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Abstract: The World Health Organization (WHO) cancer agency predicts that more than 35 million
cases of will be experienced in 2050, a 77 % increase over the 2022 estimate. Currently, the leading
cancer diagnosed cancer are breast, lung and colorectal. There is no standardized tool for cancer
diagnosis; initially clinical procedures are guided by the patient’s symptoms and generally involve
biochemical blood tests, imaging and biopsy. Label-free nonlinear optical approaches are promising
tool for tumor imaging, due to their inherent non-invasive biosafe contrast mechanisms and the
ability to monitor collagen-related disorders and metabolic changes during cancer progression. Last
advances in nonlinear modalities for tumor imaging are reviewed here. In addition, an application
of a blind deconvolution procedure to improve the quality of two-photon images of breast tumor
tissues is shown.
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photon photodynamic therapy

1. Introduction

The survival probity of patients mainly depends on the early detection, cancer type, treatments
outcomes and genetic factors [1]. Tumor markers help diagnose the type and stage of cancer, and to
decide what treatment might be effective. Tumor markers also inform about the aggressiveness,
whether the treatment is being effective or if cancer has returned. However, tumor markers are not
universal to each type of cancer, and the same type of tumor marker can show unpaired expression
levels even in two patients underlying the same stage and type of cancer.

In contrast, cancer cells share common characteristics such as activation, metabolism and
dynamic nuclear activity [2]. Tumors require a microenvironment conducive to tumorigenesis. As a
consequence, the extracellular matrix undergoes remodeling through cell-tumor matrix interaction
that favors progression and metastasis [3].

In this review, major advances in non-linear optical imaging modalities that provide electrical,
chemical, structural and metabolic information about tumor tissues are discussed. Furthermore, as a
complementary supporting tool to enhance the analysis of tumor tissues imaging, a digital processing
procedure based on blind image restoration is tested on two-photon fluorescence microscopy images
from breast tumor tissues.

2. Microwave Tomographic Imaging

Microwave tomographic imaging (MTI) technique is based on non-ionizing electromagnetic
radiation in microwave regime (range of 200 MHz-300 GHz) to obtain information about an object
hidden within a structure (or a biological medium) [4]. The penetrating power of microwaves into
biological samples makes this technique useful for biomedical applications such as tomographic
imaging. The microwaves penetration depends on the electrical and magnetic properties of the
analyzed sample [5].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The physical basics of microwave imaging consist of illuminating biological tissue with ultra-
wideband pulses from transmitting antennas and then processing the coherent addition of reflections
from scattered objects of interest. The detection configuration based on antenna arrays together with
inverse image formation algorithms allows detection of small lesions (less than 1 cm) with three-
dimensional confocal resolution [6]. The physical interface for performing microwave imaging is a
vector network analyzer [7] as schematized in Figure 1.
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Figure 1. Simplified schematics of a microwave imaging system.

Microwaves interact with the dielectric properties (i.e. permittivity and conductivity) of
biological tissues [8], then microwave imaging is based on the different dielectric properties exhibited
by an abnormal cellular structure (such as a malignant tumor) in contrast to the surrounding healthy
tissue. The interaction of microwaves with biological tissue causes scattered and reflected waves that
are used to reconstruct an image of the desired target (i.e. tumoral region of interest).

The Debye model is usually used to simulate the biological tissue as a function of its dielectric

properties, then the permittivity &, is defined as [9]:
&s+Eco . o

& =0t T (1)
where ¢; and &, are the static and permittivity at infinity frequency, o is the conductivity and 7 is
the characteristic relaxation time of the medium.

The contrast mechanism of microwave tomography is based on the differences in electrical
properties between normal and abnormal tissues. Microwave imaging requires solving nonlinear
inverse electromagnetic scattering problems. The measurements of the scattered field allow to
estimate the dielectric and conductivity parameters of biological tissues by applying non-linear
inverse scattering algorithms [10-12].

