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Abstract

For a long time, it has beensknown that'optics can provide a broad range of tools for addressing
clinical needs, particularly diagnosties. Optical techniques can help in identifying diseases and
detecting pathological tissues with non/minimally invasive and label-free methods. Given the
current limitations.of standard clinical procedures, such an approach could provide a powerful
tool in detecting gastrointestinal and bladder cancers. However, each technique has serious
limitations regarding one or more of the following features: biomarker sensitivity, penetration
depth, acquisition times,or adaptation to the clinical environment. Hence there is an increasing
need for approaches/and instruments based on the concept of multimodality; in this regard, we
review the application of different imaging/spectroscopy tools and methods operating in the
first two optical windows (SHG, SPEF, TPEF, THG, 3PEF, CARS, Raman and reflectance) for
tumour detection in the digestive and urinary systems. This article also explores the possibility
of exploiting the third bio-tissue transmission window (1600-1900 nm) by reviewing state of
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the art in ultrafast laser sources development. Finally, we summarise the most recent results in
developing multiphoton endoscopes — a key element for clinical in vivo translation of
photonics-based diagnostics.

Keywords: Label-free, cancer diagnostic, SHG, Raman, TPEF, microscopy.

1. Introduction and clinical needs

In 2020 more than 4 million cancer cases were diagnosed in Europe, and the most commonly diagnosed cancers were the
following: breast, colorectal, prostate, lung and bladder cancers®. Compared to the 3.5 milliencases from 2012, cancer incidence
is clearly on the rise, and by 2040, the global number of new cancers per year is expected towise to 29.5 million worldwide,
including over 5 million in Europe alone?3. Many risk factors contributed to such inerease, including ageing populations,
pollution, and occupational risks. Colorectal and bladder cancers experienced a particularly strong increase in their incidence
rates, a trend that is likely to continue in the next decade. Thus, improvements in detection and treatments are greatly
advocated*®. The standard diagnostic test for detecting bladder tumours is white light imaging (WLI). However, this technique
is burdened by false negatives and false positives at a non-negligible rate’, as'many endescopic procedures can yield a high rate
of false negative®®. Other techniques require fluorescent labels, such as aminolevulinic acid or fluorescein, but are not routinely
used in clinical practice, due to their high cost and marginal improvement concerning WLI%11,

In this framework, the introduction of new optical imaging techniques and related systems into the clinics have the potential
to enhance the diagnostic power and the amplitude of their expanding biomedical applications, especially when implemented
in a label-free modality. In fact, avoiding the administration of exogenous agents to the patient is a particularly crucial aspect
for translating such promising technologies into clinical practice. For example, multimodal spectroscopy has already proved its
potential in bladder cancer detection??*3, In addition, modern laser'sources allow developing new imaging techniques!#*> with
the capability of reaching deeper areas of the examined tissue, avoiding tissue staining/labelling, potentially providing more
information on the intrinsic content of the examined organs when compared to previous techniques.

A major obstacle to thoroughly appreciate current developments and future directions in this research area is the diverse
nature of biological, clinical and technical challenges concutrently involved in tumour detection, as well as of these innovative
technologies. Despite the relevance and interconnection of such topics, no attempt — to our knowledge — has been made to
address them together in a comprehensive work. Therefore, given the rising interest for new optical methodologies and their
possible application in the biomedical field, this article'aims to provide an exhaustive review of the currently available label-
free photonics-based techniques in cancer detection, with particular attention to those applied for urinary and colorectal cancers
diagnostics. The information summarized in this work‘will hopefully help a broad range of clinicians and researchers in better
understanding the capabilities and technical/challénges of novel optical modalities and of the light sources involved in their
use.

2. Current state-of-the-art of urological and gastrointestinal cancers detection

2.1 Clinically established.techniques

Current applications of opticalitechniques in urologic and gastrointestinal cancer diagnostics are many and different. The
most clinically established fechniques, for urologic and gastrointestinal cancer are WLI, narrow-band imaging (NBI) and
photodynamic diagnosis,(PDD)'%!7. WLT consists in shining a white light inside the patient through an endoscope or cystoscope.
This well-established procedure’helps doctors in visually assessing the presence of irregularities and suspicious areas. However,
this technique provides small contrast for identifying specific types of bladder tumours, such as papillary lesions and carcinoma
in situ hence causing higher recurrence-rates.

The further technicaliimprovement led to NBI. NBI technology filters white light into two narrow bands (415 nm and 540
nm) that are efficiently absorbed by haemoglobin, increasing the visibility of surface capillaries and blood vessels in the
submucosa. As carcinomas are highly vascularized, NBI enhances the contrast between superficial tumours and normal mucosa.
Furthermore, studies conducted on bladder cancer have demonstrated that NBI is capable of detecting cancer areas more
effectively,than WLI'®!. In fact, the endoscopes/cystoscopes currently available with this technology allow switching from
one narrow band to the other by simply pushing a button on the instrument. On the other hand, technical improvements were
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also made in visualization and image enhancement, for example, Storz Professional Image Enhancement System (SPIES) have
different visualization modules. Each visualization mode provides different colour contrast, which varies according to a clinical
situation (i.e. haematuria) or surgeons’ preferences?®, allowing better visualization of the mucosa than WLI in different
modalities.

PDD consists of the intravesical administration of precursors of the heme biosynthesis pathway. In fact, protoporphyrin IX
(PPIX), a precursor of heme, is photo-excitable with emission in the red when excited using 400 nm wavelengthaNevertheléss,
in vitro studies demonstrated that urothelial neoplasms have a higher intake of these drugs?!. Another photosensitizingagent is
the 5S-Aminolevulinic Acid. This is captured by cells with increased metabolic activity and can be excited using blue light in
the 375 to 440 nm range. The precursors, that absorb the excitation light, emit a red light, which provides a contrastenhancement
compared to WLI. This technique was firstly reported by Holtl et al. (2001) as an experimental in vive and in vifrortreatment
and has been proved to be viable and effective to highlight urothelial cancer during cystoscopy??. Subsequent,studies reported
good outcomes also in association with another photosensitizer, Hexaminolevulinate, which proved superior in detection rate
to WLI'8. However, the use of endogenous contrast agents does not allow this technique to be afoutine technique; even in some
cases, it is possible that contrast media are not used due to the risk of adverse reactions.

2.2 Alternative techniques in cancer detection o

Confocal laser endomicroscopy (CLE) is an optical imaging technique where a focusedidaser beam is scanning point by point
to create a three-dimensional image; normally, a low-power blue laser for exciting fluorescence?® is used. Exogenous
fluorescence agents can be administrated either topically or systemically?* to directly perform.a pathological exam of the tissues
without taking a biopsy?>?°. This technique currently it is applied in vivo, especially in upper urinary tract urothelial cancer
detection?®-28. In a recently published systematic review and meta-analysis{ CLE showed a good sensitivity and specificity in
the detection of dysplasia in Barrett’s oesophagus, gastric neoplasms and polyps, celorectal cancers in inflammatory bowel
disease, malignant pancreatobiliary structures, and pancreatic cysts?®. The main limitation of CLE is the fact that it needs for
either topical or intravenous fluorescent agents. In addition to this, the technique. is not widely available and need of specific
training, it is of high cost and still there is a lack of comparison studies with other advanced optical techniques?®%°.

Autofluerence imaging (AFI) is another tool for cancer detection through fluorescence excitation. Differently from CLE, it
doesn’t use exogenous agents, hence a detailed description ofhits characteristics will be found in Section 3 among the other
label-free techniques.

2.3 Unmet clinical needs

Respect to WLI, the alternative technologies already available to clinicians do not provide — all things considered — the
improvements required for replacing currentgeld standard procedures in the detection of urological /gastric tumours. Relatively
high costs, low sensitivity to certain types of tumours, artefacts from exogenous agents, and operator-dependent analysis are
the most important shortcomings that still afféct the methodologies presented in this section. Therefore, there is still an unmet
need for fast, reliable and economically sound systems to improve urothelial and gastrointestinal cancer management both for
clinicians and for patients.

On the other hand, recent systems employing novel photonics-based technologies — multiphoton and spectroscopy imaging —
are currently under development, and seems'to provide good results ex-vivo'>~'4. These techniques can provide immediate, high
contrast by analysing the intrinsic.morphochemical content of tissues, especially when implemented in a multimodal approach.
In this regard, the following sections will discuss the characteristics of label-free photonics-based techniques and their
application to diagnosing cancer ifvboth thedigestive and urinary systems.

Currently available clinical techniques have different limitations. The lack of contrast makes the diagnosis strongly
dependent on the clinicians’ experience, which makes the results and interpretations susceptible to human error. On the other
hand, although these techniques have’shown great sensitivity in detecting cancer in its advanced stages, this has not been the
case for early stages. The limited.depth.of penetration, as well as the need for not using contrast agents, has prompted research
and the development of novel methodology and instruments for urologic and gastrointestinal cancers detection.

