10.0 mg kg-1) into 4T1
tumor-bearing mice. A temperature rise up to 40o during PTT can be shown in IR thermal images (see Figure 5A
[III]). Further, the SERS imaging of the tumor site allowed clear detection of tumor boundaries (Figure 5A
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Table 1. Summary of reported literature where plasmonic nanoparticles have been used for surface-enhanced
Raman spectroscopy-guided photothermal therapy applications.
Plasmonic NP Therapy and cancer cell type (in brief) Treatment dose Imaging modality Ref.

PEGylated Au NRs (2009) In vitro and in vivo, photothermal therapy,
MDA-MB-435 breast cancer cells

810 nm laser (2 W/cm2 for
5 min)

Infrared thermographic
maps with in vivo Raman
spectra

[96]

Popcorn-shaped Au NPs (2010) In vitro, photothermal therapy, human
prostate cancer cell line (LNCaP)

785 nm laser (12.5 W/cm2 for
30 min)

In vitro SERS assay [98]

MBA/SMART-Au NPs, MBA-Au
NPs (2013)

In vitro, photothermal therapy, B16 F10 mouse
melanoma cells

785 nm laser (19.5 W/cm2 for
10 min)

Optical microscope and
Raman mapping

[99]

Goldnanostar@ Organosilica
@Gd-PEG (MGSNs) (2015)

In vivo, photothermal therapy, MDA-MB-231
human breast cancer cell tumor-bearing mice

808 nm laser (0.5 W for 5 min) In vivo MRI and SERS
imaging

[100]

DOX@GO@AuNRs (2015) In vitro and in vivo, chemo-photothermal
Therapy, HeLa cells, human cervical cancer cells

808 nm laser (0.5 W/cm2 for
10 min)

SERS mapping [101]

GNR-PANI, GNR-PPy (2015) In vitro and in vivo, photothermal ablation,
A549 (adenocarcinomic human alveolar basal
epithelial) cells

808 nm diode laser
(2.5 W/cm2 for 5 min)

NIR SERS imaging [102]

GO-Au@PANI (2016) In vitro and in vivo, chemo-photothermal
therapy, 4T1 mammary carcinoma cells

808 nm laser (2.5 W/cm2) SERS-fluorescence
dual-mode imaging

[103]

AuNR@pMBA@
PDA@Anti-EpCAM (2017)

In vitro, real-time photothermal therapy,
DU145 prostate cancer tumor cells and U251
glioblastoma tumor cells

785 nm laser (for 5 min) SERS imaging [104]

BP-Au NSs (2017) In vitro and in vivo, photothermal therapy, 4T1
mammary carcinoma cells

808 nm laser (2 W/cm2 for
2 min)

In vivo SERS monitoring [105]

Au@Ag core-shell rodlike
nanomatryoshkas (2017)

In vitro, photothermal therapy, HeLa cells,
cervical cancer cells

808 nm CW laser (4 W/cm2

for 5 min)
SERS imaging [76]

GNS-ICG-BSA (2017) In vitro, photothermal therapy, U87 glioma
cells

808 nm laser (for 5 min) SERS mapping [106]

Au NPs and Au NSs (2017) In vitro and in vivo, photothermal therapy, 4T1
mammary carcinoma cells

808 nm diode laser (1 W/cm2

for 10 min)
Raman mapping [107]

CuS@Spiky Au core-shell NPs
(2018)

In vitro, photothermal therapy,
HeLa cells, human cervical cancer cells

808 nm laser (0.45 W/cm2 for
5 min)

Label-free SERS
intracellular imaging

[73]

4MBA-labeled Au NP (2018) In vitro, plasmonic photothermal therapy,
HepG2 cells, human liver cancer cells

532 nm and 785 nm laser
(20 mW for 5 min)

Raman mapping [108]

Au@Cu2-xS core-shell NPs (2019) In vitro and in vivo, photothermal therapy,
HeLa cells and 4T1 cells

808 nm laser (0.45 W/cm2 for
15 min)

SERS and photoacoustic
imaging

[109]

Aptamer-conjugated Au
nanocage/SiO2 (2019)

In vitro, photothermal therapy,
MCF-7 breast cancer cells

785 and 808 nm laser
(1.5 W/cm2 for 5 min)

SERS imaging [110]

