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Laser spectroscopic imaging techniques have received tremendous attention in the field of cancer
diagnosis due to their high sensitivity, high temporal resolution, and short acquisition time.
However, the limited tissue penetration of the laser is still a challenge for the in vivo diagnosis of
deep-seated lesions. Nanomaterials have been universally integrated with spectroscopic imaging
techniques for deeper cancer diagnosis in vivo. The components, morphology, and sizes of
nanomaterials are delicately designed, which could realize cancer diagnosis in vivo or in situ.
Considering the enhanced signal emitting from the nanomaterials, we emphasized their combina-
tion with spectroscopic imaging techniques for cancer diagnosis, like the surface-enhanced Raman
scattering (SERS), photoacoustic, fluorescence, and laser-induced breakdown spectroscopy
(LIBS). Applications of the above spectroscopic techniques offer new prospects for cancer diagnosis.
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1. Introduction

In 2020, 10.0 million cancer deaths and 19.3 million
new cancer cases have occurred,! which has become
a dominant cause of death and a barrier to every
country of the world for a long time. Not only the
diagnosis of cancer but also prevention of misdiag-
nosis and overdiagnosis are vitally important as
better follow-up therapy. Therefore, it’s crucial to
diagnose the tumor region before, during and after
surgery. Traditional imaging methods for tumor
diagnosis have been universally used in current
clinical diagnosis (Doppler imaging, computed to-
mography, positron emission tomography, and
magnetic resonance imaging listed in Table S1,
abbreviation: CT, PET, and MRI).? Although these
techniques are well-established, there are still lim-
itations in terms of patient testing and diagnostic
specificity and sensitivity. For example, people who
implanted metal devices can’t be scanned by MRI?;
radiation from CT and PET is a burden for tumor
patients.” Additionally, the biopsy guidance of MRI
and PEI during surgery is limited due to the mag-
netic fields and radioactive environment, which is
not suitable for real-time and in situ imaging.” To
provide adequate tumor diagnosis, spectroscopic
techniques can be used as a complementary tech-
nique to traditional techniques.

Laser spectroscopic techniques, based on the
interaction between photons and the substance,
generate innumerous optical processes." 0 It is
mainly the collection of different excited lights that
distinguishes the various techniques. For example,
collection of scattered light is Raman technique,
collection of light from energy state transitions is
fluorescent, collection of acoustics into optics is
photoacoustic, collection of light emitted from
plasma is laser-induced breakdown spectroscopy
(LIBS), etc. In short, the different forms of light
emitted after excitation of the laser beam differen-
tiate the spectroscopic techniques separately. Laser
spectroscopic imaging is performed by scanning an
array of tissue sites. The spectral information from
each point is stitched together to create a map of
the entire tissue. Therefore, diagnosis of tumor
areas is assisted by the spectral differences between
normal and tumor tissues. Thus, the label-free di-
agnosis method is achieved. The tumor diagnosis of
spectroscopic techniques could be achieved in vivo
and in situ, but also ex vitro biopsy. However, the
existence of tumor heterogeneity will make each

individual tumor different. It is also difficult to
make accurate judgment by the spectral informa-
tion from substances, which requires for harsh
software and hardware. To improve the imaging
depth, accuracy and specificity, spectroscopic tech-
niques coupled with nanomaterials for tumor diag-
nosis have been studied.

The nanotechnology has made tremendous
advances in recent years, which could actively tar-
get specific sites or be remained passively through
enhanced permeability and retention (EPR) effect
of tumor vessel.''? The nanomaterials are designed
as chromophores considering the characteristics of
light emission to image tumor specifically and sen-
sitively. The modification of specific ligands enables
nanomaterials to target imaging; the dedicate
structure can achieve more resonance to the laser
beam triggering light excitation; the optimal surface
areas provide drug delivery for precise treatment.
Not only imaging of tumor but also immunotherapy
and thermal therapy can be realized in presence of
antibodies or photosensitizer agents.'?'* Therefore,
laser spectroscopic techniques coupled with nano-
materials can provide more possibilities for precision
medicine and human survivals.?

The laser spectroscopy imaging techniques
coupled with nanomaterials for cancer diagnosis,
including Raman scattering, photoacoustic, fluo-
rescent, infrared, and LIBS, are gaining attention.
Owing to the localized surface plasmon resonance
(LSPR), Raman scattering intensity could be
greatly enhanced by magnitudes coupled with deli-
cate nanomaterials, i.e., nanostars and nanospheres,
which is also named surface-enhanced Raman
scattering (SERS).'%!7 And the photoacoustic is a
potential noninvasive imaging technique for cancer
diagnosis and screen, which is subjected to the
photothermal conversion capability of imaging
agents.'® 20 The exogenous agents might penetrate
deeper without the optical interference. Besides, the
nanomaterials with near infrared (NIR) absorption
also could display excellent imaging resolution at
tumor site. Fluorescent nanomaterials that are ex-
cited to the NIR region or NIR II are commonly
explored for deeper imaging.?’?> The above laser
spectroscopic imaging could achieve cancer diag-
nosis before or during surgery as a guidance. After
intravenous injection of nanomaterials, the target
location can be imaged in vivo noninvasively due to
the improved fluorescence quantum yields (QYs),
SERS enhancement factor or photoacoustic
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efficiency. The nanomaterials with specific ligands
are also capable of targeting designed tumor bio-
markers. The handheld scanner, integrated with
excitation and reception systems, enable image
tumor margin in situ with the indication of nano-
materials. Therefore, the resected area can be
scanned by in situ imaging system to determine
whether the resection is clean. The operation of
imaging system would be facile for surgeon, which
do not require specific environment. For post-oper-
ative diagnosis, LIBS could be an assistant digital
immunology method. The LIBS spectra include el-
ement information of tissue related to metabolism,
which could delineate differences between the heal-
thy and neoplasm.?’

In this paper, we critically summarized several
spectroscopic techniques coupled with nanomaterial
to sensitively image tumor site including SERS,
photoacoustic, fluorescent, and LIBS, respectively,
in Fig. 1 (considering the infrared nanomaterials for
imaging are universally in a way of fluorescence,
which would not be discussed alone). Applications
into cancer diagnosis mainly focus on the imaging of
tumor ¢n vivo noninvasively, or discriminations of
cancer in situ and ex vitro. Different structures and
compositions of nanomaterials would be presented
together with their enhancement mechanisms con-
sidering the laser imaging principle. These summa-
rized prominent studies, utilizing nanomaterials,

Laser spectroscopy imaging technique

inspire us that the laser spectroscopic techniques
could offer supplementary information for surgeons
during, before or after surgery. What’s more, the
multifunctional nanomaterials could bring us mul-
timodality imaging and thermal therapy. The study
of nanomaterials for imaging to cancer diagnose
requires the efforts of material scientists, optome-
trists and physiologists, as well as physicians,
among others. This review may provide some ideas
for researchers in the field of optical-nanomaterials
diagnostics.

2. SERS Imaging Nanoparticles

Elastic and inelastic collisions can occur after the
interaction between photons and objectives causing
light scattering.?” During the process of elastic col-
lision, the direction of moving photons is changed
with maintained frequency while no energy is ex-
changed between photon and molecule, which is
considered as Rayleigh scattering. On the contrary,
photons accept the energy from the vibration and
rotation of a molecule, changing the frequency,
which is called inelastic collision forming Raman
scattering.”® Therefore, the frequency shift of dif-
ferent types of substance is distinctly subjected to
its internally different structure. The frequency shift
is the difference in the frequency of an original
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Fig. 1.