3. Emerging label-free optical techniques of urologic and gastrointestinal cancers detection

In the presence of incident light beam, several optical processes can occur at the same time. In inhomogeneous materials
such as biological tissues, the different optical properties of each structure can produce different light-matter interactions, often
resulting 1 different contrast mechanisms that can be exploited for tissue imaging. In this review, we have addressed 4 main
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types of optical techniques in label-free modality: reflectance, autofluorescence, Raman spectroscopy, and multiphoton
microscopy.

Optical reflectance

Reflectance (elastic back scattering) is a simple and label-free technique that has been applied to both spectroseopy and
imaging fields. A common implementation consists of illuminating the sample with a broadband source (e.g«<a halogen or LED
lamp) and collecting the reflected light. This approach allows investigating the scattering and absorption properties of the target
and has been used for monitoring the presence of known absorbers within body tissues, such as,haemoglobin, melanin and
water’®. WLI and NBI are clear examples of reflectance-based techniques.

Autofluorescence imaging (AFl)

AFI has been recently developed to take advantage of the differences in tissue fluoreseence properties of normal and
neoplastic tissues that are generated by their endogenous fluorophores3'-34. Narrow-band sources (such as lasers, diodes, and
arc-lamps) can be used to excite endogenous autofluorescent molecules to higher energy.states®. Biological tissues contain
intrinsic fluorescent molecules, whose electronic transitions can be typically excited using UV_ornear-UV light: nicotinamide
adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), collagen, elastin, lipo-pigments, porphyrins, etc3¢-37.
Although fluorescent labels (such as the photosensitizing agents described in Section 2) are already used in the clinical practice,
there are several advantages for adopting autofluorescence as label-free contrast mechanism for imaging biological tissues: the
abundance of endogenous fluorophores and their relationship to metabolic activities, relatively high acquisition speed, and the
possibility to use low-power light sources.

During cystoscopy, for example, normal tissue mucosa imaged with’ AFT typically shows a green colour, whereas an
inflammatory or neoplastic lesion typically presents lower fluorescencedntensity and appears brown-reddish or magenta. The
potential detection efficacy of AFI for neoplasms lesion remains controversial though, as the use of UV or near UV limits
diagnosis to only superficial layers, limited tissue samples have been studied to d%te, and a high level of skill is required, which
may lead to misdiagnosis and low inter-observer agreement3®.

Raman spectroscopy

The Raman signal can be used to identify both organic and inorganic molecules, opening a wide range of possible
applications for industrial and clinical purposes. Thisis;based on measuring the rotational-vibrational spectrum of a molecule,
which is highly related to its geometry, especially in the so-called fingerprint region (300-1900 cm™'). Therefore, a substance
can be identified by observing its spectrum in such a region. There are two complementary optical techniques to do so: infrared
(IR) absorption spectroscopy and Raman spectroscopy. The first is related to the interaction of IR light with the medium
(absorption, emission or reflection) and in general, provides information on the vibrational states of matter. The latter is based
on the Raman effect, i.e. the inelastic scattering of lightafter colliding with a molecule: the molecule undergoes a transition to
a higher/lower rotational-vibrational energy'state, causing the incident photon to lose/gain energy and to be scattered with a
lower/higher frequency (Stokes/anti-Stokes Raman_shift). Being independent of the excitation wavelength, this technique
allows measuring the molecular rotational-vibrational transitions using either visible (380-700 nm) or NIR (700-2500 nm) laser
light. However, the probability of Ramanscattering is extremely low and, for biological tissues, the intensity of the Raman
signal is several orders of magnitude smaller 'than the excited fluorescence emission. Consequently, the signal must be
integrated for relatively long times, making such a technique typically used for imaging small areas. Nevertheless, the high
specificity of Raman spectra/has been successfully exploited for examining different body tissues, detecting and diagnosing
many pathological conditions, including,cancer?®4?.

Multiphoton microscopy

Multiphoton microscopy (MPM) techniques refer to those generated by the interaction of two, three or more photons. MPM,
being a nonlineareffect, requires high intensities to produce an efficient light matter interaction's. Therefore, focusing beam is
needed, generating a nonlinear effect only at the focal region. In MPM the signal is collected with a detector while the laser is
scanned through the sample (as in a confocal microscope). For this reason, such approach can produce high-resolution, three-
dimensional tmages'*Among the main multiphoton effects used are: second harmonic generation (SHG), third harmonic
generation (THG), two-photon excited fluorescence (TPEF), three-photon excited fluorescence (3PEF), and Coherent Anti-
stokes Raman Scattering (CARS), as shown in Figure 1. Importantly, the efficiency of these nonlinear effects is based on their
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intrinsic material properties. This has the advantage that no exogenous agents (e.g. fluorescent labels) have to be added to gain
contrast. However, since these effects depend on the sample structure, not every effect can be generated from a particular
sample.

Second harmonic generation (SHG)

SHG is a process in which two incident photons are transformed into one photon with an energy that is exactly.equal.to/the
sum of the excitation photons. In this case, the SHG signal is generated only when the laser pulse interacts with a non-
centrosymmetric structure. Collagen*?-#4, microtubules*>#¢, and myosin?’, among some others***>4849{exhibit this type of
crystal symmetry.

Third harmonic generation (THG)

THG is a process that requires three photons to generate one at an energy three times the excitation photons. THG depends
on the inhomogeneity of the medium, which makes the THG interface sensitive. Therefore, it ispossible'to use the THG signal
as a contrast mechanism to identify any cellular interface®® where there is a strong change in the refractive index.

Importantly, both SHG and THG techniques provide useful and complementary struetural information about the tissue
without the need to use any exogenous agent. As such, they present a huge potential for gise in diagnostic applications, although
the excitation intensities required for their generation pose a higher risk of photodamaging tissues; this problem becomes more
relevant as the nonlinearity of the optical process increases.

Temporal
delay

:Beam
ICombiner '

I

Galvo\
Mirrors

(x.y) i""

Figure 1. Schematic representation of a multiphoton microscopy setup. In a typical configuration, one or more pulsed laser
sources emitting NIR wavelengths are linked to a scanning system and focused on the sample. Multiphoton-excited signals are
then separated from,laser path through dichroic mirrors (DM) and sent toward different photomultiplier detectors (PMT)
equipped with specific optical filters (F). The detection system can be placed either backward or forward direction respect to
sample position. Finally, multiphoton acquisitions are reconstructed via software and typically merged in pseudo-colour

-‘
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images, highlighting the presence of different fluorophores or structures. With the correct selection of filters and dichroic
mirrors, non-linear signals can be acquired simultaneously. For example, using a long-pass dichroic mirror at 1000 nm (DM)
is possible split the beams from the excitation lasers from the non-lineal signals generated. In backward detection, using a long-
pass dichroic mirror (DM;) at 510 nm and two bandpass filters, one for a range of 450-500 nm (f;) and the other for a range of
520-580 nm (f,), it is possible to detect the 3-photon excitation autofluorescence signal induced with the 1120/ nmylaser from
NADH (PMT)) and FAD (PMT),). In forward detection, using two long-pass dichroic mirrors, one at 500 nm (DM;) and/the
other at 700 nm (DM3;), and three narrowband filters: 375 nm (f3), 560 nm (f;), and 845 nm (f5), the THG (PMT3), SHG(PMT),),
and CARS* (PMT5) signals from the 1120 nm laser can be detected.
*CARS signal at 2906cm! induced by the pump laser @1120nm and the stokes laser @1660nm:

Two- and three-photon excited fluorescence (TPEF, 3PEF)

TPEF is a process in which a molecule is excited to a higher electronic state by absorbing#wo low=-energy photons, rather
than a single high-energy photon as in conventional fluorescence. After excitation, the molecule returns to its ground state by
emitting a fluorescence photon, which has higher energy than the photons of the excitation light. Similarly, 3PEF is a process
that consists of the simultaneous absorption of three incident photons, followed by the‘emission of fluorescence. Contrary to
linear fluorescence, only a small volume around to the focal region is excited, reducing thephoto-bleaching effect to only this
volume. This considerably reduces the phototoxic effects and increases the viability of the sample. In addition, due to the
wavelength-dependence of scattering, longer excitation wavelengths can penetrate deeper than shorter ones, even in highly
dispersive media such as biological tissues>'—¢. Due to the wide availability of visible fluoreseent biomarkers that can be excited
using ultrashort pulsed sources, TPEF has become one of the most widely used nenlinear/microscopy techniques, while there
is growing interest in 3PEF applications (such as deep imaging of scattering tissues,like brain®7->%).

Coherent Raman scattering (CRS)

CRS probes the same molecular transitions observable through spontaneousyRaman spectroscopy, but in a much more
efficient approach as it is based on stimulated emission. In fact, CRS techniques such as Coherent Anti-Stokes Raman scattering
(CARS) and Stimulated Raman Scattering (SRS) need twe. synchronized lasers in order to induce a stimulated transition
between rotational/vibrational levels, thus generating a signal which is orders of magnitude higher than the spontaneous process.
In SRS, the target molecule is excited from the initial state toward anearby rotational/vibrational level by two incident photons
(a “pump” and a “Stokes” one), whose energy difference matches the separation between those levels. During such process,
the SRS effect can be observed via changes in the ‘Stokes beam,intensity. Compared to SRS, in CARS the molecule is further
excited toward a virtual level using another pump photon'(:‘probe™), and then the molecule relaxes to its ground state emitting
a high-frequency photon — the CARS signal to be detected. These two CRS techniques can be used for label-free imaging based
on specific Raman bands (typically) of lipids and:proteins.