Au nanostars (Au-4MBA-RGD)
(2019)

In vitro, plasmonic photothermal therapy,
A549 human lung adenocarcinoma cells

785 nm NIR-I laser
(390 mW/cm2 for 6 min),
1064 nm NIR-II laser
(1160 mW/cm2)

In vitro SERS mapping [111]

Nanoenvelope (ISQ@BSA-
AuNC@AuNR@DAC@DR5)
(2019)

In vitro and in vivo, photodynamic, thermal
and chemotherapy, A375 human melanoma
cells

808 nm laser for 4 min Raman mapping [112]

Au@PB NPs (2020) In vitro and in vivo, photodynamic and
thermal therapy, 4T1 mammary carcinoma cells

808 nm laser (2.0 W/cm2 for
10 min)

MRI and Raman mapping [113]

AuNR-AS1411, AuNR-MUC1
(Bioorthogonal SERS Nanotags)
(2020)

In vitro and in vivo, photothermal therapy,
MCF-7 breast cancer cells

808 nm NIR laser (0.2 W/cm2

for 5 min)
SERS mapping [114]

HA-4-ATP-AuNFs-DOX (2020) In vitro and in vivo, photo-chemo-tumor
therapy, MDA-MB-231 breast cancer cells

1064 nm NIR-II laser (1 W/cm2

for 10 min)
Photoacoustic-Raman dual
imaging

[60]

Ag@CuS NPs (2021) In vitro, photothermal therapy, HeLa cells 940 nm light for 15 min SERS mapping [115]

MnO2@Au nanoenvelope (2021) In vitro, photothermal therapy, PANC-1 and
WI-38 cells

808 nm, 0.25 W for 4 min SERS mapping [116]

HAuNP@DTTC (2021) In vitro and in vivo, photothermal therapy, 4T1
cells

808 nm laser for 5 min SERS mapping [117]

Au-Ur@DTTC (2021) In vitro and in vivo, surgery + adjuvant
photothermal therapy, SKOV3 and CT26 tumor

785 nm laser (150 mW for
3–10 min)

Raman imaging [118]

BSA: Bovine serum albumin; DOX: Doxorubicin; NIR: Near-infrared; NIR-I: First biological window; NIR-II: Second biological window; NP: Nanoparticle; NR: Nanorod;
NS:Nanostars ; SERS: Surface-enhanced Raman spectroscopy.
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Table 1. Summary of reported literature where plasmonic nanoparticles have been used for surface-enhanced
Raman spectroscopy-guided photothermal therapy applications (cont.).
Plasmonic NP Therapy and cancer cell type (in brief) Treatment dose Imaging modality Ref.

Apt-Ce6-PDA@Pt (2022) In vivo photothermal therapy + photodynamic
therapy, HepG2 and GPC3-positive tumor cells

808 nm laser (2.0 W/cm2 for
5 min)

Raman mapping and
real-time fluorescence
imaging

[119]

AuDAg2s (2022) In vitro and in vivo, photothermal therapy,
CT26 colon tumor cells

1064 nm laser irradiation
(0.5 W/cm2 for 5 min)

SERS/NIR-II
multidimensional tumor
imaging

[120]

BSA: Bovine serum albumin; DOX: Doxorubicin; NIR: Near-infrared; NIR-I: First biological window; NIR-II: Second biological window; NP: Nanoparticle; NR: Nanorod;
NS:Nanostars ; SERS: Surface-enhanced Raman spectroscopy.
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Figure 5. Noble metals with metal chalcogenides/oxides for SERS imaging-guided PTT applications. (A) (I) Schematic of Au@Cu2-xS
synthesis route and their in vivo application using surface-enhanced Raman spectroscopy (SERS)-guided photothermal therapy. (II)
Au@Cu2-xS nanoparticles (NPs) transmission electron microscopy image and the simulated electric field profile at 785 nm excitation. (III)
Infrared thermal image of mice during photothermal therapy under 808 nm laser irradiation (5 min; 0.72 W cm-2) with different treatment
conditions. (IV) Photograph of tumor-bearing mice with SERS detection points are represented by pink dots and the corresponding SERS
contour image. Copyright (2018), John Wiley and Sons. (B) (I) Schematic illustration of the synthesis of Au@Bi2Se3 NPs. (II) Raman mapping
of antagomiR-152 strand displacement and release in SH-SY5Y cells by oncomiR-152. (III) SH-SY5Y cells’ death rate after internalization of
different unmodified NPs under 808 nm laser (6 min; 2 W cm-2) irradiation. Copyright (2018), John Wiley and Sons. Data from [109,125].