The application of spectroscopic imaging techniques integrated with nanomaterials for cancer diagnosis.
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excitation light source forming the unit as wave-
number (o, cm~!) that is irrelative to the type of
the excitation light source.?” Hence, the generation
of Raman spectra is relevant to the substance,
which has been used for the analysis of fatty acid in
tumor micro- and macroenvironment,* brain
tumor infiltration image,*! and nucleic acid imaging
of live-cell,*> etc. However, spontaneous Raman
scattering spectrum often accompanies interference
of autofluorescence causing poor signal noise ratio,
low sensitivity, and weak Raman signal. Subse-
quently, label-tagged Raman scattering spectros-
copy relied on nanomaterials into tumor diagnosis is
widely researched.

Raman imaging with SERS nanoparticles (NPs)
is a highly prospective technology for the tumor
diagnosis. SERS imaging has made many advances
on preclinical research, especially imaging in vivo
and in situ.*>** The NPs can be predominantly
extravasated and uptaken by oncogenic and ma-
lignant tumors, thanks to passive EPR effect.'? In
addition, the NPs could be functionalized via spe-
cific ligands for active specific biomarker targets.
Hence, those sensitive and specific SERS NPs have
been used for the cancer diagnosis in vivo, in situ,
and ex wvitro. SERS is a technique based on
“hotspot” area at the surface of noble metal NPs.?”
There are two mechanisms working for it. One is the
surface plasmon resonances named as electromag-
netic effect.?® The electromagnetic field intensity at
the surface of metal substrate will be significantly
enhanced under the excitation of laser, which could
amplify Raman scattering intensity. The other is
chemical mechanism which is based on the inter-
action between micromolecules and electron at
certain surface sites.?” Therefore, the SERS effect is
determined by the material,*® geometry,*® size, and
nanogap of the noble metal NPs and incident
laser.?” To generate the hotspot area, the sandwich
structure with interlayer inside is universally uti-
lized, which is constructed by Raman report mole-
cules between metal core and protective coating.*’

2.1.

The core-molecule—shell structure is universally
used, which could endow a gap inside. The ex-
tremely small Raman molecule as an interface gen-
erates a slit in the sandwich structure for plasmonic
resonance. Thus, the scattering signal of the interior
molecules could be enhanced by the electromagnetic

Core-shell hybrid nanospheres

field.*! Campbell et al. orally injected sandwiched
SERS NPs (gold core and silica shell, Au@SiOs,)
into nude mice. The bio-distribution of NPs in liver,
spleen, and stomach are imaged ez wvitro.*> The
applications of Au@SiO, could be achieved in vivo
due to the biocompatibility of silica. Ross et al.
analyzed the inflammatory factor in wvivo via
Au@Si0,."? Andreou et al. also utilized Au@SiO, to
image liver tumor, which outlined the cancerous
lesion of 250 M that MRI couldn’t reach.?” It is the
nanostructure that enhances the Raman scattering.
Besides, the silver-coated gold (Au@Ag) nano-
structure is universally applied into SERS effect.
Except the core—shell structure, the hybrid sub-
strate with superior extinction coefficient than the
solo metal NPs could provide excellent SERS ef-
fect.***> Chen et al. decorated three different alkyne
tags on Au@Ag to implement three-channel imag-
ing of live Hela cells at 2105, 2158 and 2212 cm .40
For the imaging in vivo, the silver surface might not
be suitable due to the metal toxicity. To utilized the
superior extinction coefficient of silver, an insight
study wusing triple hybrid metal nanospheres
(Au@MBN@Ag@Au) achieved ultrabright in vivo
tumor SERS imaging in a 1x1mm?® area (Fig. 2
(a)).*” This approach not only utilized the sandwich
structure but also the triple hybrid-substrate, which
significantly enhanced the sensitivity of SERS im-
aging in vivo.

2.2.

Except the hybrid metal materials, the roughly
spike structure is also important. The tips of NPs
could concentrate the incident laser into a relative
high density state, which could enhance the elec-
tromagnetic fields.'” That’s why the tringle pyr-
amids,*® nanostars,'” and hollow nanostructures*’
are widely explored. The nanostars (~ 30 and
60nm) could enhance Raman signal of tumor
characteristic peaks (1067 and 1588 cm~!) due to
their sharp shape.”’ Later, Tian et al. achieved
SERS imaging of lung tumor (~ 3 mm)in vivo with
nanostars (~ 35nm)°! (Fig. 2(b)). The synthesis of
nanostars is usually produced by seed-mediated
generation. Thus, the hybrid metals are taken into
account for the increase of SERS effect. Zeng et al.
investigated the enhancement effect of Raman re-
porter (DTTC)-coupled Ag.,..@Auy, nanostars
(~ 74nm)in vivo.”®> The signal of SERS NPs at
tumor are stronger than Ag@Au nanostars and

Nanostars
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Fig. 2. (a) The double layer of Au@Ag@MBN@Au NPs.
(b) The synthesis of nanostars and SERS image tumor in vivo.
(c) Gold NPs mediated the synthesis of nanostars. (d) The CuS
NPs accumulated in tumor during surgery in mice.

Laser spectroscopy imaging technique

DTTC molecules. The above works display the
feasibility of nanostars that could identify tumor
in vivo. The injection of nanostars into tumor mice
were accumulated at neoplasm region due the EPR
effect. To further improve specificity of SERS im-
aging, the nanostars could be encapsulated with
functional ligands. The specific SERS NPs could
exhibit more distinguishable Raman spectra be-
tween tumor and normal tissue, compared with solo
NPs. Nayak et al. also successfully detected and
delineated pulmonary micrometastatic lesions as
small as 200 pm utilizing nanostars conjugated an-
tibody (Fig. 2(c)).”® Furthermore, their team si-
multaneously monitored two biomarkers (EFGR
and HER-2) to improve the sensitivity of bioima-
ging and tumor boundary identification. The image
brain tumor #n vivo through skull and in situ was
completed.?* The imaging depth could be improved
via functional nanostars.

2.3. Nanorods

The various aspect ratios of nanorods (NRs) could
be fabricated to concentrate photon via the shaped
tips, which can adjust SERS enhancement effects.”
A novel lysosome-targeted gold NR was successfully
fabricated, which was capable of in situ SERS
monitoring pH owing to specific ligand cysteine-
hydroxyl merocyanine.”” Besides, the multimodal
imaging-guided photothermal therapy was achieved
via the excellent absorption wavelength at the NIR
“biological window”.?% The NIR absorption endows
NRs with the capability of thermal conversion.
Therefore, the NRs NPs are universally regarded as
PA imaging agents at the same time. Jokerst et al.
presented the ovarian cancer detection in situ with
gold NRs as SERS guidance agnets.”” The uncut
tumor margin could be pointed out due to the EFR
effect of NRs, which could prevent recurrence of
cancer. The noninvasive PA imaging was also re-
alized. The tunable hybrid core-shell structure
of NRs also improves the SERS effect for imaging.
The silver®®°? or silica®°! layer are coated on the
surface of gold core for enhance imaging sensitivity
ex vitro.