4. Advanced imaging technologies for caQer detection

4.1 Applications to cancer detection in the gastrointestinal system

During the 1990s, studies on'this subjeetfinvolving autofluorescence>®®? and optical reflectance tecniques®®* were
published, showing their potential. ‘During ,the 2000s, studies based on Raman spectroscopy®> %’ were also presented. A
literature review (Tables A1°9°6268775, Table A2537585 and Table A36567.7389 in the Annex section) suggests that these
techniques could be successfully applied — both in vivo (through endoscopy) and ex-vivo — to the detection of gastrointestinal
tumours. The research on.the field continues to the present day.

A consensus is that/neoplastic tissues in the gastrointestinal system are characterised by both lower absolute intensities in
fluorescence emission and/higher red-to=green ratio with respect to non-tumour areas®®7%7>2>-7_In fact, several factors have
been cited to explaimsthese effeets in tumours: bigger cells, causing a reduction in collagen and elastin concentrations (which
contribute to green fluorescent emission); thicker mucosa layer, screening off collagen/elastin emissions from the submucosa
layer; higher coneentration of non-fluorescent NAD+ relative to fluorescent NADH; increased concentration of red-emitting
porphyrins. Stich features usually provide high sensitivity on average (~90%) in tumour detection, although there is great
variability in reported sensitivities (Table A1).

Another feature observed in a gastrointestinal tumour is angiogenesis, where resulting hypoxia and increased haemoglobin
concentration canrbe probed through reflectance measurements®388485 Moreover, several studies’ 77798278 obtained better
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sensitivities and specificities by extending the analysis to longer wavelengths, above 900 nm, where fat, collagen and water are
important chromophores. On average, the presented studies on reflectance-based endoscopy (Table A2) obtained ~90%
sensitivity and specificity.

Raman systems (mainly fiber-optic probes) were applied to study gastrointestinal tumours, providing important.insights on the
molecular composition and metabolic activity of such tissues. The analysis of tumour Raman spectra highlighted a reduction
in glycogen®-%8, collagen and lipids concentrations®”#8, together with an increase in DNA contents®®°. These:findings/are
consistent with hallmarks of tumour development, including increased energy consumption from cell division, increased
thickness of the gastric epithelial layer due to proliferation of the malignant cells and increased nuclear/cytoplasmic ratio.
Almost all the studies reported in Table A3 used NIR wavelengths and adopted supervised learning algorithms to.differentiate
tumour from non-tumour tissues with high sensitivity and specificity. Importantly, half of the studies reported in Table A3
performed in vivo measurements, paving the way for clinical implementation, preferably in combination with the other two
techniques.

In the digestive system, multiple research groups have focused on gastrointestinal cancer detection using non-linear optical
methods, including SHG, THG, TPEF, 3PEF, CARS and SRS (Table A4). Many focused their efforts on detecting SHG
produced by collagen®°°-112, As a result of these investigations, healthy and cancerous tissue ean now be distinguished based
on histological differences, using THG to distinguish the boundaries of different biological compenents (tissues, cells or cellular
components)!**114. Furthermore, autofluorescence has been used to identify the signals and distribution of FAD and NADH
into the tissue using TPEF or 3PEF>51103110112 Recently, this has been used to generate multiphoton images with a resolution
comparable to histopathology*>1%%-114, Nonlinear microscopy has proven to be a useful imaging tool for the qualitative and
quantitative evaluation of various diseases. Furthermore, due to the nature‘ofinon-linear signals, it is possible to collect
simultaneously structural (SHG, THG) and metabolic (TPEF, SRS, CARS) information. from the tissue. All of this can be done
with minimal phototoxicity to tissues, at depths of several hundred microns with the ability to detect cellular and subcellular
microstructures of tissues®®11%112. Due to these advantages, some reséarch groups have focused on gastrointestinal cancer
detection using multiphoton techniques. Most of these investigationsfuse,biopsies from different parts of the gastrointestinal
tract. However, some investigations have taken these techniques t0 an intraoperative level and have been able to distinguish
between healthy tissue and gastric carcinoma in-situ and in vivo>9%100.13,

4.2 Applications to cancer detection in the urinary system

During the 1990s, several studies investigated the possibility of using tissue autofluorescence for detecting bladder tumours,
beginning with in vivo measurements through a bifurcatedsfiber-bundle inserted into a cystoscope (Figure 2), observing that
tumour areas show an average decrease in NADH and collagen fluorescence intensity with respect to normal bladder mucosa'®®.
Later studies, for both in vivo!'611? and ex vivo?%12!, adoptedisimilar approaches (based on fiber-optic probes) and confirmed
these results. Moreover, tryptophan, FAD and porphyrins were found to be other major fluorophores involved, and UV
excitation wavelengths (<400 nm) were foundto be more effective'?012! in discriminating normal and tumour tissues. Finally,
the research suggested that collagen and NADH emissions are reduced by thickening the urothelial layer in tumours!2%12?,
which prevents the detection of autoﬂuoresceqce coming from deeper layers (i.e. from collagen in the lamina propria and
NADH in muscle layers).

The observed spectral changes, including a spectral redshift in tumour peak intensity'>13118 were used for discriminating
neoplastic tissues from the normal bladder. The most common approach consisted in calculating the ratio between fluorescence
intensities detected at two separated wavelengths, but two studies'?*3 adopted a method based on Principal Component Analysis
(PCA), a well-known statistical toohfor multivariate analysis. Table A5 summarises the major findings of the above-mentioned
studies. Tumours were detected on average with ~90% sensitivity and specificity, despite variation from differing experimental
conditions (number of Ppatients and samples, excitation wavelength, data analysis, instrumentation, etc). Hence,
autofluorescence spectroscopy appears as an effective tool for improving the detection of bladder tumours during cystoscopy.

In vivo studies'??'2 examined bladder tumours through another technique: reflectance spectroscopy. Using broadband
excitation sources (such as halogen or xenon lamps) and collecting the reflected light upon large spectral ranges (~hundreds of
nm), normal andmeoplastic tissues’ absorption and scattering properties were investigated. Mourant et al. (1995)122 developed
a classification method based on the spectral slope recorded in the 330-370 nm range. Koenig et al. (1998)?3 analysed longer
wavelengths.teprobe the total amount of haemoglobin (hence, of blood), which they found to be higher in tumours. This finding
was also gbserved by Slaton et al. (2016)*?4, and appears to reflect tumour angiogenesis, i.e. a higher microvessel density in
neoplastic tissues with respect to the healthy bladder. Such features were later exploited for the implementation of Narrow
Band Imaging (NBI) in bladder tumour detection. By filtering both excitations and reflected light signals within two narrow
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bands, centred on major haemoglobin absorption peaks (415 nm and 540 nm), it is possible to enhance the contrast between
well-vascularized lesions and normal mucosa. This technique can be implemented in video cystoscopes and used for real-time
imaging of the bladder. For example, Rosenzweig et al. (2018)*?° listed 12 in vivo studies comparing NBI to standard white-
light cystoscopy, of whom we included in Table A6 those with >100 patients'?6-12°. Another feature for differéntiating normal
bladder from cancer may be the slope of reflectance spectra recorded between 600 and 700 nm *3: being proportional to the
average size of light scatterers, such parameter could highlight the presence of tumour cell nuclei, as (onaverage) they are
bigger than normal ones.

In general, tumour identification through reflectance-based methods is characterised by high sensitivity (up to 100%),
whereas specificity values fluctuate mostly between 60% and 80%. However, results from spectroscopic!>13122=124"and NBI
studies are difficult to be compared: the former is based on objective parameters extracted from the spectra, while the latter are
based on “the physician’s ability to identify tumours as well as to other subjective factors1?°. Another important difference
between the two approaches is that fiber-optic devices used in spectroscopy require scanning the probe along with each point
of the examined tissue area, whereas all pixels of the NBI image are recorded simultaneously; allowing faster acquisitions.