Microwave imaging technique has emerged as a potential alternative to mammography
methods for the early detection of breast cancer [13] and to localize and quantify the malignant lesions
in a non-invasive a non-ionizing manner [14].

Furthermore, microwave imaging signals can be directly coupled to living breast tissue and then
monitored for time-related changes during cancer treatment [15]. Figure 2 compares the imaging
performance of regular X-ray mammography, ultrasonography and microwave tomographic
imaging in breast cancer case. A visual inspection reveals clear and unequivocal detection and
localization of the malignant lesion within the breast volume.
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Figure 2. Mammography (left), ultrasonography (central panel) and MTI of a breast cancer patient.
Reproduced from [16].

3. Raman Scattering

Raman spectroscopy is an optical scattering imaging technique that provides non-destructive
analysis about chemical structure of biological tissues [17]. Raman scattering occurs upon the
interaction of high-power lasers with the chemical bonds composing the biological sample. Raman
scattered light undergoes a wavelength shift of the incident light whose intensity and spectrum
depend on the vibrational (chemical) bond of the specific molecules. Figure 3 schematizes the Raman
scattering principle: An elastic scattering event would not change the energy of the molecule and
then the scattered light retains the wavelength of the incident source (i.e. Rayleigh Scattering).
However, a Raman event is an inelastic scattering process in which an energy transfer occurs between
the molecule and the scattered photons. If during the light-matter interaction the molecule is excited
to a higher vibrational state (i.e. the molecule gains energy) the process is called Stokes Raman
Scattering. On the contrary, if the molecule is relaxed to a lower vibrational state the scattered
photons gain energy by increasing the wavelength, this process is known as Anti-stokes Raman
Scattering [18].

Rayleigh scattering

-
~

Incicent laser source )"in
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Figure 2. Raman scattering principle.
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Raman scattering shift is then related to the vibrational state of those constituent atoms, where
the interaction of the external electric field E = Eycos (wot) (i.e. the laser source), with the specimen
at atomic scale induces a dipole moment (P) that defines the polarizability (@) as [19]:

- P

=z @

If the molecular polarizability is expanded into a Taylor series to the first order for a generalized
coordinate r = rycos (wgt):

= = oa
a(r) = ay+ (—) + - ®3)
ar 0

The scattered electric field E;.4; proportional to the induced dipole moment can be expressed

as:

Escatt = @oEq cos(wot) + 1/2 (3—?)0 roEg[cos(wy — w) t + cos(wg + w)t]  (4)

In the equation (4), the first term corresponds to the elastic (Rayleigh) scattering. The second
term represents the Raman scattering effect, where the shift frequencies (w, — w) and (wq + w)
correspond to the Stokes and anti-Stokes Raman processes.

The contrast mechanism of Raman spectroscopy lies in the differences between the wavelength
of incident and scattered light and therefore Raman scattering is a label-free optical technology
sensitive to changes in cells and macromolecules that occurs during carcinogenesis and then a
powerful tool for tumor diagnosis at molecular level [20].

Raman technology not only provides spectral information of the scattered light and information
on the molecular structure of the matter studied, but also three-dimensional (3D) spatial resolution
[21]. Raman scattering imaging extends classical spectroscopy to 3D visualization of the molecular
structure and morphology of tumors [22] and then to the classification of types and subtypes of the
malignant lesions in cancer diagnosis.

Figure 3 shows representative Raman scattering spectra from brain, primary tumor, liver, lung
and spine cells. The identification and analysis of spectral regions through the Raman shift allow the
discrimination of the specific malignant tissue.
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Figure 3. Normalized intensity Raman spectra for brain (blue), tumor (red), liver (green), lung (blue
and spine (gray) cells. Image reproduced from [23].

