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Abstract: Nowadays, the ability to diagnose brain tumors intraoperatively and delineate their
margins, as accurately as possible, is of primordial importance during surgery. However, the exact
tumor boundaries and targets are difficult to find due to the similar visual appearances especially at
the margins, leading in many cases to poor surgical outcomes and a high risk of recurrences. To solve
this dogma, our group tried to determine different tissue optical signatures such as optical parameters
and endogenous fluorescence. For that, we conducted a comparative study to differentiate between
healthy and tumorous tissues under one- and two-photon excitations on optical properties to explore
several optical parameters. In addition, the study of endogenous fluorescence can successfully help
with the discrimination between tissue types using one- and two-photon excitations. This works
suggests that the multimodal analysis of optical signatures of tissues could be a reliable technique
that can be used to differentiate between healthy and tumorous tissues. This can help in the future
with the implementation of such techniques in vivo during surgery to help the surgeon with the
decision that needs to be taken as for tissue resection.

Keywords: endogenous fluorescence; optical properties; phasor FLIM; spectral analysis

1. Introduction

The main challenge of any neurosurgical intervention today is based on the accu-
rate identification of the tumor’s margins in order to achieve a complete and successful
resection [1–3]. In fact, for some extra-axial lesions, the general appearance of the tumor
under conventional imaging techniques such as computed tomography (CT) and magnetic
resonance imaging (MRI) is sufficient to establish the tumor boundaries. However, these
techniques are limited in terms of tumor grading and molecular characterization, making
other types of lesions less easily distinguished due to their infiltrating characteristics. This
inability to fully visualize invasive brain cancers results in subtotal surgical resection,
increasing the chances of recurrences [4]. Similarly, unnecessary removal of brain tissue
that does not contain cancerous cells can lead to major neurological deficits that affect the
quality of life.

Biomedical optics in all of its fields is one of the research areas being developed to
create applications and protocols to help with diagnosis and to treat such obstacles at the
molecular level [5]. In fact, such technologies first started with the use of fluorescence
imaging and tissue biomarkers for surgical guidance in brain tumor resection using 5-
aminolevulinic acid-induced protoporphyrin IX (5-ALA-PpIX) fluorescence [6,7]. However,
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the use of exogenous dyes is limited by their infiltrating characteristics or even their
potential side effects, thus requiring the recruitment of other tissue optical signatures [8,9].

On the other hand, autofluorescence spectroscopy has made significant progress in
recent decades, allowing the exploration of tissues and organs for various biomedical
applications [10–12]. Autofluorescence techniques, including spectroscopy and microscopy,
have been utilized to visualize tissue structures and morphology, gain insights into cellular
mechanisms and dynamics [13], and identify cancerous tissues [14–17]. Over the years,
autofluorescence has been employed to characterize cancerous tissues in various organs
such as the kidney [18], bladder [16], breast [19], brain [20–22], lungs, uterus, ovaries, and
cervix [23,24]. Endogenous fluorescence, particularly the emission of fluorophores such as
nicotinamide adenine dinucleotide (NADH) and flavins (FAD), has been closely monitored
to distinguish between healthy, tumoral, and infiltrated tissues [16,25–28]. Consequently,
the autofluorescence of these fluorophores and their related metabolic ratios have been
extensively investigated to track tissue metabolism and to provide reliable information that
helps to establish optical signatures specific to cancerous tissues [16,21,25].

In this context, our research team tried to study such signatures, either by analyzing
human tissue endogenous fluorescence or by extracting specific optical parameters such as
tissue absorption and scattering.

To achieve these objectives, our team previously tackled different optical properties’
determination using specific integrating-sphere and inverse Monte Carlo techniques on a
large cohort of brain tissues [1]. The work mainly focused on establishing the absorption,
scattering, and anisotropy coefficients using 405 nm as the excitation wavelength. The
results showed that, by using such techniques, one is able to define several discriminatory
indicators between control and tumor samples as well as distinguish between several
tumor types.