2.4. Hollow nanostructure

The hollow nanostructure also could be applied into
SERS enhancement. The interior gaps among hol-
low nanostructures generate electromagnetic field,
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forming intraparticle hot spots.*”"? Kang et al.
synthesized rough NPs via silica core and Au@Ag
hollow shell, which achieved tumor diagnosis in vivo
with NIR property. He et al. also utilized the hollow
Ag hybrid Au nanoshell, which could discriminate
primary tumor tissues and metastases in mice
model. The metastatic liver was about 0.18 mm,
which indicated the prominent sensitivity.®® Qiu
et al. also composited NIR hollow CuS NPs that
could enhance the Raman signal of imaging and
were degradable under laser-induced photothermal
effect® (Fig. 2(d)). They also achieved the SERS
imaging as a surgery guidance during tumor section.
The chemical enhancement mechanism dominantly
works for this. The charge of Raman molecule was
transferred into the hollow NPs, which induced
plasmonic resonance.’” It is the plasmon resonances
that lie in the NIR which also make it penetrate
deeper while imaging in vivo.

2.5. NIR dyes-doped NPs

The imaging depth is a crucial problem for in vivo
imaging techniques. The Raman molecules are
universally encapsulated in SERS NPs for emitting
Raman signal (i.e., Rhodamine-6-G, Nile blue,
2-Napthalenethiol, etc.).°® However, they are active
in the UV /Vis range thus limited to image in vivo.
To penetrate deeper, the Raman dyes with NIR
region property are widely combined with SERS
NPs. NIR dyes to provide a higher Raman scatter-
ing cross-section according to Raman transition in
the electronically allowed state instead of virtual
states. Animesh et al. utilized the core cyanine
scaffold of tricarbocyanines as excitation of Raman
signal in NIR region.’"In vivo selective and stable
detection of HER2-positive tumors was com-
plemented in the mice model with scFv-conjugated
CyNAMLA-381 gold NPs (AuNPs, 60nm). Spali-
viero et al. encapsulated AuNPs (60 nm) with res-
onant Raman reporter (IR780 perchlorate) and
silica-PEG at surface.® The handheld Raman
scanner enabled in situ Raman imaging of PC-3
lymph nodes metastasis for surgery guidance. The
most significant is that the size of the lymph nodes
in the mouse model is in short axis. The size of
lymph node is even 10-fold smaller than human.
Besides, the multiplexed imaging also could be re-
alized via multiple dyes.%”

As mentioned above, the property of SERS NPs
for imaging in vivo or in situ provides a glimpse into

superiority over currently clinical available imaging
methods. It is the hotspot area inside NPs that di-
rectly affects the intensity of SERS.?” Thus, for
imaging in vivo and analysis ez vitro, the NPs could
be optimized via material, geometry, Raman dyes,
and choices of aptamers or antibodies. For the di-
agnosis in situ during resection surgery, the new
Raman spectroscopy is also expected to be devel-
oped. Functionalities of shorter scanning time and
deeper dimension even potential tomographic im-
aging are desired to be developed. The combina-
tions of different imaging systems were universally
considered as another solution to image deeper.
Nicolson et al. combined SERS NPs (nanostars
functionalized with cylic-RGDyk, 150nm) with
spatially offset Raman spectroscopy (SORS).” The
deep-seated imaging in vivo through the intact skull
for glioblastoma multiforme (GBM) tumors diag-
nosis was achieved. SORS offsets the point of laser
excitation from the collection optics, which settle
the depth limitations in the conventional Raman
spectroscopy.”! Hence, SORS integrated with SERS
NPs could also display deeper layers in the turbid
medium and biological tissue,”> which could offer
noninvasive imaging in wvivo. In addition, higher
tumor-to-background contrast is observed in com-
parison to those collected using conventional
Raman imaging system. The NP-based SERS
imaging technology offers the potential for intrao-
perative guidance even noninvasively comprehen-
sive molecular imaging, and a complementary way
to the current clinical gold standard of immuno-
histochemistry for tumor diagnosis.

3. Photoacoustic Imaging Nanoparticles

Photoacoustic imaging (PAI) is an emerging bio-
medical imaging technology. PAI is based on the
photoacoustic effect. A continuous pulse laser with
a width of nanoseconds or intensity modulation hits
on tissue, which generates photoacoustic waves via
the transfer from electronic energy into heat ener-
gy.?’ The partial pressure rises through instanta-
neous thermoelastic expansion and propagates in
the form of ultrasound which then is detected by an
ultrasonic transducer set up outside the tissue.
According to the analog-to-digital conversion and
data reconstruction, ultrasound is transformed into
images. PAI displays deeper penetration and a
higher spatial resolution image reflecting the

2330008-6



difference in tissue optical absorption thanks to the
one-way propagation of light and detection of ul-
trasound.”™ Therefore, the PA signal is based on
optical absorption of substrates.”’""* PA effect
for imaging varies with the light absorption prop-
erties of the tissues. Hence, the formation of
tumor microvessels,” the level of blood oxygen
saturation of the tissue,’>”” and oxygen metabo-
lism™ can be obtained by PAI These tumor mi-
croenvironment indices are related to the
metabolism of hemoglobin. PAI displays the tumor
metabolism in a nonradioactive way for cancer di-
agnosis, which is limited by PET, CT, and MRI.
PAI could be categorized into three main methods:
photoacoustic tomography (PAT) with wider
bandwidth,” photoacoustic microscopy (PAM),*’
and photoacoustic endoscopy (PAE).*! These
techniques differ from the irradiated energy and
penetration depth.5?8

The PA effect depends on the optical absorption.
For PA imaging in vivo, the endogenous substances,
like hemoglobin,** melanin,®” water,*¢ and lipids®”
related to tumor microenvironments, are ideal
contrast agents. However, the inherent substances
could generate a high PA background in living
organisms, which makes PAI limited in biosensing
and bioimaging. Therefore, some exogenous con-
trast agents, such as inorganic metal NPs and or-
ganic dyes, could improve PA signal to address the
shortage of endogenous contrast agents.®® Nano-
materials synthesized by metallic substrate, gra-
phene or organic polymers have been investigated
as contrast agents for PAI for cancer diagnosis
i Vivo.

3.1.

PAI is associated with photothermal conversion
effect of the substrate due to PA effect. Therefore,
metallic nanomaterials endow excellent high light-
to-heat conversion. It is the LSPR that played a
major role, which is produced on the surface of
nanomaterials when the frequency of incident pho-
tons matches the frequency of electrons.®” Gold
nanomaterials are generally used for PA enhance-
ment due to the excellent LSPR absorbance which
is regulated by the size and morphology. Nguyen
et al. wrapped AuNPs with PEG to enhance sta-
bility, solubility, and biocompatibility, which ac-
quired optimized PA imaging of retinal and
choroidal vessels on the rabbit after AuNPs-PEG

Nanospheres

Laser spectroscopy imaging technique

injection.”’ As shown in Fig. 3(a), Du’s team ad-
justed LSPR resonance of AuNPs to the NIR-II
region via zwitterionic polypeptide (PMC), which
intensified resonance effects and large dielectric
difference between interlayers.”! The PAI of MCF-7
tumor-bearing mice indicated PA amplitude with
excellent enhancement thanks to the PMC@AuNP,
of which tumor boundary could be delineated
completely.

3.2.

The gold nanocages (GNCs) are characterized by a
single-crystal structure with hollow interiors and
ultrathin porous walls.”? GNCs also are ideal can-
didates as contrast agents for PAI in deeper bio-
logical tissues.”® The LSPR peaks of GNCs can be
easily and precisely tuned to wavelengths in the
NIR range by the change of size or wall thickness.
For in vivo study, Liu et al. synthesized the GNCs
(30-40nm) with organic dye680 and peptide tar-
geting tumor protease MMP-2. The specific GNCs
would be retained inside tumors for an extended
period, in which the PA intensity ratio of
680:770 nm represented the MMP-2 expression.”*
Hence, the existence of GNCs could localize more
tumor-infiltrating area, which could be clinically
significant.