Both fluorescence and reflectance have been successfully employed for detecting intrinsi¢ differences in the composition of
benign and malignant bladder areas. In this regard, Raman spectroscopy could provideramyadditional and more detailed
characterisation, being able to probe molecular content of these tissues. The first attempts came in the early 2000s from Stone
et al. (2002)%° and Crow et al. (2004)!30, with both groups obtaining very high sensitivity.(397%) and specificity (>93%) in

TUMOUR " BLADDER

Y

NORMAL

N

= Data processing
= Analysis
= Classification

Figure 2. Schematic representation of a fiber-probe endoscope for bladder cancer detection. The probe is connected both to
an excitation source and a detection system. (typically consisting of a spectrograph and a CCD). The signal collected from
suspicious tissue areas is processed and analysed — often through supervised-learning techniques — in order to be classified as
either healthy bladder mucosa or urothelial carcinoma.

discriminating bladder cancer. These studies paved the way for developing and applying Raman fiber-optic probes to the same
biomedical problemgresulting it many independent papers!?13131-136 that validated the previous results. Table A7 lists the
Raman literature on the field. Most of the reported works shares common features, such as employing fiber-probes, adopting
NIR excitation wavelengths (785 nm being the most common), and analysing the recorded dataset through a combination of
PCA and lin€ar classification models (mainly Linear Discriminant Analysis). Moreover, there is general agreement about the
interpretation of Raman spectra: compared to healthy mucosa, decreasing collagen content and an increasing presence of lipids,
amino acidsiand DNA were observed in cancer spectral>132134135137 reflecting the altered metabolism of tumour tissues.
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On average, Raman spectroscopy/microscopy obtained ~90% sensitivity and specificity in detecting bladder tumours.
Notably, there is smaller variability between the results of Raman papers than among the fluorescence literature on the same
subject. However, all but one'3? of the studies reported in Table A7 were conducted ex-vivo. In fact, the main challenge in using
Raman-based methods is their relatively long integration time: recording a spectrum typically required 10-20:seconds in the
reported literature, which is several orders of magnitude higher than in fluorescence/reflectance-based techniques:, This is a
clear obstacle for in vivo implementation in the clinical setting.

On the other hand, Raman spectroscopy has also been applied for differentiating bladder tumour grades (Table, A8) by
exploiting its higher molecular specificity with respect to other techniques. Such a task can be performed‘after tissue excision,
hence measurements requiring a few tens of seconds or minutes would pose no effective delay nor,an obstacle.to standard
clinical routines. The known literature reports 89% sensitivity and 83% specificity, on average, in discriminating low-grade
(LG) from high-grade (HG) bladder tumours. Efforts were also made to differentiate bladder tumour stages, such as T, (non-
invasive), T (connective-tissue-invading) and T, (muscle-invading) urothelial carcinomas!?13130132, The results obtained in
differentiating T, from the two invasive stages range between 96% sensitivity / 96% specificity©obtained in\Crow et al. (2004)30
and 41% sensitivity / 83% specificity in R.O.P. Draga et al. (2010)132. Raman spectroscopy could play an important role in
examining freshly excised tissue biopsies and providing an automated diagnosis of bladder tumours, which would help in
designing a proper medical treatment immediately after cystoscopy. ~

As with gastrointestinal cancer, ongoing work uses MPM to detect bladder cancer’ (Table A9'40-14%). To date, most
applications using MPM are limited to biopsies. There are various approaches to ‘collecting and discerning this information.
The most explored way is collecting the SHG produced by collagen fibers. By comparing collagen fibers morphology, several
studies have been able to differentiate between healthy bladder tissue and carcinoma®4®-146, It s also possible to take advantage
of the information of autofluorescence induced by the absorption of two orthree photons‘of molecules whose absorption is in
the UV region including NADH, keratins, melanin, and elastin. Since these techniques induce the fluorescence of endogenous
tissue molecules, different spectral analyses can be incorporated into the signals in order to differentiate the molecules. One
approach is to fix the sources of ultrashort pulses to the most efficient'wavelength for each of the endogenous molecules and
generate maps of the different signals of the tissue. It is also possible to,combin&nonlinear techniques with techniques based
on fluorescence lifetime, such as Fluorescence lifetime imaging Lifetime Imaging Microscopy (FLIM) or Spectral fluorescence
Lifetime Imaging Microscopy (SLIM) to differentiate each endogenous molecules of the tissue!?41143, With this, it has been
possible to determine the distribution of the FAD and NADH maolecules. In addition to this, with the structural information
obtained by SHG collagen, notable differences have been demonstrated between the regions of healthy tissue and urothelial
carcinomal2140-143,

As previously mentioned, many studies have identified Raman spectrum peaks where there is greater variation between
healthy tissue and urothelial carcinoma. They have taken advantage of Raman information to generate metabolic maps through
the use of techniques such as CARS or ‘SRS. Finally, there are more ambitious works that have managed to collect
simultaneously the signal of TPEF, SHG and CARS and combine this information with the spectral information from TPEF-
FLIM and Raman?** to generate multimodal/dmages contrasting morphological and metabolic characteristics between healthy
tissue and cancer. Thus, research has demonstrated the ability of these modalities to provide diagnostic information, and their
potential to become a diagnostic tool fordetecting the disease in its early stages and improving the understanding of associated
pathophysiological processes.

4.3 Laser sources for optical diagnostics of the digestive and urinary systems

Optical reflectance techniques for tissue classification typically require the use of broadband light sources and optical filters in
the emission and collection light paths.. Fluorescence or Raman generation, instead, requires narrow-band, continuous wave
(CW) laser sources, the most popular!4%'4® being semiconductor laser diodes.

Diverse categories 0f pulsed laser sources are used for the optimal functioning of multiphoton microscopy (MPM) systems,
contingent upon their 'specific applications. Consequently, determining the most suitable excitation light source for MPM of
specific tissue types presents.a’complex challenge. Multiple parameters warrant consideration for an effective comparison,
including but not limited to: image quality (comprising both blur and noise), sample safety, imaging depth, and the versatility
of available imaging modes., etc!4°. Figure 3 depicts the emission wavelength ranges that most of the commercial lasers!3%13!,

Solid-state lasers employ a crystal or glass host material that is doped with specific ions such as Neodymium (Nd), Ytterbium
(Yb), Chromium (Cr), or Titanium (Ti) to achieve the desired lasing wavelength. These lasers can operate across a broad
spectrum, ranging from the visible to the near-infrared, typically between 0.5 and 1.6 um*>2, Semiconductor lasers function
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across an extensive wavelength spectrum, from ultraviolet (UV) to mid-infrared (MIR), partially encompassing the biological
windows except for the third one. InGaAs, with a tunable direct bandgap, is ideal for specific wavelengths in biological
windows, while GaAs is used for near-infrared lasers and AlGalnAsSb for lasers beyond 2 um in the mid-infrared range®*°. In
fiber lasers the active gain medium is doped with rare-earth elements such as Erbium (Er), Ytterbium (Yb), Thulitm (Tm) and
etc’®?, The operational wavelength range of fiber lasers is generally between 1 pm and 2.2 pm, although specialized designs
and methods can extend this range. One such method is supercontinuum generation, which is produced by the propagation of
intense laser pulses in a transparent nonlinear medium, resulting in ultra-broadband radiation. This radiation has a high power
spectral density and a high degree of coherence, making it equivalent to a white-light laser!>3.

In the context of MPM, the most used and explored source is the titanium-doped sapphire (Ti:Sapphire or ti:sapph)) laser,as
this can be used to excite nonlinearly most of the visible fluorescent markers. A high saturation, energy, large stimulated
emission cross-section, and broad absorption gain bandwidth make Ti:Sapphire the most successful solid-state laser material
in the near-infrared (NIR) wavelength range. They have excellent tunability in the range of 650-1100 nm and high potential for
ultrashort pulses creation.

However, Ti:Sapphire lasers are generally confined to the laboratory. These lasers are not appropriate for industrial or mobile
applications due to their temperature and vibration sensitivity. Furthermore, they are stillimassive, complex, high-priced!’!. In
this context, cutting-edge fiber lasers are excellent alternative which could offer compactnéss, industrial reliability, power
scalability, wide spectral working range and superior beam quality from the fiber output!4.
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Figure 3. Commercially available laser sources operating within biologically wavelength ranges.

5. Complementary technologies for in vivo detection of bladder and gastrointestinal cancers and future

5.1 MultimodaldMultiphoton Micro-endoscopes

In vivo implementation of multiphoton techniques — especially in a multimodal configuration — offers a promising tool for
assessing the'presence; grade and stage of tissue lesions like bladder/gastric tumours. Such task is currently carried out ex-vivo,
i.e. through biopsysextraction and histopathological examination, but this procedure has some limitations: high cost,
invasiveness, sampling errors, time-consumption and the inability to monitor the lesion. Multimodal Multiphoton Microscopy
(MMM), on the'other hand, could provide label-free, high-resolution optical sections of a few hundred micrometres below the
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tissue surface, without the need for collecting and staining biopsies, providing high-sensitivity 3D images with micrometre
accuracy. Moreover, MMM could also be used for better defining tumour margins during surgical removal. However, the
greatest challenge in the clinical translation of this technology is the difficulty in obtaining multiphoton images from internal
organs, which requires the development of fully integrated multimodal microendoscopy systems (Tables A10and®A11155-16%),

Currently, microendoscopy systems have been able to be fully integrated into probes of 3 mm in diameter and 4 cm in
length!>157 to satisfy the clinical requirements for use at the hospital level. These probes are made up/of
microelectromechanical mirrors or piezoelectric actuators®®, to control the position of the excitation laser. Furthermore, these
probes are coupled to double-coated optical fibers'>>*63, which allows the excitation and emission wavelengths to be
transmitted efficiently.