To complete this multimodality, the present study aims to extend the work towards
the near-infrared domain using the same optical techniques previously applied. The cohort
accounted for in the current work includes a glioblastoma (GBM) group (a grade IV glioma
and primary brain tumor) and a control group (epileptic cortex). As a first step, and
using the same integrating-sphere technique, we quantitatively looked at the different
optical properties both in the visible and in the near-infrared domains to study and analyze
the effect of the wavelength change on the determination of different optical coefficients.
These coefficients give an idea about the concentration of hemoglobin (either oxygenated
or deoxygenated) and other molecules present in the tissue. Therefore, the extraction
of these parameters from brain tissue samples can yield some reliable quantitative data
to give a better idea about the penetration depth, the light path in the tissues, and the
interactions between the different fluorophores, thus allowing the characterization of
tissues and the accurate discrimination between healthy and tumorous tissues [1,2,29].
Second, using a multimodal microscope capable of alternating between confocal and
two-photon microscopy, we were able to obtain a variety of contrasts at 405 and 800 nm
excitation wavelengths, including non-linear fluorescence imaging, fluorescence spectra,
and fluorescence lifetime and, thus, extract additional information related to the molecular
interactions and physicochemical environment of the different tissue types. As such, a
multimodal campaign that includes a study of different optical properties, endogenous
fluorescence lifetime and spectral response, and excitation at different wavelengths, allows
a better understanding of the tissue metabolic processes, structure, and microenvironment
that all facilitate the transitioning between tumorous and healthy regions.

2. Materials and Methods
2.1. Samples

The samples used in the study were collected from the departments of Neurosurgery
and Neuropathology at the GHU Paris Psychiatrie et Neuroscience Hospital, upon the
approval of GHU Paris Psychiatrie et Neuroscience Hospital—University Paris Descartes
Review Board (CPP Ile de France 3, S.C.3227). All methods were performed in accordance
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with the relevant guidelines and regulations of this protocol and written informed consent
was obtained from all patients involved in the study. A total of 14 samples were used in the
following experiments, belonging to different tissue types. Six glioblastoma samples were
compared to eight healthy cortex samples mainly coming from an epileptic surgery. These
samples were stored at −80 ◦C after being received from the hospital. A few hours before
cutting, the tissues were stored at −20 ◦C, after which they were cut at −18 ◦C into 200 µm
slices using a cryostat (CM 1950, Leica Microsystems). The tissues were then fixed with
ethanol 100◦ and stored at 4 ◦C until experimentation.

2.2. Integrating Sphere Setup

A standard optical setup was deployed to measure the transmittance T(λ) and re-
flectance R(λ), from which one can determine the coefficients of absorption (µa) and scat-
tering (µs), as well as the anisotropy (g) of all samples. To measure each, we used an
integrating sphere (model: IS200-4 Thorlabs) that includes four identical ports, each one
having a 12.7 mm diameter, and an additional port with a 3 mm diameter was used to
collect light from the sphere to a spectrometer (HR2000-Ocean optics) through an optical
fiber (QP600, Ocean insight). Light that is generated by the laser (Chameleon ultra II,
coherent) first passes by a couple of pinholes that will optimize the power and the shape of
the laser light going into the integrating sphere. As for the samples, these were placed at
the front of the sphere, where we measured transmittance, and at the back of the sphere,
where we measured reflectance. When it comes to measuring the collimated transmittance,
this requires a setup independent of the use of the sphere. In fact, to measure anisotropy
(or collimated transmittance), three apertures perfectly aligned in front of the laser were
used. The setup was optimized prior to measurements with the use of an absorbent filter
(OD = 0.85) that reduced the intensity coming from the laser.

The work was focused on the near-infrared domain so, for this reason, an 800 nm
excitation wavelength was used. Briefly, and for each of the samples in hand, four to
five regions of interest (ROI) were chosen in which transmittance, reflectance, and colli-
mated transmittance were measured. The average of these measurements was taken into
consideration when determining the optical properties of each sample.

After undergoing the necessary measurements of the transmittance, reflectance, and
collimated transmittance, the inverse adding doubling (IAD) algorithm developed by Scott
Prahl (http://omlc.ogi.edu/software/iad/ accessed on 5 April 2017) was used in order
to extract the reduced scattering (µs’) and the absorption (µa) coefficients as well as the
anisotropy factor g of the samples in hand. Further details about the functioning of this
algorithm have been previously presented [1].

2.3. Multimodal Microscopic and Fluorescence Lifetime Imaging (FLIM) Setup

From the above setup, three optical signals on specific ROI were recorded: (1) one-
and two-photon spectral analysis using, respectively, 405 nm and 800 nm as excitation
wavelengths; (2) two-photon fluorescence lifetime imaging measurements; and (3) fluores-
cence + second harmonic generation (SHG) imaging under two-photon excitation.