Nanocages

3.3.

Nanostar-shaped NPs could be retained nicely in
the tumor region subjected to the hydrodynamic
size in biological medium around 100 nm. Beside, a
high absorption coefficient in the NIR region could
be obtained in the region.”” Antoine et al. explored
that the intertumoral delivery and retention of
nanostars display an intense contrast in wvivo.”®
Cheng et al. utilized nanostars to enhance the ab-
sorption efficiency and PA intensity, which was
confirmed by monitoring PA signal in the tumor at
0, 6, 24, 48, 72, and 120h post-injection (Fig. 3
(b)).”” The phototherapy effect also could be im-
proved due to the excellent LSPR of nanostars,
which also confirm the enhanced PA effect.

Nanostars

3.4. Nanorods

Rod-shaped NPs exhibit intense and narrow ab-
sorption peaks for light in the far-red and NIR
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wavelength regions, owing to the excitation of lon-
gitudinal plasmons.”® The modulation of aspect
(length to width) ratio of gold NRs (AuNRs) that
could lead to a shift in their absorption spectrum
toward the NIR and PA feature is universally
studied in PAI in vivo.””-'%" In this wavelength re-
gime, the light is able to penetrate fairly deep owing
to low absorption and low scattering by tissue.'! Li
et al. found that the different aspect ratios of
AuNRs with different light absorptions display
distinct PA effect.!’? Chen et al. investigated that
the smaller size of AuNRs (L: 49+ 9nm, W:
8+2nm) with the same absorption and larger as-
pect ratio has more stable thermal stability and
conversion efficiency, compared with the larger size
of AuNRs (L: 1204+17 nm, W: 18+4nm).'"* The PA
signal of smaller AuNRs at tumor site (~ 1cm) is
even 4.5-fold stronger than the larger ones. Later,
Cai et al. synthesized miniature hollow-structured
AuNRs (L: ~ 46 nm) which could exhibit 3.5 times
stronger PA intensity and twofold accumulation in
tumor than the larger ones (L: ~ 105nm).'"* There

are some studies that explored different capping
agents to reduce AuNRs with NIR or NIR II bio-
window and enhance PA effect.'%-1%6 Tt could be
noted that the AuNRs with tunable light absorp-
tion property could be the ideal PA contrast and
thermal therapy agents.

3.5.

Quantum dots (QDs) consist of 2-10 nm nanocrys-
tals with enhanced photostability, broad absorption
and narrow symmetric emission spectra, large molar
extinction coefficients, and high QY.'°” QDs are
widely applied in PAI and fluorescent imaging
owing to the photon yield proportional to the in-
tegral of the broadband absorption.'’® Transition
metal chalcogenides (TMCs)-based nanomaterials,
such as copper sulfide (CuS),'"” tungsten sulfide
(WSs), % molybdenum sulfide (MoS,)'!'! and so on
due to energy band transitions are semiconductor
nanocrystals with strong NIR absorption.'!?!!?
Especially, the CuS in the field of theranostic are

Quantum dots
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the low cost and intrinsic NIR absorption of CuS
derived from energy band transitions instead of
surface plasmon resonance. Li et al. constructed the
copper bismuth sulfide NRs with broad and strong
photo-absorption ranging from UV to NIR wave-
lengths.!'* What’s more, the PA signal enhance-
ment was apparently observed after 15 min post-
injection even at three wavelengths. Wang et al.
exhibited the PAT improvements of copper sulfide-
ferritin nanocages (CuS-Fn NCs) for real-time
in vivo PAI of entire tumors (Fig. 3(c)).''° Besides,
the CuS has been proven to facilitate the electron
hole separation and transferring, during which 10,
was generated.''® Liu et al. also layered double
hydroxide-CuS NPs as a versatile nanoplatform to
achieve in vivo PAI of the tumor and kill cancer
cells via subcellular ROS.!'" Generally, the CuS
NPs could generate strong PA signal and high
photothermal conversion efficiency. The ROS cat-
alytic efficiency of CuS also makes it available for
cancer therapy, which could monitor the tumor size
and morphology during the chemical therapy.

The sensitivity of PAI could also be enhanced via
peroxidase activity of metal ions like Fe and Mn in
the tumor microenvironment due to acidosis, which
could catalyze HyO5 into H,O and O,. Seshadri
et al. encapsulated UCNPs with MnQO,, which im-
proved the PAI response to the change of oxygen
saturation in vivo at head and neck squamous cell
carcinomas (HNSCCs) tumor site (Fig. 3(d)).''®
Chen et al. utilized the Fe?* ions doped in polyvinyl
pyrrolidone (PVP) and gallic acid and PVP to en-
hance photothermal efficiency.''” Zhang’s team also
encapsulated Fe;O4 with CuS and photosensitizer
to promote generation of ROS and sensitivity of
PAIL'" The generation of heat, energy conversion
and a faster cycle of acoustic pressure could be
amplified via iron oxide.'?!

The transition metal Pt as a kind of traditionally
catalytic nanomaterials has the potential to be
broadband PA agents due to their high-order lon-
gitudinal SPR mode located in the NIR zone.'?? In
comparison with gold NPs, FePt NPs generate
stronger photoacoustic signal, which was verified by
Phan’s work that explored the capacity of light-to-
heat transformation ez wvitro.'”® For PAI in vivo,
Zhang et al. synthesized the two-dimensional (2D)
PtAg nanosheets with stronger PA effect in NIR-II
bio-window.!'?* The functionalized PtAg nanosheets
have strong PA performance with good permeabil-
ity and retention effect at tumor sites for PAI of

Laser spectroscopy imaging technique

4T1 tumor in vivo after 6 h injection. It is indicated
that the plasmonic Pt is promising to be the element
of novel photothermal treatment (PTT) and PA
contrast agents for therapy and diagnosis of cancers
in NIR-I or NIR-II bio-windows. Other transition
metal elements also endow outstanding PA effect.
An insight analysis reveals that antimonene (AM)
with the unique thermal property including the
morphology-related high interfacial thermal con-
ductivity might interpret the high photothermal
conversion efficiency and thus, the excellent pho-
toacoustic performance.'?” Yu et al. display the
superior PA signal of AM contrast agents at tumor
site after 30 min post-injection.'?® Jin et al. also
confirmed that the AM could modify the thermal
efficiency of AuNPs, enhancing PA signal.'?”

3.6. Graphene quantum dots

Graphene QDs (GQDs) are a kind of quasi-0D
carbon materials derived from graphene, which are
universally applied into PA contrast agents. Owing
to special m — 7 conjugated bond, GQDs could de-
liver peptides, drugs or NPs.'?® Nie et al. endowed
GQDs with the peroxidase-like activity with a
nanozyme fragment (GQDzyme), which enhanced
PA signal in the tumor HyO, environment owing to
the optical absorption and photothermal properties
of nanozyme substrates ABTS.'?” The PA signal of
GQDzyme was applied to image the tumor site as
early as 2h after the injection in vivo. To obtain
excellent PA signal tumor area, the GQDs could
also be loaded into the metal NPs substrate. Xuan
et al. first exploited the N-doped GQDs that could
acquire the absorption in NIR region with photo-
thermal conversion efficiency of 62.53% ex vitro.
Later, they modified AuNPs with GQDs, due to
which the photothermal conversion efficiency in-
creased up to 51.31% compared with sole AuNPs,
which realized the tumor PAI in vivo.'** The pho-
tothermal conversion efficiency of metal NPs could
be improved via the modification of GQDs to en-
hance PAI contrast, i.e., gold nanostars'®' and
AgNPs.'??