Furthermore, Raman scattering offers label-free chemical imaging that has attracted interest in
pharmacokinetic research due to the ability to track the biodynamics of anti-cancer drugs delivery in
real-time [24]. Figure 4a shows the confocal Raman imaging spectra from confocal Raman imaging
of the human hepatocellular carcinoma cell line (HepG2) in the lipids, cytoplasm and nucleus regions
of the cell. Figure 4b compares the Raman spectra of HepG2 before (green spectrum) and after
incubation (dark blue spectrum) with drug delivery polymers based on poly lactic-co-glycolic acid
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nanoparticles (PLGA NPs). The pink spectrum corresponds to the PLGA NPs in dray state. The cells
under study are shown in the insets.
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Figure 4. (a): Raman spectra of HepG2 cell line in lipids (blue), cytoplasm (green) and nucleus (red)
regions. (b): Comparison of Raman spectra before (green) and after incubation of HepG2 with PLGA
nanoparticles (blue). Pink spectrum corresponds to the isolated PLGA NPs. Image reproduced from
[25].

Despite the benefits of Raman scattering in chemical imaging of cancer, analysis of a large
volume of images and spectral data can be a tedious task. The application of deep learning algorithms
to Raman scattering has made it possible to accelerate the processing, analysis, differentiation
between normal and cancerous tissues and the classification [26-28] of the malignant lesions. Weng
et al [29] reported a representative example of the application of artificial intelligence in Raman
scattering for automatic cancer diagnosis. They reported on a deep neural network trained using
Coherent anti-Stokes Raman Scattering (CARS) images from squamous cell carcinoma lung tissues.
Figure 5 shows the first convolutional layer (32 kernels) in the trained model for normal (left panels)
and small-cell carcinoma (right panels) CARS images. The model achieved an accuracy of 89.2 % in

classifying CARS images of normal lung and carcinoma.
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Figure 5. First convolutional layer of normal (left) and small-cell carcinoma (right) CARS images of

the deep neural network trained in [29]. Images reproduced from [29].

4. Multiphoton Microscopy

Multiphoton imaging arises from the second and third-order non-linear interaction between a
high-power ultra-fast infrared pulsed laser (traditionally Titanium Sapphire lasers [30]) and
biological tissues [31]. When the energy addition of two or more photons allows the ground
fluorophore to be excited to a higher energy excitation state, an electronic transition occurs in a
manner similar to regular fluorescence [32] (single photon absorption). Then, the biological molecules
in the excited state fall to the ground state with the spontaneous emission of a photon of lower energy
than the sum of the incident photons due to the non-radiative vibrational relaxation process (Figure
6a). If two photons are absorbed, the process is known as two-photon excitation fluorescence (TPEF)
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and has the ability to produce endogenous excitation fluorescence from biomolecules such as
lipofuscin, melanin, flavin and NADPH [33]. In multiphoton imaging, excitation is limited to a focal
volume where the scattered light is inversely proportional to the fourth power of the wavelength of
the excitation source. Furthermore, the intensity of the emission from endogenous fluorophores is
proportional to the square of the excitation source; those particular characteristics provide the
multiphoton imaging modality with intrinsic optical sectioning and high penetration power
capabilities within scattering tissues [34].
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Figure 6. Illustration of the two-photon excitation fluorescence (a), second harmonic generation (b)
and third harmonic generation (c) non-linear processes.

However, multiphoton microscopy is also sensitive to harmonic generations, where two or three
incident photons can be instantaneously converted into a single photon with half or one-third of the
excitation wavelength giving rise to second and third harmonic generation microscopy (SHG and
THG) , respectively [35] (Figs. 6b and 6c). Those frequency conversion are not absorptive processes
and then occur without energy dissipation as a result of excitation photons summation and phase
matching induced by the nonlinear susceptibility of the biological structures [36].