More details about this multimodal microscope setup were published elsewhere [30].
The analysis of the different optical signals obtained were carried out using the Leica
software (LAS X version 3.5, Leica microsystems). For the spectra at 405 and 800 nm
excitation wavelengths, a specific position per sample was considered, and with the use of
the spectral acquisition option in the Leica software, these spectra were generated.

In addition, Matlab (R2017b) and ImageJ programs were also used to generate flu-
orescence images. As for FLIM measurements, the same position as that of the spectra
was considered and analyzed using an 800 nm excitation wavelength. On each fluores-
cence lifetime image, nine ROIs were selected and then analyzed with the Symphotime
software (Version 2.3, PicoQuant, GmbH, Berlin, Germany). The total phasor histogram
was extracted from fluorescence lifetime images of the different tissue types, which permits
calculation of the long lifetime intensity fraction (LLIF) and is represented by the alpha
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coefficient. More details about the phasor histogram and the alpha calculation method are
available in our previously published works [2,29].

Briefly, each fluorescence decay curve I(t) of every pixel of the FLIM images was
converted into two coordinates in a Cartesian plot, following Equations (1) and (2) below:

Si(ω) =
∫ ∞

0
I(t).cos(ωt).dt/

∫ ∞

0
I(t).dt (1)

Gi(ω) =
∫ ∞

0
I(t).sin(ωt).dt/

∫ ∞

0
I(t).dt (2)

The index “i” corresponds to a pixel in the FLIM image while S and G are the x and y
coordinates of each phasor. ω corresponds to the laser repetition angular frequency and is
related to the sampling period (Ts) and to the signal length (L) asω = 2π/L.Ts.

After regrouping, in a global phasor histogram, all phasor counts of the same tissue
type and local maxima of the global histogram were localized and a polynomial fitting line
was plotted. The two intersection points between the phasor circle segment and this fitting
line are related to the fluorescence lifetime values of the two components of FAD or NADH
(free and protein-bound). Afterwards, each phasor count was projected on the fitting line
in order to calculate the LLIF (alpha) histogram.

3. Results
3.1. Optical Properties

Figure 1 represents the absorption and scattering as well as the anisotropy coefficients
of the control versus tumor brain tissue samples studied at different excitation wavelengths.
The presence of previous data from the group on the 405 nm excitation made it possible
to compare our results to what was previously done by our team [1]. It is clear that,
regardless of the nature of the tissue, there is a large decrease in both the absorption and
scattering when shifting between 405 nm and the near-infrared domain. However, the
contrary is observed when it comes to anisotropy, whereby there is a remarkable increase
in g values when going from the visible to the near IR domain. Moreover, when comparing
the boxplots of both the absorption and scattering of each group of tissues, it is clearly
visible that there is a large discrepancy in the range of values in µs, which is particularly
noticed in the tumorous tissue types (Figure 1b). Furthermore, these measurements give a
broad idea about the mean absorption and scattering coefficients in each tissue type. From
Figure 1a, which represents the absorption coefficient of the control and tumor groups,
one can estimate an average µa value of around 0.2 mm−1 for the control group and an
average of around 0.4 mm−1 for the tumorous group both at 800 nm excitation. This shows
a difference of around 0.2 mm−1 between control and tumor (p-value = 7.38 × 10−7 < 0.05).
The same applies for the 405 nm excitation (p-value = 9.84 × 10−5 < 0.05). On the other hand,
from Figure 1b, which represents the scattering coefficients of the corresponding tissue
types, one can approximate an average µs value of around 17.2 mm−1 for control tissue
and an average of around 20 mm−1 for the tumorous tissue both at 800 nm excitation. This
suggests a difference of more than 3 mm−1 when it comes to scattering but this difference is
not significant where the calculated p-value = 0.13 > 0.05. However, the difference between
the two tissue types is more obvious and significantly discriminative under the 405 nm
excitation wavelength in the case of µs (p-value = 6.93 × 10−9 < 0.05). When it comes to
the anisotropy coefficient, one can differentiate between the different tissue types at both
wavelengths. For instance, by looking at Figure 1c, one can estimate an average of 0.89
for control tissues against 0.91 for tumor tissues at 800 nm excitation with a significant
difference (p-value = 5.59 × 10−3 < 0.05) and an average of 0.86 for control against 0.89 for
tumor tissues at 405 nm with a significant difference too (p-value = 2.48 × 10−9 < 0.05).