The above research indicates that PAI combined
with nanomaterials could enhance the PA contrast
ex vitro and in vivo. Besides, PA contrast agent also
can be cancer thermal therapy agents after diag-
nosis thanks to the excellent thermal conversion
efficiency. For example, the nanomaterials with
excellent LSPR absorption in NIR or NIR II region,

2330008-9



Z. Peng et al.

i.e., NRs and TMC. It is worth noting that the
multiple imaging mode could be achieved via exis-
tence of cobalt, iron or manganese.'** Zhao et al.
achieved MRI and PAI in vivo with manganese NPs
at the same time thanks to the excellent NIR ab-
sorption.'** The MRI or CT could be integrated in
this way to enhance resolution and sensitivity.
Photo-acousticians are also committed to improv-
ing the spatial resolution from the PA devices.'?”
Sun et al. utilized the advanced sparse imaging
framework to perform PAI, which need few ultra-
sonic transducer elements with properties of high-
speed and low-cost compared to traditional sparse
reconstruction algorithms.'*® The multimodality
optical fiber,'3"1%% the optimization of reconstruc-
tion algorithm'*?'4% and the kinds of transducer
and combination of detectors'*"'*? are mainly
investigated.

4. Fluorescent Imaging Nanoparticles

Fluorescence is generated by energy emission from
an excited electron returning to the ground state
without a change in electron spin.'*? Therefore, the
emission spectroscopy of fluorescence is dependent
on the orbital of molecular, which could be utilized
for quantification and qualification. Fluorescent
imaging (FLI) has become a relatively mature an-
alytical chemistry technique, but it still faces a
challenge such as insufficient resolution and sensi-
tivity of tissues or cells imaging. Nowadays, fluo-
rescent nanomaterials with multifunctional sites
have been promoted, which could achieve the can-
cer diagnosis ez vitro, in situ, and in vivo.

4.1. Quantum dots

The bio-window of QDs could be tuned around NIR
region where the biological components do not
substantially interfere with optical interrogation for
deeper FLI. However, the size of universal QDs is
suitable for passive retention, which easily causes
high background and nonspecific accumulation.
What’s more, the removal of QDs is also affected by
the relatively small size. To realize active target
FLI, QDs could be functionalized with antibody or
ligands. For instance, Seifalian et al. also utilized
QDs linked with the HER2 antibody, which carried
out NIR fluorescence imaging on SK-BR-3 cells
(over expressing HER2) in contrast with MCF cells

(under expressing HER2).'** Carvalho et al. evalu-
ated the glycol-phenotype on distinct types of
breast cancer tissues ex vitro via the lectin that
could recognize glucose and mannose residue out-
side the CdTe QDs.'* The QDs could target to-
wards cancer biomarker specifically and actively,
which was confirmed by the FLI ez vitro. For QDs
specific imaging in vivo, Hu et al. modified the QDs
with RGD and BNN ligands (QDs-RGD-BNN) at
the same time (Fig. 4(a)).'*® The tumor tissue up-
take of QDs-RGD-BNN was higher than sole QDs.
The dual target enables a higher ratio of tumor to
background and faster response active to the tumor.

Since QDs are mainly hydrophobic, the capping
agents are modified on the surface of QDs to provide
sufficient biocompatibility and circulation times for
tumor imaging. The polymers are universally con-
sidered owing to the superior surface modification.
Gao et al. constructed a core—shell QDs encapsu-
lated with triblock amphiphilic polymer to amelio-
rate aggregation and fluorescence.'*” This research
displayed a better resolution compared with genet-
ically encoded green fluorescent protein (GFP)
tagging cells for in vivo cancer imaging universally.
Kim et al. encapsulated CdTe/CdSe QDs with poly
(lacticco-glycolic acid) (PLGA) to prepare stable
and biocompatible QDs-loaded nanospheres for
tumor imaging in vivo (Fig. 4(b)).'"*® The QDs
loaded in PLGA (135.0-162.3nm) could be sensi-
tively visualized through the tissue (> 1mm) at
tumor at a low concentration (20 uM) after 1 h post-
injection. Both sensitivity and QYs are improved
via polymers. An insight study informed that the
zwitterionic copolymer as capped agents of QDs
could lower toxicity, high fluorescence emission and
controlled grafting rate, due to their demonstrated
antifouling properties.'*” The hydrophobic groups
wrapped QDs exposing hydrophilic groups, which
enhance the biocompatibility.'”” Hence, these cap-
ping agents are tailored with great stability in
aqueous media. And other functional moieties can
be introduced on their surface.

To regulate the absorption and enhance QYs,
the metal elements are applied into synthesis of
QDs. The MoS, (34.55%, ~ 4.30 nm),'* FeSe (40%,
~3nm),"”* AgsSe (3.09%, ~ 3nm),'”* Ag,Te
(2.3%, ~ 4nm),"” and Ag,S (~ 6nm)'*® are syn-
thesized. The extinction coefficient of metal cores
would influence the QYs of QDs. The FLI of tumor
in vivo with the high ratio of signal to background
could delineate tumor margin during surgery.
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(a) The dual target QDs, functionalized with RGD and BBN peptide, enhance the sensitivity of FLI at tumor than EPR

effect. (b) The PLGA capping agent improved the biocompatibility. Adapted from Refs. 144 and 146 with permission.

The enhanced uptake at tumor site also could be a
noninvasive cancer diagnosis method due to the
high QYs and absorbency of QDs. The concept of
QDs design is generally a core—shell structure that is
better for the fluorescence energy resonance transfer
inside and the installation of specific ligands at the
surface. CdTe, CdSe, and ZnSe are widely used.
Whereas, the metal QDs consisting of cadmium,
tellurium, and selenium elements limited the appli-
cation into biomedical given the metal toxicity.!”°
The carbon dots (CDs) are also generally applied
into FLI due to the less cytotoxicity.'?”

4.2. Carbon dots

In the core of CDs, m-plasmon transitions contribute
to optical absorption. At diverse surface sites,
fluorescence ranging from the visible to near-IR was
emitted according to photogenerated electrons and
holes trapped and their associated radiative re-
combination.'”® The CDs (4-6nm) wrapped with
PEI capped agents could rapidly respond to the
tumor margin in 30 min. Liu et al. synthesized a CD
with red emission and high QYs (10.83% in water
and 31.54% in ethanol).'”” The average diameter of
5.74nm endows a high intratumorally accumulation

and prolongs the circulation lifetime, which is per-
fectly suitable for brain glioma tumor imaging. The
CDs could rapidly penetrate and reach the tumor
site at 15 min after the injection (Fig. 5(a)). It is
reported that the heteroatomic doping CDs can ef-
fectively tune the intrinsic properties for FLI.

The metal ions play as a catalyst in the synthesis
of CDs with varied QYs. As shown in Fig. 5(b), Hua
et al. prepared Ag-/Cu-/Pt- and Fe-/Pd-/Ni-doped
CDs, respectively, with the red fluorescence (QY of
45.6% in dimethyl sulfoxide, DMSO).'% Bao et al.
newly developed sulfur- and nitrogen-doped NIR
CDs with a high ratio of signal to background
at tumor in 3h post-injection.'®t Su et al. utili-
zed hafnium-doped CDs (HfCDs, ~ 3.76nm)
achieving rapid imaging in 1 min for tumor location
(Fig. 5(c)).'%?