However, translating multimodal microendoscopy to the clinic involves many technological challenges. It is essential that
the microendoscope is small enough (i.e., less than 2mm in diameter) to be inserted into,a clinical endoscope!>®-16L,
Furthermore, for efficient multiphoton excitation it is necessary to deliver ultrashort IR pulses thorough to several meters long
of optical fiber, with efficient dispersion management to ensure high peak powers at the end of the endoscope and without
introducing distortions!®4-16%, whilst keeping the large field of view (FOV>150 um), the large working distance (WD>1 mm)
and the highest resolution possible (<1 um). The development of this technology has beenyincreasing progressively in recent
years, making pulse transmission and detection more efficient. These advances in multimodal.endoscopic imaging capabilities
present numerous promising opportunities for applications in both clinical diagnostics and basicresearch, creating a tool for
real-time gastrointestinal and bladder cancer diagnosis and treatment.

5.2 New technologies for deep tissue multiphoton imaging

To increase tissue penetration depth, efforts have been focused on using longer wavelengths, where scattering is minimized.
Additionally, due to the high peak intensities required by the non-linear process;, it is necessary to work in the so-called
biological windows, where light absorption is minimal. Currently, there are four known wavelength regions, or biological
windows!”, listed in Table 1. Each biological window has a different,transmission depending on the specific biological
tissue!:153, 'S

Table 1. The list of biological windows. The bandwidth of each.biological window is listed in the second column from the left. The
wavelengths of nonlinear excitation (third column) and the generated signals for the case of SHG and THG are listed in the third and fourth
columns, respectively.

Biological | Wavelengthi|.Fundamental | SHG | THG
window range [nm] [nm] [nm] | [nm]
1st 700-950 825 412 | 275
2nd 1000-1350 1150 575 | 383
3rd 1600-1870 1700 850 | 566
4th \2100—2300 2200 1100 733

In biological terms one of the advantages‘of the ti:sapph laser is the most works in the first biological windows. Nevertheless,
the generated nonlinear signal (TREF, SHG; THG, etc.) are generated in the visible, far from an biological window. This will
limit again the sample depth that ¢an be examined through these techniques, as optical scattering will further reduce the intensity
of the collected nonlinearly generated signal. On the other hand, the second biological window is being explored more and
more due to the different commercially available laser sources (Ytterbium (Yb)-based laser). However, the non-linear signals
are also produced in the visible range. Despite recent advancements in Tm and Ho ultrafast laser sources, the fourth biological
window (2100 to 2300m) has been'largely ignored. This is primarily due to the high water absorption in this wavelength
range and the lack of high-sénsitivity imaging detectors suitable for these wavelengths!71-173,

The potential of the third wavelength range of the biological window (1600-1870 nm) in multiphoton imaging remains
largely unexplored, but it promises several advantages for working with deep tissues compared to the first and second
transparency windows. Stadies using 1700 nm excitation have demonstrated deep brain imaging experiments (signal-to-noise
ratio (SNR) of ~5 dB) and a penetration depth of 1.1 mm!76. Similar results have been achieved in the urinary system, with a
1700 nm light source reaching a penetration depth of ~800 pum in normal prostate tissue'’’. As mentioned, the scattering
decrease as the excitation wavelength increases. This means that less power is needed to reach the focus with longer-wavelength
light, significantly /increasing the penetration depth in tissues!’®. Additionally, the nonlinear features of multi-photon
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microscopy allow for minimizing out-of-focus light excitation and photobleaching of biological samples'’®. Considering the
increased penetration depth and reduced effect of optical scattering, the use of these longer wavelengths for both excitation and
emission are highly favorable for imaging systems'4. Therefore, one of the most interesting regions is the third biological
window; however, there are still no commercial femtosecond lasers in this region.

In this review, we focus on the two most popular techniques to achieve pulsed laser radiation in the 3" biological window:
optical parametric generators and pulsed fiber lasers.

Optical parametric generators and amplifiers

One of the most popular methods for generating laser sources emitting radiation in the third biological windowsis optical
parametric generation. his approach offers a wide range of precisely tunable wavelengths with a high,signal-te-noise ratio
(SNR), making it suitable for many applications including bio-imaging, time-resolved spectroscopy, chemical sensing, and
microscopy!”-!8!. Parametric light generation relies on the phenomenon where an incident photon in a nonlinear optical
medium converts into two lower-energy photons, called the signal and idler waves. Their wavelengths are determined by the
phase-matching condition and the principle of energy conservation. Phase-matching conditions canybe changed by media
temperature or, in bulk optics, by the angle between the incident pump beam and the crystal optical axes.

As a pump source, optical parametric oscillators (OPOs) are the primary approach of optical-parametrical light generation.
Here, a nonlinear medium is placed in the cavity and the signal and the idler waves are built up from the noise using pump
wave and cavity feedback (Fig. 4)'%2. O'Connor et al. (2002) reported a synchronously pumped, periodically poled lithium
niobate-based OPO with signal output tuned from 1550 to 1950 nm'#3, obtaining up to 90:mW-average power in a signal wave.

Mirror Mirror

W signal

W idler

R —

. W pump
Pump source

. Nonlinear '  Filter
Mirror crystal Mirror

Figure 4. Schematic diagram of OPO based source.

To increase the output power and improye the conversion efficiency, an optical parametric amplifier (OPA) with a low-
power seed source is commonly used. OPOs acting as a seed source are widely applied in the OPA based sources of third
biological window radiation'®. For instance, Merz.et al. (2015) have demonstrated an optical parametric MOPA, tunable from
1370 to 4120 nm '¥5. For pumping, a/Yb:KGW Jaser was used, which delivers up to 8W average output power at 43MHz
repetition rate and 500 fs pulse duration at/a central wavelength of 1030 nm. OPO and OPA were based on periodically-poled
magnesium oxide doped congruent lithium niobate crystals. This system allows obtaining a high average power of up to 1.3W
at 1750 nm with 43 MHz repetition rate. OPO seed sources provide high pulse-to-pulse stability and SNR which positively
affects bio-imaging. However; they have complex optical schemes and highly precision alignment requirements. To avoid these
issues, SC sources are often used as an OPA seed!8!:186-183_ Qptical parametric systems allow obtaining required laser radiation
parameters at the third biological window, and they are capable of satisfying high requirements of bio-imaging but usually have
a high cost, large footprint, and sensitivity to vibration. In fiber parametric oscillators (FOPO), these disadvantages are partially
eliminated. Becheker et al. (2018) demonstrated all fiber FOPO laser system at 1700 nm '#, obtaining 14.3 mW average power
at 1700 nm. Power scaling in the FOPO system can be very difficult due to the nonlinear effects in optical fiber, keeping the
output power less than 20 mW. To increase the output power, it is necessary to use optical parametric chirped-pulse amplifiers
(OPCPA)'*, which allows pulse amplification greater than 25 dB at 1550 nm '"!. With the correct fulfilment of the phase-
matching condition, this approach makes it possible to get a wide-range wavelength-tunable fiber laser at 1700 nm '92. Recently,
a laser with a 450 fs.pulse duration at 1700 nm and an average power of 1.41 W has been developed!®. However, it features
an extremely complex tuning mechanism and requires the use of specialized fibers. Well-known methods widely employ
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specialized fibers such as photonic crystal fibers, dispersion-shifted fibers (DSF), or highly nonlinear fibers (HNLF) for
wavelength conversion and energy scaling purposes.

The OPO and OPA systems are attractive for bio-imaging due to high SNR and pulse-to-pulse stability. On the other hand,
fiber lasers are great at working in harsh environments.

Ultra-short pulsed fiber lasers

The development of a highly stable, robust, compact, easy-to-use, and more affordable ultrashort pulse fiber laserhas opened
the door for multiphoton microscopy systems to be used in the clinical environment. The ultrafast rare-earth-doped fiber lasers
are highly adaptable and more compact than many of their counterparts. Furthermore, they offer simplicity of exploitation and
reliability at working in harsh and inhospitable environments. Despite the fiber medium of lasers, the repetition rate of ultrashort
fiber lasers could be adjusted in order to applications requirement by acousto-optic'®4, applying piezo elements'® or harmonic
mode-locking methods!%197 with optical injection!®3.