Photonics 2023, 10, 434 5 of 12

Photonics 2023, 10, x FOR PEER REVIEW 5 of 12 
 

 

with a significant difference (p-value = 5.59 × 10−3 < 0.05) and an average of 0.86 for control 
against 0.89 for tumor tissues at 405 nm with a significant difference too (p-value = 2.48 × 
10−9 < 0.05). 

 
Figure 1. Distribution of absorption (a), scattering (b), and anisotropy coefficients (c) for the control 
and tumorous tissues using 405 and 800 nm excitation wavelengths, (d) summary table of p-values 
obtained by realizing a student for control vs. GBM for each parameter and for each wavelength; **: 
indicates that p-value < 0.05; *: indicates that p-value > 0.05. 

3.2. NIR Spectral Analysis 
Figure 2a (control) and b (GBM) illustrate the fluorescence + SHG microscopic images 

acquired from the nonlinear microscope set-up. The control image shows a homogenous 
tissue structure with no presence of dense vasculature or collagen fiber structure, while 
the GBM image shows a denser tissue structure. In addition, it shows typical large vessels 
surrounded by a dense collagen network presented by the SHG signal (in green). 

The presence of these large blood vessels, dense tissue structures, and collagen fibers 
in these images, which are sources of absorption and light scattering, explains the higher 
scattering and absorption coefficient depicted in Figure 1. 

On the other hand, Figure 2c shows the mean fluorescence intensity spectra gener-
ated using 800 nm as the excitation wavelength for control and tumor tissues while Figure 
2d shows the mean fluorescence spectra of both tissue types using 405 as the excitation 
wavelength. Differences in spectral shapes and in the intensity of the emitted fluorescence 
could be easily noticed, comparing 405 nm and 800 nm spectra of the two tissue types. 

Figure 1. Distribution of absorption (a), scattering (b), and anisotropy coefficients (c) for the control
and tumorous tissues using 405 and 800 nm excitation wavelengths, (d) summary table of p-values
obtained by realizing a student for control vs. GBM for each parameter and for each wavelength;
**: indicates that p-value < 0.05; *: indicates that p-value > 0.05.

3.2. NIR Spectral Analysis

Figure 2a (control) and b (GBM) illustrate the fluorescence + SHG microscopic images
acquired from the nonlinear microscope set-up. The control image shows a homogenous
tissue structure with no presence of dense vasculature or collagen fiber structure, while
the GBM image shows a denser tissue structure. In addition, it shows typical large vessels
surrounded by a dense collagen network presented by the SHG signal (in green).

The presence of these large blood vessels, dense tissue structures, and collagen fibers
in these images, which are sources of absorption and light scattering, explains the higher
scattering and absorption coefficient depicted in Figure 1.

On the other hand, Figure 2c shows the mean fluorescence intensity spectra generated
using 800 nm as the excitation wavelength for control and tumor tissues while Figure 2d
shows the mean fluorescence spectra of both tissue types using 405 as the excitation
wavelength. Differences in spectral shapes and in the intensity of the emitted fluorescence
could be easily noticed, comparing 405 nm and 800 nm spectra of the two tissue types.

Using one-photon excitation (405 nm), the probability of a molecule absorbing a
photon is higher than that using two-photon excitation (800 nm), so tissues have a higher
intensity fluorescence at 405 nm (Figure 2d) than at 800 nm (Figure 2c). However, two-
photon excitation is able to efficiently excite some molecule types (here, lipopigments and
porphyrins emitting between 500 and 680 nm) that one-photon excitation cannot; that is
why we observe a larger spectrum at 800 nm. Regardless of the excitation wavelength,
tumorous tissues present a lower fluorescence intensity than control tissues. Going into
the details, one can notice that tumor tissues generally show two peaks using an 800 nm
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excitation wavelength, centered at 540 and 630 nm, respectively, while control tissues on
the other hand show a peak centered around 520 nm and another smaller one at around
630 nm at the same excitation.
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Figure 2. Spectral and imaging acquisitions of control and tumor samples under one- and two-photon
excitation. Fluorescence and SHG microscopic images from the multimodal microscope set-up under
890 nm excitation for control (a) and for GBM (b); Scale bars: 200 µm; red pixels refers to fluorescence
signal while green pixels refers to SHG signal; white arrows highlight blood vessels. Comparison
between the mean fluorescence emission of control tissues and GBM tissues using 800 nm as excitation
wavelength (c) and 405 nm as excitation wavelength (d); a.u: arbitrary unit.