For higher tumor uptake, the specific ligand
could functionalize the CDs. Karakocak et al. graf-
ted hyaluronic acid covalently, a natural ligand of
CD44 receptors, on nitrogen-doped CDs (nCQDs)
to image CD44-specific tumors ex vivo. The het-
eroatomic doping CDs and specific ligands realized
sensitive tumor delineation.'®® For FIL in wvivo,
Wang et al. achieved CDs active targeting with FA,
which penetrated liver tumor tissue and skin with
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enhanced fluorescence.'®* What’s more, the gra-
phitic carbon nanomaterials are applied into tumor
FLI in vivo and ez vivo (Fig. 5(d)).'*"17 Owing to
the large planar structure of graphene, it is reported
that the successful synthesis of GQDs with strong
absorbance at NIR or NIR II region could improve
QY and thermal conversion. The dual modality
imaging might be integrated.

4.3.

The UCNPs could convert longer wavelength radi-
ation (e.g., NIR light) into a shorter wavelength
fluorescence (e.g., visible light). NIR light avoids
damage to biological tissues with deeper penetra-
tion compared with ultraviolet and visible light.!"
Thus, some fluorescent probes utilizing UCNPs
have been applied into tumor biomarker detection
and imaging. The process of successive electronic

Upconversion NPs

transitions inside lanthanide ions in multiple excit-
ed states brings about the photon upconversion.
The lattice of a crystalline solid provides a prereq-
uisite for diverse energy transfer.!”* Therefore, the
crystal field is essential for lanthanide energy
transfer as the emission and absorption bands of
lanthanide ions are so narrow that it is unfavorable
to the spectral overlap.'”™ Besides, the host lattice
of a field could affect the spectral position of optical
transition ~ which  could satisfy  resonance
conditions.'™

Hexagonal-phase (3-phase) NaYF, is one of the
most efficient UCNPs host materials under 980 nm
excitation and is universally doped with Yb-Er or
Yb-Tm rare-earth ion couples. Water soluble
UCNPs are traditionally assembled with oleic acid
to acquire hydrophilic (Fig. 6(a)).!™ For active
targeting, the UCNPs could be functionalized with
antibodies or ligands (i.e., carcinoembryonic
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antigen,'” EphA2,'"® and peptides RGDI10-
NGRY,'"" etc.) to excite strong fluorescence for
tumor cells imaging without interference of auto-
fluorescence. These laser sources in the NIR region
emit sensitive fluorescence visibly. For FLI in vivo,
Zhang et al. demonstrated the capability of NaYF:
Yb-Er UCNPs that functionalized with ConA rec-
ognizing high mannose glycoform cancer cells ac-
quiring stable fluorescenceezr vitroand in wvivo.'™
Han et al. also realized the hepatocellular carcinoma
imaging with EpCAM antibody-linked UCNPs in
1h post-injection (Fig. 6(b)).1™

The TiOs is universally considered as a core due
to its high electron hole pair separation and ab-
sorption intensity, which laid a foundation for
constructing visible. Yu et al. employ the incorpo-
ration of an anatase titanium dioxide (aTiO,)
photosensitizer as a spacer and exploit the LSPR

properties of the Au core. The LSPR-derived near-
field enhancement induces a threefold boost of
upconversion emissions, which are re-absorbed by
neighboring aTiO, and Au nanocomponents.'®’
Zhou et al. utilized TiO, as the core of UCNPs
which built a multifunctional platform for laser-in-
duced FLI and therapy. The fluorescence intensity
of tumor contrasted with normal tissue in vivo was
obviously high (Fig. 6(c)).'8!

More nanohybrid UCNPs were synthesized for
dual imaging and enhancing fluorescence. The
UCNPs (NaYF,) doped with Gd** and RGD dis-
play excellent high contrast between tumor and the
surrounding normal tissues in 15 min after the in-
jection in vivo.'®? The Nd3*-doped UCNPs were
synthesized as a core—shell structure showing a

bright visible emission upon excitation at the
NIR..'®3 These metal label UCNPs could be the MRI
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or CT contrast agents at the same time. For FLI
and photo therapy at the same time owing to the
excellent fluorescence energy transfer efficiency, the
Al(OH)3 and gold layer (Fig. 6(d)),'®* mesoporous
silica-coated gold NR (AuNR@mS),' graphitic
carbon nitride QDs,'®® and Mn-Caz(POy),
(MnCaP) layer'®” are taken into consideration.
These delicate structures endow the UCNPs with
enhanced thermal conversions or resonance signal.

Upconversion luminescence endows UCNPs
promising as fluorescent bioimaging probes with
attractive features, such as large penetration depth
and no autofluorescence from biological samples.

Integrated with some metal NPs or photo-
sensitizers, multimodal imaging systems or
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multifunctional tools could be synthesized. As a
result, UCNPs have emerged as novel agents for
tumor diagnosis and therapy.

4.4. Organic dyes derivatives
Organic fluorophores of dyes, with properties of
biocompatibility, spectral tunability, enhanced

contrast, chemical and colloidal stability, are now
becoming increasingly popular for fluorescent diag-
nosis and imaging. The photoluminescence of small
molecules is closely related to their chemical struc-
tures. The special structure emitting fluorescence
under laser excitation is constructed through =
interactions, which is associated with 7—m stacking,
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functionalized squaraine NIR probe (USSQ-Leu) for leucine aminopeptidase (LAP) detection with high contrast in 1 h after
intravenous injection. (c¢) The integrin av36-targeted NIR phthalocyanine dye-labeled agent (Dye-SA-B-HK) for surgery
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electrostatic, hydrogen-bonding, hydrophobic/
hydrophilic, and van der Waals.'®%'%9 Tt is the
energy gap (energy separation between the highest
occupied molecular orbital and lowest unoccupied
molecular orbital) that controlled the fluorescent
intensity. Organic fluorescent dyes are mainly cat-
egorized into four kinds: cyanine dyes, squaraine
derivatives, phthalocyanines and porphyrin deriva-
tives, and borondipyrromethane (BODIPY) dyes.

Indocyanine green (ICG) belongs to cyanine
dyes that are small organic molecules with two
aromatic nitrogen-containing heterocycles linked
by a polymethine bridge, which has been approved
as a contrast agent for years. Squaraines (SQ)
consist of an oxocy-clobutenolate core with aro-
matic or heterocyclic components that (electron-
donating or -withdrawing) are attached to the
central squarate moiety which plays a major
role in the photophysical properties of the dye.'”"
The design of SQ dyes challenges the water solu-
bility due to the structure of large and planar
hydrophobic 7-conjugation. The union of four
pyrrole subunits assembled through nitrogen
atoms constructs the central skeletons of phtha-
locyanines. Therefore, a series of thermally and
chemically stable porphyrin derivatives have been
synthesized centered on 2D 18 m-electron aro-
matics, which results from the electronic delocali-
zation of m-electrons supporting intense
electromagnetic radiation.'” BODIPY dyes have
a general structure of 4,4'-difluoro-4-bora-3a, 4a-
diaza-s-indacene and sharp fluorescence with high
QY and excellent thermal and photochemical
stability.!?? Applications of some organic dyes and
their integration with nanomaterials to tumor di-
agnosis are summarized in Table 1.

