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The large use of nonlinear laser scanning microscopy in the past decade paved the way for
potential clinical application of this imaging technique. Modern nonlinear microscopy techniques
offer promising label-free solutions to improve diagnostic performances on tissues. In particular,
the combination of multiple nonlinear imaging techniques in the same microscope allows inte-
grating morphological with functional information in a morpho-functional scheme. Such
approach provides a high-resolution label-free alternative to both histological and immunohis-
tochemical examination of tissues and is becoming increasingly popular among the clinical
community. Nevertheless, several technical improvements, including automatic scanning and
image analysis, are required before the technique represents a standard diagnostic method. In this
review paper, we highlight the capabilities of multimodal nonlinear microscopy for tissue imaging,
by providing various examples on colon, arterial and skin tissues. The comparison between
images acquired using multimodal nonlinear microscopy and histology shows a good agreement
between the two methods. The results demonstrate that multimodal nonlinear microscopy is a
powerful label-free alternative to standard histopathological methods and has the potential to
find a stable place in the clinical setting in the near future.
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1. Introduction

The histological examination currently represents
the “gold standard” for tissue diagnostics. The
method includes tissue cryo-sectioning, processing
and labeling before the observation through white
light wide-field microscopy. The largely used
hematoxylin-eosin (H&E) staining allows high-
lighting only morphological features that are relevant
for the diagnosis. A more detailed functional-
chemical analysis of tissues under examination
requires targeting molecules of interest by means
of specific labels and observing using fluorescence
microscopy in an immunohistochemical approach.
Independent from the method used, a long protocol
including dehydration, fixation, inclusion, labeling
and observation is required to prepare tissue
samples. In this depiction, an imaging technique
able to provide similar information in a fast, reliable
and label-free way would be suitable for improving
diagnostic performances.

Nonlinear optical (NLO) microscopy allows label-
free micron-scale resolution in highly scattering
media such as biological tissues and is able to provide
not only morphological but also functional infor-
mation on the observed sample. NLO microscopy
offers several advantages for tissue imaging with
respect to other equivalent single-photon laser
scanning imaging techniques such as confocal mi-
croscopy. First, the nonlinearity of the interaction
allows selectively exciting only molecules located
within an extremely confined volume around the
focal point, hence improving spatial resolution.
Second, the axial confinement of the excitation
volume intrinsically provides optical sectioning
capability, reducing photodamage and photo-toxic
effects. Third, NLO microscopy employs NIR laser
wavelengths that offer deep label-free imaging in
biological tissues.'? Further, scattered photons do
not contribute to the excitation resulting in a spatial
resolution that remains almost unchanged when
imaging deep into an optically dense specimen.’
NLO microscopy includes several laser scanning
imaging techniques characterized by an interaction
between light and the biological specimen mediated
by two or more photons. Depending on the peculiar
features, each technique is able to provide morpho-
logical and/or chemical information on the tissue
under investigation. A particularly powerful app-
roach for tissue classification consists in combin-
ing the techniques providing only morphological

information with those providing functional infor-
mation. In fact, this combination offers the potential
to address the relationship between morphological
features such as architecture, shape, symmetry and
functional features. In a biological tissue, the re-
lationship between morphology and function has to
be strict, even if complex. Understanding this re-
lationship can help in classifying tissue and open new
insights for the comprehension of the pathological
development.

Among NLO microscopy techniques able to
provide morphological information, two-photon
excited fluorescence (TPF) microscopy is the most
popular and widespread technique. In TPF, an
electronic molecular transition is excited by simul-
taneous absorption of two photons, each of them
having one-half of the transition energy.® The
technique was firstly implemented in a laser scan-
ning microscope in 1990 by Denk et al.” The strong
potential of this microscopic technique was
demonstrated in the last 20 years by the growing
number of studies in both biological and biomedical
fields employing TPF microscopy™%’ for tissue
imaging.* ' TPF microscopy is able to provide
label-free morphological information with sub-cel-
lular resolution in both epithelium and connective
tissue by exciting endogenous fluorescent molecules
such as NADH, FAD and elastic fiber.'?'* Recent
studies demonstrated also its potential for in vivo
imaging on skin of living subjects'*'® and on brain
of small animals.'”?" Regarding clinical applications,
now TPF skin imaging is becoming popular among
the dermatological community.?'"** Another NLO
imaging technique, extremely powerful for label-free
imaging of connective tissue, is second-harmonic
generation (SHG) microscopy.?* 2% SHG microscopy
is a coherent NLO imaging technique able to pro-
vide label-free, background-free, high-resolution
images of biological molecules with large hyperpo-
larizability,?”?® such as collagen,?” ! muscle,** 7
or microtubules.*® SHG consists of a second-order
scattering process occurring in specimens having a
large hyperpolarizability and a structural aniso-
tropy at the focal volume scale. These conditions
are satisfied in collagen, muscle or microtubules,
making SHG microscopy the perfect optical tool
for imaging and investigating both molecular
and supramolecular organization of these biological
systems.””*? The studies conducted using SHG
microscopy on cells,*™*? cellular membranes,** 7
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brain®® and biological tissues'***%Y demonstrate the