The contrast mechanism of SHG and THG microscopy, unlike TPEF that requires endogenous
fluorophores, arises from the frequency conversion of the incident photons due to the nonlinearity of
the electromagnetic response of the specific molecular structures of biological tissues. According to
the nonlinear optics theory, the excited nonlinear polarization (P) is related to the excitation laser
source by means of the nonlinear susceptibility, ¥® [37]:

P=g,+3V E+ 3> EE +39 EEE+.... (5)

Therefore, the generation of harmonics depends not only on the need for ultrafast and intense
pulsed laser but also on the nonlinear susceptibility of the biological tissues. The SHG signal is
provided only in non-centrosymmetric media such as fibrillar collagen [38]. In contrast, THG arises
from sources such as lipid-water interfaces [39] and myelinated axons [40]. Figure 6 schematizes the
main multiphoton imaging modalities, which provide label-free three-dimensional visualization of
biological structures at cellular scale with negligible phototoxicity. Such characteristics make
multiphoton microscopy a potential tool for the analysis of tumor lesions.

4.1. Two-Photon Excitation Fluorescence Imaging

Since the experimental demonstration of the suitability of two-photon excitation fluorescence
(TPEF) for biological imaging in the 90s [41], TPEF microscopy has been employed for deep tissue
imaging [42], functional imaging in neurons [43], the dynamics of stromal cells interaction [44] or
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intravital subcellular imaging [45]. Subsequently, the applications of TPEF microscopy in tumor
research have been expanded to tumor microenvironment, metabolism, angiogenesis and metastasis
[46].

In some types of malignancy, the diagnosis usually comes at a very late stage such as gastric
cancer [47]. Gastric cancer diagnosis is made by visual evaluation of gastrointestinal endoscopy and
late confirmation by histopathology. However, a poor interpretation in the first (endoscopy) due to
lack of obvious signs at the naked-eye, can cause a delayed impact in the second (histopathology). In
that sense, TPEF microscopy allows discrimination of normal gastric tissue from cancer, adenoma or
ulcers due to the capabilities of two photon imaging to visualize and measure enzymatic activity [48].

Cancer-associated fibroblasts (CAF) are cells within the tumor that promote cancer proliferation
and extracellular matrix remodeling [49], and are one of the main stromal cell populations in solid
tumors and contribute to drug resistance [50]. In that sense, TPEF microscopy has demonstrated the
potential to analyze the structure and spatial organization of gastric cancer cells and monitoring the
growth of spheroids. Figure 7 shows a single plane of TPEF images of a bicellular spheroid acquired
6 days after the start of growth.

HGTI HGTI

Figure 7. TPEF image of CAF (middle); monocellular HGT1 (labelled with eGFP) spheroids (left) and
bicellular HGT1/CAF (right). Scale bar: 100pum. Image reproduced from [50].

Pathological assessment (i.e. histopathology) of the treatment response requires tedious and
time-consuming labelling processes. As label-free imaging technique, TPEF microscopy allows the
evaluation of histopathologic changes induced by neoadjuvant therapy in the preoperative stage that
reveals residual tumoral cells, fibrotic reaction and inflammatory cell infiltration [51].

Tumor cells invade adjacent tissues by secreting degradative enzymes that reduces the pH of
the lysosomes, then the extracellular pH of the tumoral tissues become acidic. TPEF microscopy has
been proved to be pH-sensitive in the case of human colon cancer [52].

Photodynamic therapy (PDT) is a modern non-invasive light-matter based interaction method
that uses photosensitizers or light-activated drugs for the treatment of non-malignant diseases and
various types of cancer [53].

Once the photosensitizers are activated by a selective wavelength, a process begins for selective
destruction of malignant or abnormal cells.

One of the main limitations of PDT was the photodamage induced by single-photon excitation
of the photosensitizers, however the application of two-photon absorption concept made it possible
to overcome this medical limitation due to the insignificant photo-toxicity of the nonlinear process
that makes the technique suitable for the study of living cells [54].