[IV]) and helped navigate the excision of NPs. In this context, considering higher SERS enhancement due to Ag
NPs compared with Au, recently the authors’ group synthesized dual plasmonic Ag@CuS core-shell NPs using
a simple, self-limiting hydrothermal route. They have exhibited not only strong NIR absorbance but also strong
SERS enhancement with good biocompatibility and photostability when applied in vitro using HeLa cells, which
confirms their potential SERS-guided PTT efficiency [115]. The economic and simple synthesis process of such
metal@semiconductor nanoprobes with a broader absorbance range allows flexibility in choosing light sources
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during therapy. The use of newly developed Bi2Se3 has shown the potential for many clinical applications such
as diagnosis, imaging and radiation therapy. Under light excitation, the Dirac surface state plasmons due to spin
density wave oscillation and then the net spin polarization makes Bi2Se3 a unique plasmonic material [123,124].
Recently, the Choi group [125] synthesized bifunctional Au@Bi2Se3 core-shell NPs (Figure 5B [I]). The hybrid
system of Au shell around Bi2Se3 NPs improves the SERS signal twofold compared with pure Au NPs, and the
photothermal conversion efficiency also increases to 35.5%, which is 1.8-times larger than pure Au NPs. Their
small size (≈11 nm) allows passive accumulation at the tumor site. Later, they functionalized the Au@Bi2Se3 NPs’
surface with polyvinylpyrrolidone, folic acid conjugated with cell-penetrating peptide (CPP) and CY3.5-modified
antagomiR-152 to study the oncomiR detection through strand displacement of antagomiR-152 and inhibition.
Raman mapping of the process of antagomiR-152 strand displacement and release in SH-SY5Y cells by oncomiR-
152 can be seen in Figure 5B (II). Under identical experimental conditions, the PTT results of SH-SY5Y cells after
incubation with Au NPs, Bi2Se3 NPs and Au@Bi2Se3 NPs are represented in Figure 5B (III); a maximum of 52%
of cell death was recorded for cells treated with Au@Bi2Se3 NPs. Such dual-functioning NPs can provide a deeper
insight into PTT-induced cell death from a molecular perspective, which can be used for real-time monitoring of
biochemical response during and after the treatment.

Redox active transition metal-dioxides such as MnO2 and its composites have recently been applied as a new
therapeutic material due to their extraordinary performance in cancer theranostics. These nanomaterial’s large
surface area can offer high drug loading and delivery efficiencies. Due to the strong catalytic and oxidative nature
of MnO2, it can be reduced to Mn4+ in the presence of certain reducing substances such as glutathione or H2O2.
Interestingly, the concentration of such reducing agents is higher in carcinogenic cells than in normal cells. Thus,
MnO2 can be reduced to Mn4+ and their degradation process achieved through the specific release of loaded
drugs during treatment [126–128]. Recently, Maiti and coworkers [116] reported a new CCK peptide-conjugated
MnO2@AuNP system, named photothermal theranostic nanoenvelope for real-time monitoring of SERS-guided
PTT (Figure 6A [I]). In this system, the degradation of the MnO2 layer in the presence of H2O2 inside malignant
cells enables real-time tracking of temperature-induced intercellular changes. The PTT caused selective degradation
of the MnO2 shell layer of the NPs; consequently, the exposure of Au cores inside the intercellular region has been
used to get vital information of biomolecular changes. Live-dead assay of PANC-1 cells before and after PTT
using 808 nm laser for 4 min further confirmed the cell apoptosis under different treatments (Figure 6B [II]).
The percentage of dead cells was highest when treated with photothermal theranostic nanoenvelope. The SERS
mapping of pancreatic PANC-1 cells and corresponding spectra collected before and after PTT are shown in
Figure 6B (II). The absence of IR peaks at 832 and 1210 cm-1 and the presence of a 1523 cm-1 peak (N7-H
band from nucleic bases) confirms the temperature-induced apoptotic cell death (Figure 6A [III]) [129]. The NIR-
II bio-window (1000–1350 nm) is very useful, as it enables MPE and deep tissue penetration during in vivo
experiments. Therefore, the designing of NIR-II active nanoprobes holds excellent promise for phototheranostic
applications. Apart from nanocomposites, smart structural engineering can make typical Au NPs into advanced,
multifunctional therapeutic probes to use in the NIR-II bio-window region. Recently, Wang et al. [60] fabricated a
new kind of mesoporous-based Au NP grafted by hyaluronic acid (HA-4-ATP-AuNF), which acted as a capping
agent for loaded DOX within mesopores and improved the biocompatibility of the NPs (Figure 6B [I]). The
presence of a large number of hot spots in Au NFs enhanced the Raman imaging with amplified fingerprints at
1085 cm-1 and 1585 cm-1 (Figure 6B [II]). More interestingly, it has an excellent photothermal effect in the NIR-II
region and can release DOX molecules efficiently during therapy (Figure 6B [III]). Also, due to high absorbance,
their photostability and photothermal efficiency have been improved. The IR thermal image of MDA-MB-231
tumor-bearing mice under 1064 nm laser irradiation (1 W cm-2) for 10 min after intravenous injection of HA-
4-ATP-AuNFs with phosphate-buffered saline shows a maximum rise in temperature (≈20◦C) across the tumor
region (Figure 6B [IV]). In vivo chemo-phototherapy using DOX-loaded HA-4-ATP-AuNFs upon NIR-II laser
irradiation resulted in complete removal of the tumor from the target site. It can serve as a multimodal imaging
platform through photoacoustic–SERS dual-imaging modes. Collectively, Au NFs are highly multifunctional,
making them a potential theranostic agent for future clinical translation.