Recently, bismuth (Bi)-doped fibers have become popular as an active media of lasers. Thesmain reason is the discovery of
a broadband luminescence in the near IR region (1100-1800) nm in several Bi-doped glasses, (silicate, germanate,
aluminophosphate, barium-aluminoborate). The unique optical properties of Bi-doped fibers provide an'opportunity to generate
laser pulses in the broad spectral regions for various applications!9-203, =~

Using a high concentration of GeO, and SiO, in a Bi-doped fiber core, the emission spectral range could be extended to the
wavelength region from 1.6 to 1.8 um 2%, The first 1.7 pm Bi-doped fiber laser genérating ultrashort pulses via passive mode-
locking was demonstrated by Noronen et al. in 20162%3, Later, the 630 fs pulse and output/pulse energy of 5.7 nJ at 1.7 um
were achieved in the Bi-doped fiber master oscillator power amplifier (MOPA) by Khegai etal. (2018)'*°. Bi-doped fibers are
an immature technology though and have a small core diameter (~ 2 um), which leads to low pulse energy at the output and a
requirement for a large cavity length due to the low gain per meter. The usage of Bi-doped fibers limits the fundamental pulse
repetition rate up to 10 MHz in such lasers202203,

Thulium (Tm)-doped fiber lasers operating at a wavelength of 1700.nm and longer, are more efficient than lasers based on
Bi-doped fibers. A higher doping level of Tm in optical fibers allows shortening t%e cavity length and attaining higher energies.
To investigate the expanding range of radiation tuning (1788-1831/nm and 1702-1764 nm) in a mode-locked fiber laser doped
with Tm, Emami et al. employed a specially designed photonic crystal fiber (PCF)2*4. By relying on the partial amplified
spontaneous emission suppression mechanism, which involvedithe combined use of two fabricated PCFs and the nonlinear
polarization rotation method, the laser’s emission wavelength band was effectively tuned. Advancements in the production of
high-performance Tm-doped fibers enabled the development ‘of a mode-locked fiber laser capable of generating ultrashort
pulses in the wavelength range of 1700-1900 nm. Utilizinglan,acousto-optical filter allowed for effective control of the spectral
range within the cavity. The laser, combined with a Tm-doped fiber amplifier, produced pulses at 1708 nm with an energy of
1.85 nJ 205, Nevertheless, the strong reabsorption at 1700 nm inTm-doped fibers makes reaching high-performance laser sources
at the shorter wavelengths highly difficult.

Erbium-doped fiber (EDF) has become the«central.component of nearly all optical amplifiers in the 1500-1600 nm spectral
region. The most developed laser systems operating in this region are based on EDF, as EDF provides an efficient broad-band
gain in the telecommunications window. The amplified spontaneous emission bandwidth of EDF does not cover the third optical
window, although nonlinear effects in opticaaSTbers can provide a frequency shift of EDF lasers. The self-phase modulation
(SPM)?% and cross-phase modulation®”’, four-wave mixing?®®, stimulated Raman scattering (SRS)?%210, and stimulated
Brillouin scattering?!!-212 are allgo play important roles in the creation of fiber lasers and amplifiers, signal format conversion
and wavelength conversion devices?!3. These nonlinear effects are actively used in optical fibers to shift the spectral envelope
of the pulse or generate new frequency components, including the generation of radiation in the third biological window.

Currently, several technologies are actively used to transfer energy from the Erbium emission wavelength (1500-1600 nm)
to the range of the third biological window 1600-1870 nm, based on nonlinear effects in optical fiber. Xin He et al. (2019)
demonstrated a compactdaser with a pulse width of 384 fs and an average power of 35 mW with a conversion efficiency of
about 60% using 460/meter/of standard single mode (SM) fiber telecom for a frequency shift of up to 1700 nm 2'4. ZDW-
shifted fibers are frequently employed in the implementation of both SPM and SSFS techniques, with the objective of attaining
wavelengths in the'ranige 0f:1650-1750 nm 215216,

Cadroas et al. (2017) endeavored to enhance the output characteristics of radiation by devising a specialized fiber possessing
a LMA. In conjunction with a cladding mode stripper and a band-pass filter employing soliton self-frequency shift, they
achieved pulses with'@a'9 nJ energy, 75 fs duration, and a wavelength of 1650 nm 2'7. Subsequent studies employing
commercially available LMA fibers have demonstrated comparable conversion efficiencies?!®. In 2014 K. Wang et al. presented

the SSFS system.bdsed on photonic crystal rod (PC Rod) that could prove the pulse with energy >60 nJ %1°. However, they
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require much higher initial pump pulse energy, water cooling, and cannot be coiled. The progress in developing tunable ultra-
short fiber pulsed lasers covering the third biological window gives the ability to choose the most appropriate laser parameters
for deep and high-resolution imaging. Table 2 demonstrates the results achieved in generating ultrashort laser pulses
at 1700 nm using various fiber laser schemes and techniques.

Raman Frequency-Shifted fibre OSA

Rare Earth-doped fibre

Figure 5. Setup of the SSFS-based fiber laser source and propagation of soliton in Raman self-frequency shifting fiber.

Table 2. Fiber laser systems emitting around 1700 nm.

Technology Pulse Pulse energy, Ref.
duration [fs] [nJ]

FOPO 450 Y 40 171

Bi-doped fiber MOPA 630 5.7 177

Tm-Ho 630 0.02 181

Er-doped & SSFS in SM telecom fiber 384 0.03 203

Er-doped & SSFS in DSF 196 0.7 204

Er-doped & SPM in DSE 85 10.6 205

Er-doped & SSFS in LMA 75 9 206

Er-doped & SSFS in LMA PCF 100 10 207

Er-doped & SSES,in PC rod 70-80 50-65 208

Latest developments in 1700 nm laser sources pave the way for 3PEF imaging in the third biological window and, potentially,
its future application to cancer detection in the digestive and urinary systems. However, to be competitive with standard clinical
procedures (see Sections 1 and 2), an alternative methodology must meet some important requirements: high imaging speed,
high label-free sensitivity/specificity, and deep tissue penetration.

Although no technique meets all needed criteria, their combination in a multimodal approach could overcome individual
shortcomings and complement ‘each other’sminformation retrieved from the sample. In fact, nonlinear imaging methods can
provide a high-resolution morphological characterisation of the examined tissues, while spectroscopic methods allow probing
their composition and metabolic activity:Such an approach could improve tumour detection and margins identification.
Nonetheless, one major challenge in the clinical application of multimodal imaging remains the adaptation of multiphoton
techniques to an endoscopic environment.

6. Summary

Improving cancer detection, particularly in the digestive and urinary systems, constitutes a prominent objective for the future,
especially in front of rising tumour incident rates and their associated costs. In order to evaluate the possibility of adding
alternative tools to current clinical procedures, in this article we reviewed the relevant literature on the applications non-invasive
optical methods (Raman, reflectance and autofluorescence, TPEF, SHG, THG, 3PEF, and CARS) to the study of
gastrointestinal and urothelial tumours. Using these techniques, either in single modality or in a multimodal approach, many
studies have “already demonstrated the possibility to extract important morphochemical information from the label-free
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examination of both ex-vivo and in vivo tissues. In fact, the analysis of spectra and images acquired from unstained
bladder/gastric samples has proved the ability to highlight and quantify significant differences in metabolic activity and
properties of normal and diseased tissues, such as molecular composition, oxygenation and morphological features. These
parameters could be used for automated, fast, operator-independent evaluation of suspicious tissue areas or biopsie€s, providing
a useful tool to complement white light imaging.

However, clinical implementations of photonics-based techniques for detecting gastrointestinal and bladder cancers require
the use of endoscopes adapted to such task. Well-established solutions are already available for spectroscopic andiimaging
applications of linear optical techniques; instead, endoscopes for multiphoton imaging face many technological challenges and
are still under development (although some have been successfully tested).

On the other hand, scattering and water absorption constitute major obstacles for single-photon techniques when examining
deep tissue layers, which is of paramount importance for assessing tumour infiltration and could also helprin verifying safe
margins during its surgical removal. In this context, 2- and (even more) 3-photon excitation techniques,provide clear advantages
in tissue penetration, optical resolution and reduced photodamage. And while the majority of reviewed.papers implemented
SHG/TPEF microscopes, the latest developments in ultrafast laser sources — in particular, gmitting around 1700 nm — could
pave the way for increased use of THG and 3PEF imaging. The third biological window promises several advantages for
working with deep tissues for multiphoton imaging. In this regard, Table 3 reports the advantages and disadvantages of all the
techniques reviewed in this article.

Table 3. List of advantages and disadvantages of major photonics-based techniques.

Technique Advantages Disadvantages

 Fast imaging
® Detection of intrinsic e Low penetration depth

fluorophores* e Limited molgcular characterisation
o Allow spectroscopy analysis

Autofluorescence

e Fast imaging
Reflectance  Allow spectroscopy. analysis
e Simple Setup

e Low penetration depth
e Limited molecular characterisation

e High-detailed molecular
Raman characterisation e Long integration time
e Medium penetration depth

e High spatial resolution

SHG g High. penetration erth ‘

» Provide structure information for
Inon-géntrosymimetric molecules

e High spatial resolution

e High penetration depth
TPEF/3PEF s Detéetion of ifitrinsic
fluorophores™

o Allow spectroscopy analysis

e Non molecular identity
e Directionality
® Need a ultrashort source

e Only few fluorophores can be
excited*

e Limited molecular characterisation
e Requires ultrashort source

e Limited molecular characterisation

o High spatial resolution e Directionality
CARS . . .
e High penetration depth o Requires two ultrashort sources
o Complex setup
e High spatial resolution
e High penetration depth e Non molecular identity
THG e Provide structure information of (¢ Directionality
interfaces and optical ® Requires ultrashort source

heterogeneities
* The fluorophores:that can be excited depend on the source spec (wavelength, broadband and time duration) available in the market.