broad applicability of the technique. SHG is particu-
larly powerful in providing background-free imaging
of collagen®”*" in various tissues such as cornea,’’"?
tendon,”*"* and arteries.”> SHG microscopy has
already been used for investigating structural organ-
ization of collagen in human dermis,”® %" keloid,’' %
fibrosis,’* ¢ thermally treated samples,®” ! and also
in tumor microenvironment.”>”™® SHG microscopy
can be used to detect altered physiological con-
ditions in various tissues, including muscle, 5"
bones®*? and cartilages.*>** Combined TPF-SHG
microscopy provides a powerful tool for imaging
both epithelium and connective tissue. In fact,
TPF microscopy offers high-resolution imaging of
NADH in living cells and of elastin within connec-
tive tissue, while SHG enables the direct imaging
of collagen. Combined TPF-SHG microscopy
was successfully employed for studying physiologi-
cal and pathological conditions of connective tis-
sues, especially for cutaneous photoaging?*%° 7 and
skin tumors.??:%"*% Combining TPF and SHG mi-
croscopy is a powerful solution for label-free tissue
imaging, however they are not able to provide
functional information unless used in combination
with other imaging techniques.

Vibrational microscopy techniques can provide
label-free imaging of tissues in a morpho-chemical
approach, enabling functional-chemical character-
ization of tissues by resolving the vibrational
structure of the molecules contained in the sample
itself. In fact, the vibrational spectrum of every
biological specimen represents a specific fingerprint
of its molecular components.®” Spontaneous Raman
scattering microscopy is the most popular vi-
brational microscopy technique. It provides label-
free chemical information with the advantage of
high resolution because it employs visible-NIR
wavelengths for investigating transitions located in
the IR range. However, due to the low crosssection
of molecules within tissues, spontaneous Raman
scattering microscopy is limited in terms of both
sensitivity and imaging speed. Further, it does not
provide the advantages of NLO microscopy. A sig-
nificant step forward consists of coherent anti-
Stokes Raman scattering (CARS) microscopy.”’
CARS microscopy is a nonlinear variant of spon-
taneous Raman scattering that uses two synchro-
nized pulsed laser sources (pump and Stokes),
with their frequency difference matching the vi-
brational transition to be investigated, for exciting

Multimodal nonlinear microscopy

a molecular transition. The interaction with a third
pulse (probe) generates a detectable anti-Stokes
signal. CARS microscopy allows investigating var-
ious molecular vibrations upon proper tuning of
pump and Stokes beams. CARS microscopy also
offers functional-chemical characterization of tissues
by providing vibrational spectroscopic information
at the scale of optical resolution,”'™? with increased
sensitivity with respect to spontaneous Raman.
Up to now, CARS microscopy has been mainly
employed to image the distribution of CH-stretch-
ing vibration,”* % offering a large potential for both
ex vivo’™" and in vivo imaging!'?%'°! through its
specificity in imaging lipids. In addition, CARS is
used for imaging other relevant biological molecules
such as DNA or proteins.'0%103

Even if the capabilities of multimodal NLO
microscopy for diagnostic purposes have been
already largely demonstrated, the cost and the
complexity of the equipment has restricted so
far the use to technological research laboratories.
Nevertheless, in the near future, these complex
microscopic setups could find place in the main-
stream biomedical, biochemical and clinical research
laboratories. In this review paper, after having pro-
vided a detailed introduction on morphological and
functional NLO microscopy techniques, we describe
some applications of these techniques to tissue
imaging. Starting from applications involving mor-
phological imaging using TPF microscopy, we then
present relevant applications employing a multi-
modal NLO microscopy approach on both arterial
and skin tissue. In the last part, we summarize
conclusion and potential future application of mul-
timodal NLO microscopy.