3.3. FLIM

Figure 3 illustrates the fluorescence lifetime imaging histogram represented using the
phasor approach applied to flavins (FAD) and nicotinamide adenine dinucleotide (NADH),
respectively (a,c), and the corresponding repartition of the long lifetime contribution for
each of the tissue types (b,d). In fact, every pixel generated from the fluorescence lifetime
images is displayed as a coordinate on the phasor plot and, using the Fourier transform, the
G and S coordinates are calculated [31,32]. The semicircle present in Figure 3a,c represents
the universal circle into which pixels with single exponential decays fall. Looking at
Figure 3a, which represents the phasor applied to FAD, one can detect two histograms that
comply within the semicircle. The phasor falls within the line that passes through these two
histograms maxima with average fluorescence lifetime values of 2 and 0.7 ns, respectively.
From that, one can extract the alpha coefficient (which represents the long lifetime intensity
fraction α) for each of the samples in question. This repartition is observed in Figure 3b,d
for both tissue types and FAD and NADH. For FAD, the control group shows α coefficients
strictly larger than 0.8 and the tumor group shows α coefficients strictly smaller than 0.8
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with a p-value = 4.87 × 10−8 < 0.05, while for NADH there are fewer differences between
the control group and tumor, but it is still significant with a p-value = 7.2 × 10−3 < 0.05.
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4. Discussion

In this work, we aim to complete our previous study performed in the visible spectral
range [1]. So, we worked on the near-infrared range, where the scattering, the absorption,
and the anisotropy coefficients were measured using the integrating sphere technique.
In addition, spectral measurements were acquired using one- and two-photon excitation.
Lastly, we studied the fluorescence lifetime of two molecules using two-photon excitation:
NADH and FAD. As mentioned previously, there is a large decrease in both the scattering
and absorption coefficients when shifting from the visible to the near-infrared domain
regardless of the type. In fact, if we take a look at the therapeutic window of tissues, we see
that the scattering and the absorption coefficients of hemoglobin (either oxy or deoxy) attain
their minimum between 600 and 900 nm. Because hemoglobin is a major constituent of
brain tissues and the main actor in optical properties, when its optical parameters decrease
in this excitation wavelength domain, the overall tissue parameters will also decrease. On
the other hand, the contrary is observed for the anisotropy coefficient and this is mainly due
to slightly more isotropic scattering in the visible domain, which renders this coefficient
smaller under a 405 nm excitation [33].

As with past results obtained in the visible range, a discriminative criterion can be
found in the near-infrared domain, especially when looking at the absorption coefficient,
whereby a discrimination threshold can be defined: a tissue with a µa value higher than
0.25 mm−1 is considered tumorous and less than 0.25 mm−1 is considered healthy. This
is simply explained by the fact that in tumorous tissues there is more vascularization,
which leads to higher absorption [1,33]. Additionally, the higher the malignancy of the
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tumor, the more the chromatin is condensed and so the higher the absorption is. These
results are generally in accordance with what was previously published in the literature in
this excitation wavelength domain, noting that the tissue preparation and measurements
techniques are completely different in some of the cases [1,33,34].

This trend is less identified when taking the scattering coefficient into account, whereby
when looking at the scattering boxplot at 800 nm, no major differentiation can be made.
Moreover, µs values for the different tissue types show a big discrepancy in general. This
gap in the results might be affected by different parameters: the difference in the grades of
tumor leading to changes in vascularization and chromatin condensation and the fact that
GBM-infiltrated extracted tissues could contain healthy regions overlapped with tumorous
regions due to the infiltrating character of GBM tumors. The sample cuts may also alter the
results, whereby not all samples can be exactly cut at 200 µm, thus leading to some regions
being thicker than others. This particularly alters the optical coefficients that tend to be
region- and sample-specific as reported in the literature [33].