During surgery and phototherapy, precise and accurate detection of the tumor core, tumor margins and micro-
scopic extensions is extremely important. Failure to complete tumor ablation through PTT or resection through
surgery can be lethal due to tumor reoccurrence and metastasis. Approximately 80–90% of the recurrence of
glioblastomas in patients is initiated from the residual microtumors [130]. Thus, developing an intraoperative, non-
invasive optical imaging approach to detect residual tumors decreases the chances of reoccurrence. To mitigate the
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Schematic representation of MnO2@AuNPs as surface-enhanced Raman spectroscopy (SERS)-guided photothermal therapy (PTT) probe for
pancreatic cancer. (II) Live-dead cell assay with viability results of PANC-1 cells with and without laser irradiation under different
treatment conditions. (III) Raman mapping of PANC-1 cells and corresponding SERS spectra before and after PTT. Copyright (2021)
American Chemical Society. (B) (I) Synthesis scheme of doxorubicin-loaded HA-4-ATP-AuNFs. (II) In vivo SERS mapping of the tumor tissue
with 785 nm laser excitation. Colors represent the characteristic Raman band intensity of HA-4-ATP-AuNFs at 1585 cm-1 and
corresponding two recorded Raman spectra from points I and II. (III) Release of doxorubicin during PTT in the second biological window.
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issue of reoccurrence, SERS-based imaging-guided therapy and surgery are being developed and drawing atten-
tion due to their high resolution, sensitivity, specificity and ability to provide signature signals [131]. Interestingly,
Kircher and coworkers first reported near real-time SERS detection and static imaging using Au@SiO2 NPs with
a handheld Raman scanner, targeting glioblastoma tissues on a genetically engineered mouse model in an intra-
operative situation [132]. Another report from the same group showed improved identification of tumor margins
using Au nanostars instead of silica-coated Au nanospheres [133]. Zhu et al. [113] investigated the potential use of
monodispersed Prussian blue-capped Au NPs (Au@PB@HA NPs) for dual-mode imaging (SERS/MRI)-guided
phototherapy (Figure 7A [I]). The negatively charged as-prepared NPs reduced their nonspecific interaction with
normal tissues and serum proteins. After intravenous injection of NPs, the SERS imaging modality can provide

future science group 10.2217/nnm-2023-0010



Review Das, Tsai, Sen & Moirangthem

i

i

iii

iii

ii

ii

I

I

II

II

In
te

n
s
it

y
 (

a
.u

.)

In
te

n
s
it

y
 (

a
.u

.)

In
te

n
s
it

y
 (

a
.u

.)