Full exploitation of the possibilities offered by the photonics-based techniques summarized in this review requires correlating
the performance of these techniques with an in-depth knowledge of the molecular and metabolic modifications connected with
the observed spectroscopic and microscopic readouts. Suitable preclinical systems aimed at reconstructing the tumor
microenvironment allow performing in-depth genetic and molecular analyses that are often impossible on clinical samples.
These techniquessinclude the growth of three-dimensional cultures of stabilized cell lines (spheroids)??%??! with varying degrees
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of aggressiveness and the production of organoids from clinical samples when sufficient bioptic material is available???-224,
Some examples of the application of spectroscopic techniques on organoids and spheroids from tumors of the bladder and
gastrointestinal tract have been published??>-232, The integration of these spectroscopic analyses with molecular and post-
genomic analyses will allow a more refined correlation of spectroscopic and biochemical properties, whose translation in the
clinical setting may allow higher resolution patient staging, making it possible to design more effective and less toxic patient-
specific personalized therapies?33234,

The implementation of label-free photonics-based techniques in the clinical environment represents an/@mbitiousisolution
for increasing the diagnostic efficacy of current gold standard tests based on WLI. While each technique has strengths and
weaknesses, their combination in a multimodal approach could overcome the individual shortcomings and,significantly
improve cancer diagnosis. A recent example of such efforts is represented by the European Union Horizon 2020 project called
AMPLITUDE (Advanced Multimodal Photonics Laser Imaging Tool for Urothelial Diagnosis in Endoscopy*#), which aims to
analyse spheroids and organoids derived from bladder tumours through Raman, TPEF and 3PEF imaging, and to develop a
multimodal endoscope (combining all three techniques) specifically designed for urothelial cancer diagnoesis. More in general,
the literature reviewed in this article suggests that photonics may play an ever-increasing role in trasslational research and,
particularly, in detecting tumours in the digestive and urinary systems.
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Annex

Table Al. List of studies reporting the detection of gastrointestinal tumours by fluorescence spectroscopy.

Patients™ | gjtes* Aexe Sens. Spec.
Paper Year Type
N1 | NTTD L (am) (%) (%)
R. M. Cothren et
acl’ e 1990 in vivo 20 67 (36; 31) 100 97
C. R. Kapadia et
:ﬁ; 1ae 1990 ex-vivo 70 (35; 35) 325 100 100
R. Marchesini et .
al 60 1992 ex-vivo 45 (9; 36) 78 (42; 36) 410 -80.6 90.5
B. W. Chwirot et .
Lo 1997 ex-vivo 21 72 (50; 23) 325 9% 52
M. Kobayashi et
oalaZ:s e 2001 in vivo 52 54 (21; 33) 437 94 86
B. Mayinger et . 129
s 2001 in vivo 13 375-478 97 95
: 7.72
(57;72) IS
S.D. Xiao et al.”® 2002 in vivo 38 (24;.17) 442 83 91
B. Mayi t
B 2004 in vivo 31 375-478 69 87
S.D. Kamath et
;:TZa € 2008 ex-vivo 23 (13, 10) 325 935 100
M. S. Bergholt et
A BTt in vivo 81 176 785 98.6 84.7
. 151
D.F.B kel
| 2015 invivel. |47 (12; 35) 405 81 58
etal. (108; 43)
L. Ehlen et al.”> 2019 ex-vivo 10 95 (45; 50) 473 87 78
MEAN + SD 90 £ 10 85+ 15

* Number of patients and tissue areas/biopsies effectively included in each study, i.e. non-counting the ones excluded from
analysis due to artefacts or/other reasons. In brackets, the number of non-tumour (N-T) and tumour (T) sites.
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Table A2. List of studies reporting the detection of gastrointestinal tumours by reflectance spectroscopy or imaging.

Paper

Year

Type

Patients*

Sites*
(N-T; T)

Detection
(nm)

Sens.

(%)

Spec.

(%)

Z.Ge et al.®3

1998

in vivo

160

(107; 53)

350-800

85**

85**

A. Dhar et al.’®

2006

in vivo

45

138

300-800

80

86

H. Akbari et al.””

2011

ex-vivo

10

101

1000-2500

91

93

S. Kiyotoki et
al.’®

2013

ex-vivo

14

320

(160; 160)

400-800

76.2

78.8

D. J. Evers et
al.”?

2013

ex-vivo

24

828

(393; 435)

500-1600

94

94

R. Kumashiro et
al.80

2016

in vivo

24

135

(95;40)

450-600

&

72.5

82.1

Z. Han et al.8!

2016

in vivo

12

21

4
405-665

97

91

E. Tanis et al.82

2016

in vivo

17

484

400-1600

95

92

A. Keller et al.83

2018

ex-vivo

32

254

(123; 131)

344-1044

98.4

99.2

L. Ehlen et al.”>

2019

ex-vivo

10

95 (45; 50)

901-1301

93

68

E.J. M.
Baltussen et al.8*

2019

in vivo

N

32

270

400-1700

90

94

M. S. Nogueira
et al.®

2021

ex4vivo

a7

350-1919

96.1

95.7

MEAN * SD

89+9

88+9

48 * Number of patients and tissue areas/biopsies effectively included in each study, i.e. non-counting the ones excluded from
49 analysis due to artefacts or other reasons. In brackets, the number of non-tumour (N-T) and tumour (T) sites.
50 ** Values corresponding to'the mean predictive accuracy.
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Table A3. List of studies reporting the detection of gastrointestinal tumours by Raman spectroscopy.

- * ]
Patients Sites* | Spectra Aexc Sens. Spec.
Paper Year Type
(N1 | (NTTINTT) G (hm) (%) (%)
617
N. Stone et al.®> 2002 ex-vivo a4 89 830 94 93
(455; 162)
C. Kendall et
ZT e 2003 ex-vivo 44 87 (53; 34) 1125 830 94 93
222
S. K. Teh et al.7 2008 ex-vivo 53 73 (55; 18) 785 90,2 95.7
(143; 79)
Z. Huang et L 238 (121;
2010 in vivo 67 1063 785 94.0 93.4
al.8 117)
100 (70;
S. K. Teh et al.#” 2010 ex-vivo 62 Ogé) o 785 80 91
1063
M. S. Bergholt 238 (121;
ereno 2011 invivo | 67(63;61) ( 785 94.6 94.6
et al .88 117) (934, 129)
M. S. Bergholt 123?
' e't ali 2011 in vivo 81 176 (1098; 785 92.9 89.3
: 140)
213
T. Kawabata et
M| 201 | exvivo 10 1040 73 73
al. (132; 81)
S. 2748
Duraipandian 2012 in vivo 305 (2465; 785 80.5 86.2
et al.?® 283)
M. S. Bergholt 1277
. 2013 in vivo 83 (1013; 785 84.9 95.6
etal.9t N
264)
S.Jin et al.2 2014 ex-vive | 105 (72;33) NIR 100 97.4
191 441 5792
J. Wang et al.?3 2016 in vivo (5315; 785 82.4 94.3
(178; 13) (407; 34) 477)
123 269
D. Pet t
€ T‘Ze” € 2017 extvivo | 69 (56, 13) 785 79 83
al. (101, 22) (204, 65)
MEAN * SD 83+8 91+7

32

* Number of patientsiand tissue areas/biopsies effectively included in each study, i.e. non-counting the ones excluded from
analysis due'to artefacts or other reasons. In brackets, the number of non-tumour (N-T) and tumour (T) sites.
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Table AA4. List of studies reporting the detection of gastrointestinal cancer by nonlinear techniques.

Author Tissue Signal Type Aexc Year
collected
(nm)

W. Zheng et al.?® Oral cheek pouch TPEF/SHG in-vivo 4, 745 2011
R. Orzekowsky- Small intestine TPEF** in-vivo ‘ 730910 +2011

Schroeder et al.1® |
R. Cicchi et al.101 Colon mucosa TPEF extvivo . 740 2013
T. Makino et al.102 Oesophagus, stomach, SHG/TPEF ex-\m\ | 780 2013

duodenum, ileum, and colon ‘
J. Chen et al.103 Oesophagus, TPEF**/SHG + ex-vivo 735/800 2014
gastroesophageal junction
, and gastric cardia
(GEJ), and gastric cardia * I
S. G. Stanciu et al.204 Liver TPEF/SHG ex-vivo 900 2014
. Y .
L. Li et al.105 Colorectal TPEF/SHG ex-vivo 810 2014
A. Schueth et al.106 Bladder | “TPEF/SHG ex-vivo 800 2014
J. Yan et al.17 Rectal A | TPEF/SHG ex-vivo 800 2014
A. Klinger et al.5! Murine intestinal mucosa TPEF** in-vivo 730/800 2015
vs 800 (10fs)
Y. Zhou et al.1%8 Gastric ;usculalﬁropria * TPEF/SHG ex-vivo 810 2016
M. Skala et al.10° Hamster cheek;ouch SHG/ TPEF ex-vivo 780 2017
T. Matsui et al.110 " Colofectal * TPEF**/SHG ex-vivo | 730/820/900 & 2017
B. Sarri et al.111 . Colon pancreas* SRS/SHG/CARS/ ex-vivo 1030+790-800 | 2019
TPEF
L Liet@al12 e Gastric TPEF/SHG ex-vivo 810 2019
W.-C. Chenetal.® | Oesophagus * TPEF/SHG ex-vivo 810 2020
B. Shen et al.113 Pancreas and liver THG/FLIM/3PEF/ in-vivo 1140 2020
TPEF/SHG

+ H. Zh;g et al.14 Laryngeal squamous 3PFE/SHG/ THG ex-vivo 1050 (40fs) 2021
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Table A5. List of studies reporting the detection of bladder tumours by fluorescence spectroscopy.