The FLI imaging could discriminate tumor
margin before and during surgery. The resected
tissue could also be scanned via fluorescent confocal
microscopy as an immunology diagnosis method.
What’s more, the energy transfer of some nanoma-
terials (i.e., QDs'%?) could be the trigger of some
photosensitizers to induce cancer cell apoptosis. The
other (i.e., GQDs and CDs) could deliver cancer
drug. More importantly, the tumor environment
responsive  nanomaterials  (i.e., pH!Y* and
ROS'5:196) could also be designed for FLI and
photodynamic therapy (PDT). Therefore, func-
tional fluorescent nanomaterials could be developed
for simultaneous diagnosis in vivo and therapy of
cancer.

Laser spectroscopy imaging technique

5. Laser-Induced Breakdown
Spectroscopy Imaging

LIBS is a chemical analysis technology based on
plasma plume produced by pulsive laser ablating on
materials.?'? Under the condition of high laser
power density, a few micrograms of material on the
surface are instantly heated to 10,000°C and ejected
to form a visible and extremely bright plasma
within a very short time.?'*?!* These plasmas,
consisting of excited atoms or ions, will quickly cool
down at the end of the laser pulse which is the
process of the excited atoms or ions returning from
the high energy state to the low energy state and
emitting optical radiation with their character-
istics.?!216 The surface of an object absorbs the
energy of the laser and converts it into the form of
heat conduction. The heat diffuses in the object,
which ultimately leads to a series of changes in the
optical properties of the object. After the intense
pulsed laser is focused, the material will be broken
down, which leads to bremsstrahlung and composite
radiation at the beginning.”® The disappearance
time of the radiation is not the same for different
objects. Then there is plasma radiation when the
plasma is expanded and cooled to produce the
plasma spectrum,?'” which disappears in a short
time. Therefore, the ablation of different materials
is distinct, which results in the distinctive formation
of plasma and optical radiation. High-resolution
detectors can detect and analyze these spectral
radiations that obtain information on the elemental
composition of matter.?'®

There are some significant advantages that make
LIBS applicable in tissue detection and imaging.
The need for sample preparation is little, which
makes LIBS a fast way in clinical diagnosis even

during the surgery operation®'’; versatility in all

media makes it feasible in blood tumor diagnosis??;
with the abilities of spatial resolution of 100 ym and
simultaneous determination of multiple elements, it
can obtain a comprehensive element distribution
map of tissues and establish 2D and 3D tissue ele-
ment imaging.??!

LIBS system has been applied into some analysis
of tissues, such as cholesterol gallstones,”?> malig-
nant colon tissues,?”* kidney stones,?’* and carious
teeth.??>?26 For the LIBS of tissue imaging, Mon-
cayo et al. mapped the skin sample with a step size
of 50 um, which indicated the discrepancy of ele-
ments between normal and neoplastic skin tissues
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(Fig. 8(a)).??" Lin et al. also achieved LIBS ezvi-
v03D elemental imaging of mouse brain tissue block
layer by layer.?”® Chio et al. realized direct high
spatial resolution (15 um) LIBS imaging of cutane-
ous melanoma using a UV fs-laser with no pre-
treatment of sample, which identified latent tumor
and inflammatory cells.?”” Besides, Yin et al. de-
lineated the human lung tumor boundary based on
multielement and molecular fragments with LIBS,
which is clinically significant (Fig. 8(b)).?° The
LIBS imaging of tissues provides more detailed in-
formation that the hematoxylin and eosin staining
(HES) method lacks. The distribution and intensity
of elements are displayed distinctly among healthy
normal, inflammatory and cancer tissues due to
discrepancy of biological metabolism process.

Melanoma

Mce

sce

Source: Adapted from Refs. 26, 227, 231, and 233 with permission.

Fig. 8.

The NPs are usually applied in LIBS imaging
due to the small size NPs (< 12 nm) with the ability
of accumulation and penetration and less toxicity,
which results from the elimination through kid-
ney.?*" Sancey et al. first achieved the distribution
of Gd small NPs in the mouse kidney via LIBS
elemental mapping with vertical resolution of
100 uM and lateral resolution of 10 pM.231:232
Gimenez et al. first provided 3D Gd NPs imaging at
the entire-organ scale, which enabled a resolution of
~ 10pm in all dimensions.””! The Gd NPs accu-
mulated at tumor site also could delineate the

tumor margin and also could be realized via LIBS
mapping (Fig. 8(c)).?*! However, the enhanced
sensitivity has not been clarified, which deserves to
be studied.

Govor Scate e Scate
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(a) Comparison of LIBS imaging and HES of skin cancer: melanoma metastasis, merkel-cell carcinoma (MCC), and

squamous cell carcinoma (SCC). (b) LIBS mapping of elemental discrepancy between human tumor and normal lung tissue. (c) The
in situ LIBS mapping of skin cancer. (d) LIBS mapping of Gd NPs distribution at tumor sites.
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The samples in the above studies were processed
via either epoxy-embedded or paraffin-embedded.
In this way, LIBS could be a supplementary method
for HES diagnosis after removal of potential tumor
tissues. What’s more, the LIBS could distinguish
the discrepancy of tumor and normal tissue, which
makes it an available diagnosis technique during
surgery. Moon et al. mapped the intensity ratio of
Mg to C in the fresh removal cutaneous melanoma
tissue without any treatments in situ (Fig. 8(d)).>**
They found that when incorporated into the exist-
ing micrographic surgery procedure, fs-LIBS could
be a useful tool for histopathologic interpretation of
skin cancer possibly with significant reduction of
histologic examination time.

Therefore, we find that the LIBS imaging of bi-
ological tissue for the cancer diagnosis during the
intraoperative or post-operative is feasible. And the
application of LIBS into tumor tissue imaging
combined with NPs might improve the accuracy of
tumor boundary delineation due to the penetration
and retention characteristics of NPs at the tumor
site. However, the enhanced sensitivity of NPs in
LIBS imaging at tumor site has not been reported,
to the best of our knowledge. Besides, the spatial
resolution and damage to samples are also critical.
The diameter of a crater caused by laser determines
both lateral and axial resolution, while the laser
energy relates to the spectral intensity of elements.
What’s more, LIBS can obtain the multivariate
information of the sample at a point in one scan.
Chemometric methods integrated with LIBS cloud
help extract significant, distinctive, and specific
spectra from the spectrums generated from normal
and cancerous tissue, which promotes discrimina-
tion of samples based on the model established and
validated before.?**"236 Further studies should con-
sider the relationship between stages of cancer and
the difference in elemental distribution. Besides, the
integration of classification models might provide
better results. Hence, there is still great potential for
application of LIBS imaging in tumor diagnosis,
which is worth exploring.

From the above research, the LIBS imaging for
tumor diagnosis could be achieved during the
intraoperative or post-operative. The LIBS imaging
of tissue almost focuses on the paraffin-embedded
samples, which could be a digital immunodiagnostic
method. And for the intraoperative cancer diagno-
sis, a laser knife could be used, which could ablate
tissue leading to the ejection of plasma. The

Laser spectroscopy imaging technique

spectrometer could be placed properly for the ac-
quisition. The tumor boundary is identified by al-
gorithm technology based on the raw data or
principal component analysis (PCA) processed
data, which can be interfered with by the condition
of samples. Therefore, more LIBS mapping for
tumor diagnosis should concentrate on direct anal-
ysis without pretreatment. On the other hand, the
accuracy of different models recognizing cancer
types and stages are distinct, hence the selection
and establishment of models are also important.
And the more comprehensive samples and data, the
more accurate discrimination.