Raman shift (cm-1)

Raman shift (cm-1)

Bright

Raman shift (cm-1)

1800 1900 2000

Before

After

2100

Overlay
2914 cm-1

C-H

2156 cm-1

C�H

2200 2300 2400 2500

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

500 1000 1500 2000

C=N

C-H
Tumor site

2500 3000

C
e
ll
 v

ia
b

il
it

y
 (

%
)

Control Au@PB

I II

20 nm

S
u
rg

e
ry

 
o
n
ly

S
u
rg

e
ry

 
+

 a
P

T
T

Au@PB@HA

0

20

40

60

80

100

20 nm
Au@PB@HA

Before irradiation

After irradiation

450 500 550 600 650

�
(μ

m
)

X (μm)

Y
 (

μ
m

)

6100

Tumor

Skin

2

6200 6300 6400

5700

5750

5800

5850

5900

5950

Delineate tumor boundaries SERS guided resection III Further resection IV

No
PTT

aPTT

Day 3

Day 3

Day 7

Day 7

Local recurrence

I IIDelineate tumor boundaries SERS guided resection III Further resection IV Recovered mice

Skin
100 μm Min

Max

2

4T1 cells

1

Figure 7. Tumour margin identification and treatment using SERS imaging guided PTT. (A) (I) Schematic illustration
and transmission electron microscopy image of plasmonic Au@PB@HA nanoparticles (NPs). (II) In vivo Raman imaging
of 4T1 tumor-bearing mice. (i) Recorded Raman band at 2156 cm-1. (ii) Raman spectrum with no background
interference was collected after intravenous injection of Au@PB@HA NPs. (iii) Raman mapping of the tumor tissue,
where red and blue colors are assigned for characteristic Raman band of Au@PB@HA NPs at 2156 cm-1 and 2914 cm-1,
respectively. (III) 4T1 cell viability before and after treatment under 808 nm laser irradiation at 200 μg ml-1 NP
concentration. Copyright (2020), Royal Society of Chemistry. (B) (I) Transmission electron microscopy image of
Au-Ur@DTTC NPs. (II) (i) Photograph of subcutaneous SKOV3 tumor-bearing mouse. (ii) Raman image of the tumor.
(iii) The corresponding Raman signal within (red arrow 1) and nearby skin (red arrow 2). (III) Raman imaging-assisted
surgery and surgery with adjuvant photothermal therapy under 785 nm laser (150 mW) for 3–10 min of irradiation.
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distinct SERS emission from tumor and nontumor parts (Figure 7A [II]). No signal interference was observed from
natural components of the tumor in the Raman silent region. In vitro cytotoxicity assay by comparing before and
after PTT decreased the viability of 4T1 cells to below 10% after 10 min, 808 nm laser irradiation using 200 μg
mL-1 NP concentration (Figure 7A [III]). The reported NPs also showed long blood circulation time with excellent
biocompatibility. Recently, the Zhou group [118] reported a critical study focused on SERS imaging-assisted tu-
mor margin ablation through PTT. Synthesized diethylthiatricarbocyanine iodide (DTTC)-tagged Au nanourchin
(Au-Ur@DTTC; Figure 7B [I]) Raman activity was investigated through Raman imaging of subcutaneous SKOV3
and CT26 tumors. Compared with nearby skin tissues, the tumor site showed a significantly high Raman signal
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(Figure 7B [II]) which confirms the NPs’ tumor detection ability through Raman imaging. They evaluated Au-
Ur@DTTC NPs for intraoperative Raman imaging-guided resection of subcutaneous SKOV3 ovarian tumors and
postsurgical PTT to eliminate residual tumor margins (Figure 7B [III]). After surgery followed by adjuvant PTT
under 785 nm laser (150 mW; 3–10 min) showed a complete removal of the tumor with no more SERS signals,
with a lower reocurrence rate during a 36-day monitoring period as compared with only surgery. Further, the NPs’
in vivo toxicity, biodistribution and pharmacokinetic study results also validated their clinical translatability.