The combination of two-photon excitation (TPE) and PDT gave rise to a new therapy concept
(TPE-PDT) with greater penetration power into biological tissue and reduction of cells phototoxicity
with promising therapeutic applications in the treatment of tumors [55].

PDT can destroy cancerous cells in inoperable types of cancer [56] or before tumors spread. PDT
has been demonstrated effectiveness in the treatment of colorectal [57], lung [58], breast [59], liver
and pancreatic cancer [59]. The main therapeutic mechanisms of PDT are immune response, vascular
damage and direct destruction of cancer cells [60].
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4.2. Two-Photon Fluorescence Life-Time Microscopy

Lifetime TPEF microscopy measures the fluorescence decay of emission from endogenous (or
exogenous) fluorophores enabling label-free in-vivo imaging of metabolic dynamics [61] with
promising applications in infectious, neurodegenerative and cancer diseases [62].

In particular, the characterization of NAD(P)H fluorescence lifetime has been demonstrated as
an intrinsic biomarker of the cellular metabolic status of living tissues capable of tracking the
dynamics tumor cells [63].

In a recent publication reported by Karrobi et al [64], life-time TPEF microscopy was used to
investigate changes in cellular ~ metabolism of breast spheroids non-cancerous epithelial breast
(MCE-10A) and breast cancer (MD-MB-231) cell spheroid lines embedded in collagen. The findings
revealed a greater shift in cancer spheroids toward oxidative phosphorylation and how they invaded
collagen over time with stronger metabolic gradient modifications than MCF-10A spheroids.

Figure 8 shows an example of time-integrated NAD(P)H two-photon excitation fluorescence
image from a non-cancerous epithelial breast cell spheroid line (a) and the representative fluorescence
decay signal (b).
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Figure 8. life-time TPEF image of a normal breast cell (a) and the normalized fluorescence decay signal
(b). I(t), IRF(t) and F(t) correspond to the intensity of the decay signal, the impulse response function
and a model fitted, respectively. Reproduced from [64].

Cancer cells are responsible for tumor growth and migration to other organs; however, the
extracellular matrix undergoes remodeling that promotes the progression of metastasis and
tumorigenesis [65]. The next subsection discusses the “gold standard” nonlinear imaging modality
to visualize the extracellular matrix primarily composed of collagen [66].

4.3. Second Harmonic Generation

The extracellular matrix is not only responsible for cell maintenance, but also for cell migration
[67] and proliferation [68]. In the extracellular matrix (ECM) of connective tissues, collagen is the most
abundant protein [69] and plays a fundamental role in functional structure and cellular processes
[70].

Type-1 fibrillar collagen is organized in a non-centrosymmetric molecular structure and
possesses strong nonlinear susceptibility [38]. Nowadays, second harmonic generation (SHG)
microscopy (see Figure 6b for the illustration of the SHG concept) is considered the gold standard
imaging technique for visualizing and characterizing collagen-formed tissues [71]. The SHG signal is
endogenous, therefore the contrast mechanism arises from the structure of the sample, making this
imaging technique sensitive to the molecular structure of the collagen-based connective tissue [72].

Beyond collagen-based tissues, SHG microscopy allows visualization of the structure of myosin
[73], microtubules in neurons [74] or cardiomyocytes [75] when combining SHG and TPEF
microscopy.

SHG signal is a coherent process with tensorial nature in which forward (F-SHG) and backward
(B-SHG) emissions coexist; the ratio of F/B-SHG depends on the structure of the susceptibility tensor
[76]. Therefore, SHG imaging is a powerful optical microscopy technique to analyze collagen
disorders (remodeling) associated to cancer and fibrous connective tissues [77].

d0i:10.20944/preprints202407.1569.v1
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In cancer progression, the ECM is remodeled alongside abnormal cells growth [78]. In particular,
collagen undergoes fibrillation which induces increased stiffness in the ECM, promotes angiogenesis
and cancer invasion [79]. Furthermore, changes in SHG directionality emission (i.e. the F/B-SHG
ratio) has been found to be altered in bulk tumor but not in the stromal interface [80], where high
values of the F/B-SHG ratio describes highly organized ECM tissues. Therefore, the characterization
of spatial remodeling of collagen at the ECM is crucial as tumor invasion and metastasis are facilitated
by alterations in the ECM [81].