2. Results and Discussion
2.1. Morphological imaging of epithelial
cells using TPF microscopy

TPF microscopy is extremely powerful for label-
free imaging with sub-cellular resolution of cells in
a biological tissue and for investigating cellular
morphology. In fact, TPF microscopy can take ad-
vantage of the endogenous fluorescence of mito-
chondrial NADH to excite a strong signal from
cellular cytoplasm. Morphological features of the
epithelium can be highlighted on both living tissue
in situ or on fresh tissue biopsies up to 2-3h from
excision.!®!%? In this example, TPF imaging is
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performed on fresh human colon biopsies using
an excitation wavelength of 740nm, adequate
for exciting NADH fluorescence. Similar studies
employing SHG microscopy were already carried
out.!?%196 Thick tissue samples are optically sec-
tioned with sub-cellular resolution using TPF mi-
croscopy. Figure 1 shows the comparison between
TPF images acquired in different samples of fresh
human colon biopsies using TPF microscopy and
histological images taken after histopathological
examination of the same samples. The good agree-
ment between TPF and histological images con-
firms the capability of TPF microscopy for
highlighting morphological features of tissues in a
noninvasive label-free manner. The morphology of
healthy colon mucosa [see Figs. 1(b) and 1(h)]
consists of regularly packed cells with uniform size
and fluorescence level that surround crypts. The
correspondence with histological images [see
Figs. 1(a) and 1(g)] is good. The cellular mor-
phology is altered in adenomatous polyp [see
Figs. 1(d) and 1(k)] which shows cells having a more
elongated shape and nuclei. Similar observations
can be performed by looking at the corresponding
histological images [see Figs. 1(c) and 1(j)]. Ade-
nocarcinoma [see Figs. 1(f) and 1(m)] exhibits a
completely different cellular morphology, charac-
terized by the proliferation of complex glandular
structures and by large and stratified cellular nuclei.
The less regular shape of adenocarcinoma with
respect to the other samples affects the correspon-
dence with histological images [see Figs. 1(e) and
1(1)] that show a reduced agreement with TPF
images. A detailed analysis of cellular morphology
can be performed by analyzing high-resolution.
TPF images of cells. From the acquired images it
is possible to distinguish an altered cellular shape in
adenomatous polyp [see Fig. 1(0)] and a larger
nuclear size in adenocarcinoma [see Fig. 1(p)], in
comparison to healthy mucosa [see Fig. 1(n)]. Image
processing including the application of a threshold
and background removal allows evaluating both
cellular and nuclear size in order to calculate geo-
metrical parameters peculiar of each tissue type. A
statistical analysis performed on a large number of
cells allows calculating the average ratio of cellular
to nuclear size and the average cellular asymmetry.
A smaller ratio of cellular to nuclear size is found for
adenocarcinoma compared to both adenomatous
and healthy tissues [see Fig. 1(q)]. This feature is
considered a typical signature of malignancy. In

fact, it has already been measured by means of TPF
microscopy in malignant cells of bladder,'’® and
skin.!0%-110 The average ratio measured in each tis-
sue type, with standard deviation taken as error, is
reported in Fig. 1(q). Further characterization can
be obtained by considering the cellular asymmetry.
In fact, nuclear elongation is a typical feature of
adenomatous polyp. The average cellular asym-
metry values, calculated based on the ratio between
major and minor axis of the cells, are plotted in a
graph in Fig. 1(r), showing a higher ratio for ade-
nomatous polyp compared to both healthy mucosa
and adenocarcinoma. This morphological analysis
could be easily applied to TPF images taken from
other tissues, since NADH is found in every epi-
thelium. Extending this approach to other inflam-
matory and dysplastic tissue conditions could open
the possibility to use the method for diagnosing
tumors ina very early stage.