6. Challenges of the Application

Despite the progresses described above, some chal-
lenges need to be acknowledged and addressed. For
SERS imaging in vivo, the tissue penetration depth
is limited under the conventional short wavelength
excitation light. And the imaging time is crucial for
the surgery guidance, thus the longer integration
time of SERS should be improved by an efficient
CCD detector and the optimal nanomaterials.
Fluorescent imaging is a relatively mature tech-
nique especially coupled with nanomaterial. How-
ever, the multidimensional fluorescent imaging
systems are significant for cancer diagnosis in vivo,
i situ, and ex vitro to avoid tumor recurrence and
misdiagnosis. PAI is based on the PA effect. The
sensitivity of PAI in vivo could be disrupted by
surrounding thermal noises. And the algorithms for
collection discrimination and feature extraction of
PA signals are still worthy of a progressive en-
hancement. For the imaging and biopsy ez vitro,
LIBS would generate the ablation damage to the
samples and the quantitative algorithm needs to be
improved in precision and accuracy. The above
problems are required to be clarified. In the future,
laser spectroscopic techniques coupled with nano-
materials could supplement the shortages of tradi-
tional clinical imaging techniques. In addition to the
limitation of the laser spectroscopic imaging tech-
niques, the nanomaterials should possess selective
accumulation, high efficiency, and photostability.
The preclinical and clinical assessments are crucial
to understand the physical and chemical properties.

It is necessary to understand the complex sys-
tems and pathways within organisms to expand the
applications of imaging in vivo and in situ. The
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clinical translation will be hindered by fundamental
limitations of human physiology. For instance, the
silver NPs endow excellent absorption coefficient
resulting in a stronger SERS effect but are toxic to
humans; the larger size of noble metal nanomater-
ials (about 100 nm) with high efficiency isn’t easily
metabolized causing unknown risk to health!!?30;
the nanomaterials functionalized with specific
ligands whether will be retained in the human body
is still to be verified. How to ensure the nanoma-
terials could have a rapid response, retention time in
the appropriate range and excellent renal clearance
efficiency, bringing a good signal-to-noise ratio after
intravenous injection into humans is a huge chal-
lenge. What’s more, preclinical imaging in experi-
mental animal models requires numerous tests to
start clinical studies. Besides, for the cancer diag-
nosis in situ, it’s hard to realize the comprehensive
visualization of specific structure during surgery
without clinically approved SERS and NIR nano-
materials. We summarized the advantages and
limitations of laser spectroscopic imaging techni-
ques coupled with nanomaterials in Table S2,
compared with the traditional imaging methods in
Table S1.

Nanomaterials can be used as therapeutic drugs
in addition to amplification of signals as lumines-
cent chromophores. The efficient delivery of bio-
logical molecular drugs and localized input of
mechanical and electromagnetic waves is critical for
multifunctional nanomaterials. Cancer metabolism
is also a potential target for the nanomedicine
treatment. For example, the upregulated ROS
levels are present in solid tumor tissues, which
promote tumorigenesis, progression, and tumor
survival.”*” Thus, ROS-generating agents are being
developed to disrupt cellular self-adaptation
mechanisms and induce cell death, such as PDT and
chemodynamic therapy (CDT). The PDT utilities
light-activated photosensitizers are capable of con-
verting oxygen (O,) to ROS,?*® whereas CDT takes
advantage of an in situ Fenton or Fenton-like re-
action between hydrogen peroxide (HyO3) and cat-
alysts to generate cytotoxic hydroxyl radical
(-OH).** Besides, normal mammalian cells get
ATP by mitochondrial oxidativephosphorylation
(OXPHOS) and glycolysis. Cancer cells get ATP
mostly by glycolysis instead of OXPHOS despite
having sufficient oxygen.’* Since glucose oxidase-
mediated glycolysis is oxygen-dependent, the cas-
cade reaction faces the challenge of a hypoxic tumor

microenvironment. Metal NPs encapsulated with
glucose oxidase and prodrugs (hyaluronic acid,**!
hemoglobinor?*? or tirapazamine,*'® respectively)
were constructed as cascade nanodrugs for glucose
consumption and peroxidase reaction. The cascade
nanomaterials exhibit high efficiency for tumor
suppression and provide an effective strategy for
oxygen-mediated synergistic starvation therapy and
CDT. For tumor microenvironment, metabolic
pathways or metabolites, different drugs can be
loaded on nanomaterials. Cancer researchers have
extensively investigated the potential of various
nanomaterials in cancer therapy. A variety of drugs
integrated with nanomaterials have been studied for
cancer treatment. Multiple therapeutic strategies
have been analyzed, such as encapsulation of drugs,
targeting glucose metabolism in tumor cells,
enzymes responsible for cancer metabolism, and
many others.

A combination of tumor metabolic features for
imaging diagnosis and therapy is a potential way for
precision medicine. In addition, cascade therapies
allow for a more rapid target elimination to avoid
recurrence. The composition, structure, and bio-
compatibility of nanomaterials and drug stability
need to be addressed. In a word, further efforts and
multidisciplinary cooperation are deserved to be
paid among biologists, chemists and surgery spe-
cialists. The multifunctional nanomaterials can offer
more efficient and accurate cancer diagnosis to
achieve better surgical outcomes.

7. Conclusion and Perspectives

In this review, we have summarized several spec-
troscopic techniques discussing their working prin-
ciples, applications of imaging and cancer diagnosis.
These laser spectroscopic imaging techniques cou-
pled with nanomaterials exhibit more accurate and
specific diagnosis even in the deeper tissues. For the
cancer diagnosis, we classify the scope of application
of these spectroscopic techniques in three directions:
before-operative,  intraoperative, and  post-
operative.

For the cancer screening before operation, real
time and noninvasive diagnosis is critical. Due to
the acoustic effect, PAI has an advantage in pene-
tration depth, which has been studied to imaging
tissues real-time and noninvasively.?** SERS and
FLI, integrated with NPs, also could generate the
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corresponding discrepancies between tumor and
normal sites in vivo and in situ. For the imaging
in situ, the intraoperative guidance is also important
for tumor resection to prevent cancer recurrence.
The specific nanomaterials functionalized with
ligands that could recognize cancer biomarkers are
widely applied to SERS and FLI***>?%° for intrao-
perative diagnosis. LIBS mapping is also a potential
for cancer intradiagnosis. LIBS spectra including
information of tissues might instruct doctors to dis-
tinguish normal, adjacent, and cancerous tissues
during surgery when they aren’t sure. Thus, the al-
gorithm of the discrimination model is critical.

The above-reviewed imaging systems in
conjunction with traditional imaging techniques
may exhibit neglected information from another
angle and precise diagnosis. However, compared
with present clinical imaging techniques, the
reviewed spectroscopic techniques complete in vivo
imaging rarely particularly in a nontraumatic way
except the integration with nanomaterials. More
importantly, these nanomaterials with metal com-
ponents (i.e., Fe, Mn, or Cd, etc.) could be inte-
grated with conventional imaging systems, such as
MRI or CT, to enhance imaging depth and accu-
racy. Consequently, the laser spectroscopic imaging
technology could be developed up as auxiliary
methods for clinical diagnosis due to the multimodal
nanomaterial imaging contrast agents.
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