) Sites* Aexc Sens. Spec.
Paper Year Type Patients*
(NTT) | (nm) (%) (%)
M. A. D'Hallewi
aneWIn | 1994 in vivo >10 365
et al.11>
F. Koenig et L 114 (29;
1996 in vivo 53 337 97 98
al 116 85)
M. Anidjar et
ar:'u’: re 1996 ex-vivo 21(9; 12) 308 100 100
114 (21
D. Zaak et al.17 2002 in vivo 43 93() 308 o5 77
280 97 93
W. Zheng et
| ee 2003 ex-vivo 25 52 (14; 38)
al. 330 95 92
0.Ab k
oumarzou 2015 in vivo 21 63 (374 30) 405
et al.118
M. C. Kriegmai
b 2018 in vivo 25 56 (26; 30) 440 96.7 53.8
et al.119
378 100 100
E. Baria et al.®® 2019 ex-vivo 32 50 (20; 30)
445 95 100
) 378 79 80
5. Morselli et 169 (40;
A 2021 ex-vivo 114 A zg
al. ) 445 70 89
MEAN # SD 9210 88+ 15
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* Number of patients and tissue areas/biopsies effectively included in each study, i.e. non-counting the ones excluded from
analysis due to artefacts or other reasons. In brackets, the number of non-tumour (N-T) and tumour (T) sites.
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Table A®6. List of studies reporting the detection of bladder tumours by reflectance spectroscopy or imaging.

Patients* | gjies* | Detection | Sens. Spec.
Paper Year Type
N | (NTT) (nm) (%) (%)
JLR.M tet
e 1995 in vivo 10 50(30;20) |  250-800 100 97
F. Koenig et L
. 1998 in vivo 14 26 (17; 9) 450-700 91 60
415 + 30
H. W. Herr et
b 2008 in vivo 427 100 82
al. 540 + 30
415 £30 o
K. Tatsugami'?’ 2010 in vivo 104 313 92.7 70.9
5401+ 30
415 + 30
G. Chen et al.128 2013 in vivo 143 (NA; 285) 79 79
540 + 30
415#30
Z.Ye etal.l2® 2015 in vivo 103 (16; 87) 300 98.8 60.9
540 + 30
-
108(27;
J. Slaton et al.124 2016 in vivo** 6 (2;4) 81() 520-920
E. Baria et al.%® 2019 ex-vivo 32 50 (20; 30) 440-710 90 83
S. Morselli et . 169 (40;
al st 2021 ex-vivo 114 129) 440-710 66 65
MEAN # SD 90 +12 75+13

35

* Number of patients and tissue areas/biopsi¢,=\seffectively included in each study, i.e. non-counting the ones excluded from
analysis due to artefacts or other freasons. In brackets, the number of non-tumour (N-T) and tumour (T) sites.
** Study conducted on animal model.
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Table A7. List of studies reporting the detection of bladder tumours by Raman spectroscopy.
.| sites* | Spectra | Aex Sens. | Spec.
Paper Year Type | Patients
T | INTD L om) | () (%)
196
N. Stone et al.®> 2002 ex-vivo 12 12 830 99 93
(15; 181)
P. Crow et al.130 2004 ex-vivo 72 75 1525 830 97 95
P. Crow et al.13! 2005 ex-vivo 29 220 785 79 89
90
B.W.D.
W.D.delong | ¢ ex-vivo 15 845 94 92
et al.1¥7 .
(37; 53)
R. O. P. Draga o 63
2010 in vivo 32 785 85 79
et al.132 .
(28; 35)
28 140
I.B t
T 2012 | exwvivo 14 785 85.7 100
al. (14; 14) (70;,70)
L. y
Wang et 2012 ex-vivo 632.8 87.7 87.5
a|.138
262
H. Chen et
o 2018 | exvivo 10 32 785 95.1 88.5
al. (78; 184)
50
E. Baria et al.%® 2019 ex-vivo 32 50 (20; 30) 785 95 87
(20; 30)
E. Cordero et
e 2019 | exwivo 21 a8 785 92 93
116
F. Placzek et N
e 2020 | ex-fivo a4 ~100000 785 95 88
al- (66; 50)
S. Morselli et . 169 169
61 2021 ex-vivo 114 785 77 72
ak (40;129) | (40;129)
MEAN # SD 907 89+7

36

* Number of patients'and tissue areas/biopsies effectively included in each study, i.e. non-counting the ones excluded from
analysis due to artefacts or other reasons. In brackets, the number of non-tumour (N-T) and tumour (T) sites.
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Table A8. List of studies reporting the discrimination between LG and HG bladder tumours by Raman spectroscopy.

Aexc Sens. Spec.
Paper Year Type
(nm) (%) (%)
P. Crow et al.130 | 2004 ex-vivo 830 98* 93*
D. Bovenkamp .
2018 ex-vivo 785 99 87
etal.13
H. Chen et al.13¢ | 2018 ex-vivo 785 97.5* 96.4*
E.Bariaetal.®® | 2019 ex-vivo 785 90 90
~

E. Cord t

oraero €t 1 7019 ex-vivo | 785 85 83
a|_134
F. Pl k et

aczek €1 2020 exvivo | 785 81 63
a|-135
S. Morselli et .

2021 ex-vivo 785 73 65
al.bt
4

MEAN + SD 89+10 83+12

*These values represent sensitivity and specificity in discriminating\HG spectra from both non-tumour and LG spectra.

Table A9. List of studies reporting the detection of bladder tumours by non-linear techniques.

A'e)((:
Paper Tissue Technique | Year Type
(nm)
\‘
S. Mukherj -
uknerjee Bladder SHG/TPEF 2009 785 ex
et al.140 vivo
R. Cicchi et -
icchi € Bladder SHG/TPEF/FLIM | 2010 790 ex
al.141 vivo
M. Jain et ex-
X Bladder SHG/TPEF 2012 785 _

al. vivo
M. J. Katz et -
¥ © Bladder- prostate SHG/TPEF 2014 785 ex

al14s vivo
M. Jain et -
>l Bladder SHG/TPEF 2015 785 ex
al.14s vivo
M: Marchetti -
archettt Bladder ALL 2019 | 10404785 | ¥

et al.144 vivo
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Table A10. List of studies reporting multimodal techniques using an endoscope.
Non-linear Excitation |
Author Tissue effect wavelength Year ‘
reported [nm]
Human Trabecular v g
Y. Zhao et al.1%5 TPEF 800 2010
(stained)
Mouse tail tendon
D. R. Rivera et al.13¢ Mouse colon TPEF/SHG 800 2011
Mouse lung
~
C. M. Brown et Rat kidney (ex-vivo)
e TPEF/SHG 40, 800 2012
al. Rat colon (in-vivo)
Rat kidney renal cortex Q ) 2
D. M. Huland et
al L;Szn € Rat inner colon wall TPEF/SHG ‘ 800 2012
Rat liver
J. Xi et al.1>® A431 cancer cells (stained) TPEF/OCT’ 1550 2012
Mouse liver (ex—vivo)i y
W. Liang et al.160 TPEF/SHG 810 2017
Mouse small intestine (in-vivo)
A. Lombardini et
on;l i:z inte Human colon fatty tissues ‘ SHG/CARS 800/1040 2018
A. Dilipkumar et . - .
Murine colon mucosa in vivo TPEF/SHG 780 2019

al 163

38
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Table A11. List of studies reporting improvements in the microendoscope.

Non-linear  Excitation \
Author effect wavelength Year Improvement provided
10 reported [nm]

oNOYTULT D WN =

W. Liang et Increased illumination dniformity and
1ang TPEF 810 2012 rumination o |
al. 158 reduced photodamage

14 D.G.

15 Ouzounov et TPEF 800 2013 Add optical zoom.capability
16 al.164

18 C. Lefort et Improving and ciaracterisir% ofa
TPEF 800 2014
19 al.165 commercial double=clad fiber

20 G. NV 4

Ducourthial et TPEF/SHG 810 2015 Improving acquisition time
a|.166

24 H. Hamzeh et Optimization and characterisation of
25 1o7 TPEF 750-810 2015
al. GRIN lens

26
} Incorr;orating a Polarization
Y. Kim et al.168 TPEF 2016 ‘ S
Maintaining
| 4
29 ® 7 =

E. Pshenay- L . .
Laser transmission and signal collection

30 Severin et CARS, TPEF, 795/1030 2021
\ for CARS, SHG, and TPEF

31 SHG ‘

al.169
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