SHG microscopy images from collagen fibers require quantitative analysis to first detect
alteration in the spatial patterns and then numerically compute the collagen remodeling and degree
of organization. The structure tensor, Fast Fourier transform, Wavelet or Hough transforms are well-
stablished image transformation methods from which structural information can be extracted. An
overview of the main image processing techniques for quantitative analysis of SHG imaging can be
found in [82].

In that sense, the structure tensor [83] has been demonstrated as a useful method to quantity the
organization of collagen-based tissues and classify different spatial patterns and the Hough
transform was successfully used to discriminate between normal and malignant tissues, analyzing
the surrounding collagen of thyroid cancer nodules capsules [84].

SHG process exhibits a strong polarization dependence [85], the polarization-sensitive nature of
SHG (P-SHG) microscopy has allowed to measure the second-order nonlinear optical susceptibility
tensor [86] and then obtain information about the ultrastructure of collagen. As an example, Figure 9
compares spatially-resolved components of the non-linear susceptibility tensor in normal and cancer
breast tissues, obtained using P-SHG.

Normal

Malignant S

Figure 9. Second-order susceptibility values of normal (a) and tumor breast (b) tissues. Scale bar: 20
pum. Images reproduced from [92]. .

Danielle et al, [87] used P-SHG microscopy to calculate the components of the susceptibility
tensor from histopathological samples of cancerous thyroid tissues, were able to measure the
molecular chirality of the malignant tissues finding cancer-related collagen disorders at molecular
levels.

SHG polarimetric microscopy reveals the orientation and ultrastructure of collagen that cannot
be accessed by non-polarized SHG imaging. P-SHG has also been used to distinguish between breast
, osteosarcoma, liver fibrosis or melanoma tissues [88-91] Therefore, pathologists can benefit from
the invaluable ultrastructural information provided by polarization-sensitive SHG microscopy.

4.5. Third Harmonic Generation

While SHG microscopy arises primarily from non-centrosymmetric proteins such as type-I
collagen, the third-harmonic generation (THG) signal mainly originates from interfaces between
water and lipid-rich structures such as lipid droplets or membrane lipid layers [93-95]. In this non-
linear process, the frequency of the excitation light triples after the interaction with biological tissue
(see Figure 6) and provides information on the refractive index discontinuities of material interfaces
through the third-order nonlinear susceptibility tensor x® [96]. In that sense, THG offers structural
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information of individual cells with submicron resolution and intracellular inhomogeneities that
allows discrimination between benign and tumor tissues [97].

Figure 10 shows THG imaging of isolated cells from healthy tissue (left column) and for different
grades of breast cancer. The top and bottom rows compare nuclear irregularities and nucleoli
inhomogeneities. The ability of THG to detect variability in tumor cell size and shape in a non-
invasive and label-free manner provides invaluable structural information from cancer biopsies at
subcellular level of resolution.

Control Gradell Grade ll Grade lll

Figure 10. THG images of cells isolated from healthy (left column) and for different grades of breast
cancer (third to fourth columns). The top and bottom panels compare the morphological of nucleus
and nucleoli, respectively. Scale bar: 2 um. Images reproduced from [97].

5. Digital Enhancement of the Quality of Non-Linear Imaging of Cancerous Tissues for a Better
Diagnosis

Among the non-linear imaging techniques reviewed, the main goal is not only distinguish
between benign and malignant tissues but also quantify the severity, aggressiveness and the
outcomes of the anti-cancer treatments. Although some of the modalities offer sub-micron resolution
and single cells visualization, the main common limitations lies on image contrast and resolution that
allows accurate structural analysis of the pathological images.