2.2. Multimodal NLO microscopy:
Imaging of collagen and cholesterol
using combined SHG and CARS

In this paragraph, we describe an application of
NLO microscopy aimed at characterizing athero-
sclerotic arterial tissue. In particular, thin slices of
arterial tissue from an animal model for athero-
sclerosis are imaged using combined SHG and
CARS microscopy. The combined imaging
approach allows selectively imaging various tissue
components. Few examples of combined SHG-
CARS imaging are provided in Figs. 2(a)-2(i),
where images obtained from a thin arterial cross
section of rabbit aorta are shown. Regions with
different level of atherosclerotic plaques deposition
are shown in the images contained in the first row
[see Figs. 2(a)-2(c)]. The possibility of selectively
targeting different components using different con-
trast mechanisms is demonstrated in the rows
beneath. CARS microscopy, tuned in resonance
with CH-stretching provides a strong signal from
lipids within plaques and from proteins in the nor-
mal arterial wall [see Figs. 2(d)-2(f)]. SHG mi-
croscopy [see Figs. 2(g)—2(i)] provides high-contrast
high-resolution background-free images of collagen
in the normal arterial wall and cholesterol within
plaques. Only recently,''! SHG was proven useful
for imaging cholesterol in atherosclerotic depo-
sitions. Hence, SHG microscopy can be used for
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Fig. 1. Histological images taken using a 20X objective on H&E stained tissue sections of healthy colon mucosa (a), adenomatous
polyp (c), and adenocarcinoma (e). Corresponding TPF images (taken with a 20X objective—0.9 NA) acquired from ez vivo fresh
biopsies of healthy colon mucosa (b), adenomatous polyp (d) and adenocarcinoma (f). Scale bars: 40 um. Histological images taken
using a 40X objective on H&E stained tissue sections of healthy colon mucosa (g), adenomatous polyp (i), and adenocarcinoma (k).
Corresponding TPF images (taken with a 40X objective — 1.3 NA) acquired from ez vivo fresh biopsies of healthy colon mucosa (h),
adenomatous polyp (j) and adenocarcinoma (1). Scale bars: 30 um. TPF images at high resolution (taken with a 40X objective —
1.3NA) of healthy colon mucosa (m), adenomatous polyp (p) and adenocarcinoma (o) acquired at 30 um depth from tissue surface
on ez vivo fresh biopsies. Scale bars: 10 um. (p) Distribution of the cellular/nuclear size ratio for healthy mucosa, adenomatous polyp
and adenocarcinoma. (q) Distribution of the cellular asymmetry for healthy mucosa, adenomatous polyp and adenocarcinoma. In
the graphs, dots represent single data points, while the box is enclosing the data within standard deviation. Figure modified from
Ref. 107.

1330008-5



J. Innov. Opt. Health Sci. 2014.07. Downloaded from www.worldscientific.com
by CAMBRIDGE UNIVERSITY on 01/24/15. For personal use only

R. Cicchi & F. S. Pavone

1.0
(r) B deposition
09 [ control
il
2 o8]
Ee |
i 0.6
0.54 — :
deposition control
Fig. 2. Combined SHG-CARS nonlinear images of thin atherosclerotic arterial tissue sections from rabbit aorta. c¢) Images

showing a color merge of SHG (blue) and CARS (orange), acquired in regions with a different level of plaque deposmon On the
lower rows CARS (g)—(i) and SHG (d)—(f) are presented separately. Scale bars: 20 ym. Tissue regions represented in images (a), (b)
and (c), correspond to the regions represented in images (1), (m) and (n), respectively. (j) Combined F-SHG and B-SHG image of a
thin cross section of rabbit aorta with atherosclerotic plaque depositions. (k) Color map coding for the F/B SHG ratio in a color
coded scale. Black: F/B < 1. Green: 1.5 < F/B < 2.5. Red: F/B > 4. Scale bars: 0.5 mm. Magnified details of a region with high (1),
mild (m), low (n) and no (o) plaque deposition. The images in (1)—(0) correspond to the regions indicated by yellow squares in (j).
Scale bars: 20 pm. SHG image of collagen within a control region (p) and a region with plaque depositions (s) with the corresponding
FFT-images (q)—(t). Scale bars: 20 um. (r) Histogram distribution of the average Fast Fourier Transform (FFT) aspect ratio within
control and deposition regions. Figure modified from Ref. 114.

the spatial extent of the emission source''?; the
angle between the excitation field and the molecular

simultaneously imaging both collagen and choles-

terol. However, the characterization of athero-
113

sclerotic arterial tissue requires the capability of
separating the two contributions and discriminating
the two molecules. The discrimination of collagen
from cholesterol could open novel possibilities for
SHG to be used for tissue diagnostics. One possi-
bility is offered by the coherence properties of SHG
light. Since SHG preserves both energy and
momentum, the emission pattern, and particularly
the amount of forward and backward scattered
SHG (F-SHG and B-SHG), strongly depends on:

emitters'?; the axial periodicity of the emitters.
Hence, the simultaneous detection of F-SHG and
B-SHG could be used for inferring information on
the spatial distribution of SHG emitters within the
focal volume.?”-*? In this example, the measurement
of the ratio of forward over backward SHG signal
(F/B-SHG) allows discriminating cholesterol in the
arterial lumen from collagen in the arterial wall,
as shown in Figs. 2(j)—2(o). Figure 2(j) shows an
image of an arterial thin cross sectioned slice,
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obtained by summing the SHG signal detected for-
ward and backward. A strong signal, probably due
to cholesterol, originates from plaque deposition,
whereas the signal from collagen found in the nor-
mal arterial wall is lower. Hence, these two tissue
regions can be distinguished based only on the SHG
intensity. The problem related with this approach is
that collagen intermixed with cholesterol within
plaques cannot be resolved unless the F/B SHG
ratio analysis is performed. In fact, the measure-
ment of the F/B SHG ratio allows discriminating
collagen from cholesterol since a higher F /B value is
found in cholesterol (4 to 10) than in collagen (1.5
to 2.5), as demonstrated by the F /B SHG ratio map
in Fig. 2(k). Multi-thresholds are applied to the
image in order to obtain a black background
(F/B < 1), green collagen (1.5 < F/B < 2.5) and
red cholesterol (F//B > 4). The capabilities of the
method are clear when observing the regions with
different levels of deposition [see Figs. 2(1)-2(o)],
where cholesterol (in red) is found intermixed with
collagen (in green) within the atherosclerotic pla-
ques. The choice of colors with high chromatic
contrast highlights the discrimination capability.
This separating procedure allows conducting fur-
ther analysis on collagen organization in the two
tissue regions (normal wall and atherosclerotic
plaques). Collagen fibers are organized in equally
spaced fiber bundles with a wave-like shape in the
normal arterial wall. On the other hand, collagen
found within plaques shows randomly oriented dis-
organized fibers. FFT analysis [see Fig. 2(p)-2(t)]
can be used to characterize the isotropy-anisotropy
distribution of collagen fiber bundles through the
measurement of the aspect ratio of the FFT profile.
As expected, the FFT aspect ratio has a lower value
in normal tissue (more anisotropic) with respect to
the atherosclerotic plaques (more isotropic). The
average fiber bundle size and spacing in the two
tissue regions can be determined using gray-level co-
occurrence matrix (GLCM) analysis, as reported in
Ref. 114. The mean fiber bundle size is found higher
in the normal arterial wall with respect to the
atherosclerotic plaques. The architectural features
of collagen highlighted by this technique could be
related to plaque vulnerability. Hence, this analysis
using SHG represents a valid label-free diagnostic
alternative to standard histopathological methods
for evaluating atherosclerotic arterial tissue and has
the potential to be used for determining plaque
vulnerability.

Multimodal nonlinear microscopy

2.3. Multimodal NLO microscopy:
Imaging of skin cancer using
combined TPF, SHG and CARS

The main aim of using multiple NLO microscopy
techniques in combination consists of highlighting
different tissue components by taking advantage of
the specific contrast provided by each imaging
technique. As pointed out in the introduction,
morphological information on cells and collagen can
be provided by TPF and SHG microscopy, re-
spectively, whereas Raman-based techniques allows
for a more detailed characterization of the chemical-
molecular composition of the tissue under investi-
gation.®% 119116 Hence, combining TPF and SHG
microscopy with CARS microscopy allows provid-
ing both morphological and chemical information in
tandem, realizing a morpho-chemical characteriz-
ation of a biological specimen. The implementation
of all these techniques in the same experimental
setup is straightforward since the pump (or the
Stokes) pulses for CARS can be used for exciting
TPF and SHG. In this paragraph, we report the
results obtained by combining morphological and
functional NLO microscopy techniques in a multi-
modal morpho-chemical approach. Such approach
is used with the aim of characterizing the morpho-
chemistry of basal cell carcinoma (BCC), demon-
strating the capability of the method in providing a
full description of the morpho-chemistry of BCC.
Further, this example represents a first benchmark
for future applications of the same technique to
other biological tissues. An example of multimodal
NLO microscopy is shown in Fig. 3, where a thin
section of BCC is imaged using TPF, SHG and
CARS and compared to the histological image
taken from an adjacent tissue slice. As shown in
Fig. 3(a), TPF microscopy highlights cellular mor-
phology in a good agreement with corresponding
histology. BCC is characterized by cell nests and by
a higher nucleus to cytoplasm ratio, which is typical
of malignant cells. These two features could help in
discriminating tumor from normal healthy tissue. In
comparison with histological examination, where
malignant cells are identified only based on their
large nuclei, multimodal NLO microscopy allows to
take into account other relevant features, such as
the tightly packed cytoplasm of malignant cells or
the organization of collagen surrounding cell nests.
In this region, collagen plays a crucial role during
tumor growth and proliferation''” and it can be

1330008-7



J. Innov. Opt. Health Sci. 2014.07. Downloaded from www.worldscientific.com
by CAMBRIDGE UNIVERSITY on 01/24/15. For persona use only.