Conclusion
In summary, SERS-guided PTT is a potential option for cancer diagnostics and therapy. In this review, we have
discussed the SERS and PT effect of plasmonic nanocomposites and highlighted the impact of various influential
factors such as the size, shape and surface chemistry of NPs. This review also provides details of recent developments,
particularly in the field of SERS imaging-guided PTT. The new class of plasmonic NPs provides information on
intratumoral heterogeneity and tumor margins via SERS imaging using NIR laser, both regions I and II. Localized
plasmon heating selectively increases the tumor temperature to establish photothermal-induced cell apoptosis.
Multifunctional plasmonic nanoprobes are a powerful next generation of nanomedicine for cancer diagnosis via
real-time monitoring of temperature-induced cell death under low-power NIR laser irradiation without causing
harmful effects to normal cells.

Future perspective
Despite the considerable progress that has been achieved in the field of dual-functioning plasmonic NPs for
theranostic purposes, it is still at the preliminary stage from the standpoint of human trials. For clinical translation,
several challenges need to be addressed. More studies for NPs’ long-term biosafety, toxicity and successful excretion
from the body after therapy need to be completed before any clinical trial using humans. A short-term in vivo
animal study is not sufficient to prove any irreversible genetic changes after therapy due to continuous exposure
to NPs. Further, nonspecific biodistribution and low accumulation of NPs at targeted areas can reduce treatment
efficacy remarkably. Also, it is very difficult for the NPs to go deeper into the solid tumors, which severely limits
their PTT effectiveness. Designing plasmonic NPs with LSPR band in NIR-II can reduce fluorescence background
and improve tissue penetration depth. Furthermore, employing light-emitting diodes as light sources during PTT
has shown therapeutic effects comparable to those of low-intensity lasers and can be used as a safer and cheaper
alternative to targeting large surface areas [134].

Still, in oncological studies the detection and imaging of deep tumors using SERS NPs demand high-quality
deep tissue Raman detectors, which is another promising future task for researchers. Implementation of an optical
fiber-guided SERS imaging tool, Raman endoscopy or colonoscopy to detect superficial tumor tissues in the body
itself could accelerate the applicability in the near future. Consequently, designing multifunctional plasmonic
probes with the benefits of enhanced SERS imaging, drug loading, photothermal capability and long-term stability
in biological systems, as well as excellent biocompatibility, is essential for any real-life, practical application. Further,
the future success of oncological phototherapies using plasmonic NPs and their fast clinical translations mostly rely
on advanced electro-optic properties and their smart structural engineering. We believe with continuous endeavor
and with close collaborations among clinicians and researchers, we could design a multifunctional plasmonic
nanotheranostic agent that can serve as an alternative to many invasive oncological treatments and that has huge
potential for clinical translation.
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Executive summary

Background
• Surface-enhanced Raman spectroscopy (SERS)-guided plasmonic photothermal therapy (PTT) has emerged as a

noninvasive technique that is capable of overcoming the major limitations of traditional oncotherapy.
• Plasmonic nanostructure-mediated Raman signal enhancement and photothermal heating mechanisms are

discussed, considering both electromagnetic and two-temperature model theories.
Influencing factors in nanoparticle design to achieve improved therapeutic efficacy
• The composition, shape and size of nanoparticles (NPs) and their associated physicochemical properties are

critical factors that determine their efficiency in tumor accumulation, retention and SERS imaging ability.
• Surface functionalization provides NPs colloidal stability and biocompatibility and protects the NPs’ surface from

absorption of serum proteins to avoid protein corona formation.
• The importance of site-specific delivery, along with minimal or no toxicological effect and undesired

biodistribution inside the body, should be the prime focus of engineered nanotherapeutic agents.
SERS-guided PTT in nanotheranostics
• A close examination of the latest studies on SERS imaging-guided PTT indicates a significant advancement in

nanotheranostics by exploiting engineered plasmonic NPs.
• Multifunctional plasmonic nanoprobes are potentially the next generation of nanomedicine for the diagnosis of

cancer via real-time monitoring of temperature-induced cell death under near-infrared laser irradiation without
affecting healthy tissues.

• Faster clinical translation relies on advanced electro-optic properties and their smart structural engineering.
Conclusion & future perspective
• SERS-guided PTT is a potential option for cancer diagnostics and therapy.
• The technique provides important information on intratumoral heterogeneity and tumor margins via SERS

imaging using near-infrared laser in regions I and II.
• Close collaborations among clinicians and researchers is needed to design a multifunctional plasmonic

nanotheranostic agent that can serve as an alternative to many invasive oncological treatments.
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