In that sense, the image quality can be degraded by the effect of optical aberrations [98] and
scattering effects [99]. Adaptive optics techniques can correct for aberrations improving the image
resolution and contrast [100]. However, at deeper foci within the tissue those wavefront corrections
can lose efficiency where the scattering effects increase. Or, at the time of image analysis, an AO
correction equipment may not be available.

For those undesirable but possible cases, a blind image deconvolution approach for microscopy
was previously developed and tested in multiphoton imaging [101].

Briefly, the algorithm performs the theoretical generation of point spread functions for spherical
aberration and light scattering contributions that are employed in blind deconvolution processes in
which the image is restored from those degrading factors (a detailed description of the algorithm can
be found elsewhere [101]).

Hristu et al, reported a collection of multiphoton images of fixed tissues [102] involving different
tissues and pathologies such as melanoma in mice, squamous cell carcinoma or breast cancer.

Here, two random images from normal and cancer breast cancer were selected to be analyzed
with the algorithm to restore spherical aberration and scattering degradation factors. Figure 11 shows
TPEF images of control and cancerous breast tissues (left column); naked-eye inspection reveals a less
curled structure due to the ECM remodeling in the tumor tissue. The right column shows the restored
images after algorithm treatment in which the image contrast, sharpness and resolution are
significative increased.
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Furthermore, fine features and details are revealed to visual inspection while remain hidden in
the original TPEF images. According to the basics of the algorithm, if the image quality (i.e. the
sharpness, contrast or resolution) improves after processing, that image was affected by spherical
aberration, scattering effects or both. For the sense of completeness, Figure 12 shows the histograms
of the control and tumor images before and after algorithm processing. It can be seen how one of the
algorithm effects is the equalization of the histogram, which means that the contrast of the images
has been improved by distributing the intensity in the images.

Original Restored

Cancer

Figure 10. TPEF images of normal (a) and breast (c) cancer from fixed tissues. (c, d): results after
correcting the TPEF images from spherical aberration and scattering effects. Image size: 512x512
pixels. Scanned area: 125 x 125 pm?.
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Figure 12. Histogram of TPEF images for control and cancer breast tissues (a.c) shown in Figure 10,
and for the restored images (b,d), respectively.

6. Discussion and Conclusions

Cancer cells exhibit non-linear optical properties that can also be considered as a predictive
indicator of cellular response induced by the treatment [103]. The emergence of biocompatible
nanomaterials has allowed the conversion of macroscopic analysis of tumor tissues to molecular
diagnosis tools in cancer research. Nanocluster enables low-toxicity, biocompatible tumor labelling
that constitute optical contrast biomarkers exhibiting nonlinear optical properties [104] that can be
analyzed with the reviewed optical methods at the cellular and molecular scales. Furthermore,
nanoparticles, including gold nanoparticles, protein nanoparticles, cell membrane nanoparticles
quantum dots and others, can be controlled externally by optical methods, magnetism and enzymes
that make them behave like smart nanoparticles that are emerging as the new era of intelligent
nanoparticles cancer treatment [105].

Studying the non-linear optical properties of cancer tissues allows for rapid estimation of cellular
damage or response to treatments, spatial remodeling of the ECM in cancer growth and the
optimization of two-photon photodynamic therapy [106].

Furthermore, a recent study reported by Hoque et al [107] reported a promising method to detect
cancer by analyzing the nonlinear optical properties of blood plasma. Their results achieved an
accuracy of 92 % in discriminating between normal and cancerous samples.

In summary, cancer cells induce nonlinear optical properties in cell-matrix interaction [108] that
can be measured from multimodal optical approaches that also provide invaluable monitoring of
anti-cancer drugs, support the application of photodynamic therapies and the use of nanomaterials
as an emerging paradigm for cancer treatment.
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