However, if we take the average of each type into account, we can have a threshold
relying on the average of the scattering coefficient value of 17.1 mm−1 for the control group
and 20.2 mm−1 for the tumor group, which is by itself discriminative. Additionally, and
as previously mentioned, the g values can also act as discriminatory features between
different tissue types either in the visible or in the near-infrared domains. As such, and
in synchrony with the literature, tumorous tissues usually have g values in the range of
0.91–0.92 as opposed to 0.87–0.89 for the healthy control tissues under a near-infrared
excitation [34,35]. This suggests that, no matter what excitation wavelength is being used,
one is almost always able to discriminate between healthy and tumorous tissue simply by
studying the absorption, scattering, and anisotropy coefficients.

To supplement the optical coefficients study, we decided to study the endogenous fluo-
rescence emission of the two tissue types. This kind of study has shown its reliability and its
efficiency to discriminate healthy from tumor tissues and to track the metabolic state of tis-
sues [28,36]. The presence of several distinctive features (such as different auto-fluorescence
levels that correspond to cell cytoplasm or even mitochondria) permitted this correlation.
Previous studies have demonstrated the choice of the excitation wavelength to be used [28].
It is clear that, when using one-photon excitation (at 405 nm), one is able to attain a much
higher fluorescence intensity than by using two-photon microscopy (excitation at 800 nm),
regardless of the tissue type. By fact of numbers, the fluorescence intensity is approximately
four times higher under one-photon excitation for the control tissue and approximately
two times higher for the tumorous tissue. However, under two-photon excitation, where
more molecule types can fluoresce compared to one-photon excitation, a broader spectral
range than under one-photon excitation can be clearly observed by comparing the spectral
shapes, especially in the 550–650 nm spectral range, corresponding to the lipopigments and
porphyrins emission range. According to the literature, one can detect in this wavelength
range multiple molecules, mainly lipopigments and porphyrins [37]. This shows that,
by using two-photon excitation, not only are we using a lower laser power to excite our
tissues and collect fluorescence, we are also detecting an additional number of molecules
unperceived using one-photon excitation. Therefore, this observation, supported by other
observations reported in the literature [38] where one- and two-photon excitation was used
to highlight that the presence of albumin affects the fluorescence emission of ASP+, shows
the importance of characterizing endogenous molecules under both one- and two-photon
excitation in order to understand and reveal their emission behavior when the excitation
wavelength/technique changes.

Furthermore, the study of fluorescence spectra confirms that the fluorescence emission
is significantly reduced in tumorous tissues as compared to control tissues, regardless of the
excitation wavelength [39]. The reason behind this difference in auto-fluorescence is a major
debatable topic [40]. The main reason ascribed to this difference is the decrease of lipid
levels (lipopigments emission). This decrease is linked to the sensitivity of lipopigments to
the metabolic state of the tissue [41], even if it is not tumoral, and that they are affected by
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several metabolic processes such as oxidative and glycolytic metabolism [29,42,43]. Other
explanations, such as tumor necrosis and hyperfusion, have also been reported in the
literature as possible explanations for this phenomenon [44,45].

To obtain more information about the metabolic state of tissues, a fluorescence lifetime
study was added to this work. Two molecules were considered—the NADH and the FAD.
These molecules are involved in several important enzymatic reactions in metabolism as
an electron carrier in redox reactions. They have two lifetime components, a long and a
short one depending on their chemical states as free or protein-bound. Our lifetime results
are globally in synchrony with what has been previously presented in the literature [27,46],
where the protein-bound NADH corresponds to the long lifetime in the phasor plot, while
the protein-bound FAD corresponds to the short lifetime in the phasor plot [46]. Based
on that, and as clearly seen in the phasor plots previously presented, one can discern
between two separate histograms in the case of either FAD or NADH. This suggests that
one group might manifest a higher concentration of protein-bound FAD while the other
might manifest a higher concentration of protein-bound NADH. Luckily, the use of the
phasor FLIM method makes it possible to track this behavior by studying the corresponding
repartition of the long lifetime contribution for each of the tissues in question. Our results
indicate that the control group generally has higher alpha values either in the case of FAD
or NADH; meaning that the control group generally matches with the long lifetime values
of these fluorophores. Knowing that, one can deduce that the control group reflects a
higher concentration of protein-bound NADH and a lower concentration of protein-bound
FAD, whereas the opposite applies for the tumor group. These results are consistent with
the available literature. However, some groups suggest a slightly higher protein-bound
FAD in control tissues [27,32]. This decrease in protein-bound NADH in tumor tissues
is explained by the fact that, under hypoxic conditions, cells will favor glycolysis over
oxidative phosphorylation in order to produce energy [47]. In parallel, cancerous cells
always favor this means of energy production regardless of the conditions [46], meaning
that this decrease in protein-bound NADH in tumor cells corresponds to the change in the
NADH binding sites that are themselves driven by the change in the metabolic pathway [46].
Similarly, the increase in protein-bound FAD in tumor tissues could be due to decreased
levels of NAD+ in these tissues [48]. Here again, using another approach, we were able to
accurately discriminate between control and tumor tissues.

5. Conclusions

This study provides new insights into the differentiation between healthy and tumor-
ous tissues. In fact, our continuous quest for discriminative parameters between different
brain tissue types led us to a complete multimodal study that focuses mainly on tissue
built-in parameters. In fact, and as this work shows, the study of different tissue optical
properties, combined with spectral and lifetime analysis, has the promising potential to
provide reliable parameters for the discrimination between healthy and tumorous tissues
not only in the visible, but also in the near-infrared, domains. However, the sample size
used in this study does not allow us to consider that the defined discrimination threshold
values of the optical coefficients in this work are absolute or definitive. Therefore, the
obtained results should be verified and completed in future works with a larger sample
cohort and adding qualitative imaging analysis. Indeed, this work is part of a larger project
that consists of building a large multimodal tissue database, in collaboration with Paris
Psychiatrie et Neuroscience Hospital. This database consists of collecting multiple optical
signatures of different types of healthy and tumor brain tissues using multimodal analysis
in order to discriminate each tissue type [1,21,36]. Thus, this work is a preliminary study
with promising preliminary results that fills in part of the large multimodal database that
we are building.

Therefore, the multimodality is of crucial importance, especially when applied in vivo,
as some of these parameters might be altered during real-time surgery (such as blood
contamination), leading to a decrease in the collected fluorescent signal. In addition, this
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multimodality increases the chances of accurately discriminating between not only healthy
and solid tumorous tissues but also between healthy and infiltrating brain tumors.
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Two-photon microscopy of cortical NADH fluorescence intensity changes: Correcting contamination from the hemodynamic
response. J. Biomed. Opt. 2011, 16, 106003. [CrossRef] [PubMed]

46. Kantelhardt, S.R.; Leppert, J.; Krajewski, J.; Petkus, N.; Reusche, E.; Tronnier, V.M.; Hüttmann, G.; Giese, A. Imaging of brain
and brain tumor specimens by time-resolved multiphoton excitation microscopy ex vivo1. Neuro-Oncology 2007, 9, 103–112.
[CrossRef] [PubMed]

47. Schroeder, T.; Yuan, H.; Viglianti, B.L.; Peltz, C.; Asopa, S.; Vujaskovic, Z.; Dewhirst, M.W. Spatial Heterogeneity and Oxygen
Dependence of Glucose Consumption in R3230Ac and Fibrosarcomas of the Fischer 344 Rat. Cancer Res. 2005, 65, 5163–5171.
[CrossRef]

48. Maeda-Yorita, K.; Aki, K. Effect of Nicotinamide Adenine Dinucleotide on the Oxidation-Reduction Potentials of Lipoamide
Dehydrogenase from Pig Heart. J. Biochem. 1984, 96, 683–690. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1117/12.179026
https://doi.org/10.1002/jbio.201500251
https://doi.org/10.1155/2022/7908357
https://doi.org/10.1562/0031-8655(2003)077&lt;0309:DPOAFA&gt;2.0.CO;2
https://doi.org/10.1016/j.tcb.2008.01.006
https://doi.org/10.1002/jbio.201800178
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1038/nrc3038
https://doi.org/10.1117/1.2975831
https://www.ncbi.nlm.nih.gov/pubmed/19021391
https://doi.org/10.1117/1.3633339
https://www.ncbi.nlm.nih.gov/pubmed/22029350
https://doi.org/10.1215/15228517-2006-034
https://www.ncbi.nlm.nih.gov/pubmed/17325340
https://doi.org/10.1158/0008-5472.CAN-04-3900
https://doi.org/10.1093/oxfordjournals.jbchem.a134886

	Introduction 
	Materials and Methods 
	Samples 
	Integrating Sphere Setup 
	Multimodal Microscopic and Fluorescence Lifetime Imaging (FLIM) Setup 

	Results 
	Optical Properties 
	NIR Spectral Analysis 
	FLIM 

	Discussion 
	Conclusions 
	References