R. Cicchi & F. S. Pavone

Fig. 3. Multimodal TPF-SHG-CARS imaging. (a) TPF images (coded in red) highlighting dominantly fluorescing proteins and
cofactors. (b) SHG images (coded in green) showing collagen distribution. (c¢) Fat reservoirs as well as membranes visualized with
CARS microscopy (coded in cyan). In all three images the tumor can be found (indicated by the arrows). (d) Multimodal image of
BCC obtained by merging individual images. (e) Bright field image with the tumor area indicated by the white box. (f) Histological
H&E stained image for comparison. The tumor area is indicated by the white box. Figure modified from Ref. 118.

imaged using SHG microscopy. As shown in Fig. 3
(B), collagen surrounding cell nests (arrows) is
characterized by a lower signal, compared to the
collagen located in other regions where it surrounds
the elongated tumor lobes. Although it is not
straightforward interpreting SHG intensity vari-
ations in terms of collagen organization within
the focal volume, it is evident that collagen organ-
ization is quite different in the two regions. In par-
ticular, with SHG microscopy it is possible to
exclusively image collagen that was not denatured
by the interaction with collagenase released by pro-
liferating cells. Even if not completely denatured, the
different intensity level of SHG originating from col-
lagen surrounding cell nests is probably due to a
different supramolecular organization of collagen
in this region, compared to a mnormal collagen.
This method was firstly employed in studies aimed
at characterizing collagen fibers surrounding a
tumor lesion.’%7350 CARS microscopy allows direct

label-free imaging of the tumor by taking advantage of
the strong signal originating from CH-stretching vi-
brations. In particular, tuning pump and Stokes fre-
quency difference in resonance with CH-stretching
vibrations, CARS microscopy allows visualizing a
signal dominated by the contribution from lipids. The
use of CARS microscopy as a lipid-sensitive technique
allowed to observe for the first time a large fat reser-
voir in BCC [see Fig. 3(c)].''® In particular, the
amount of fat-rich cells in BCC tissue is significantly
high. The authors hypothesize that the role of these
cells is to provide nutrition for proliferating cells, even
if this finding is not verified yet. A big advantage re-
lated to the multimodal NLO approach is the possi-
bility to implement image-processing algorithm on
digital images. As pointed out in Secs. 2.1 and 2.2 for
TPF images of cells and SHG images of collagen,
images can be quantitatively analyzed in terms of
cellular and collagen morphology and organization.
Here we describe an additional example of image
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processing on CARS images, aimed at quantifying the
size of fat droplets observed in fat-containing cells
using a watershed algorithm.''” The average diameter
of fat-containing cells was evaluated to be 55 ym.
Such value can be affected by the level of threshold
used and by possible artifacts introduced by tissue
slicing. Nevertheless, it provides quantitative mea-
surement of fat droplets found in BCC. Despite these
and other limitations of multimodal NLO microscopy,
the agreement of the images with histological images s
impressive, as demonstrated in Fig. 3(f). Compared to
common routine histology, the multimodal NLO
approach provides: higher spatial resolution; better
contrast; highlighting of more tissue constituents; a
label-free modality; a quantitative analysis providing
objective metric as opposed to a judgment by a clin-
ician performing histological analysis. Considering all
the above-mentioned advantages, multimodal NLO
microscopy has the potential to define a new standard
for tissue classification.

3. Discussion

In the previous sections, we deeply described the
advantages and potentials offered by multimodal
NLO microscopy in terms of diagnostic capabilities
on exr vivo tissues, while here we discuss dis-
advantages, limitations and drawbacks of the
method, especially in relationship to the in wvivo
imaging implementation. In wivo imaging using
multimodal NLO microscopy has already been lar-
gely demonstrated on skin,?"'?" which is easily
accessible from the optical point of view. Imaging
other tissues, such as internal tissues and hollow
organs, is much more challenging, considering the
fact that laser scanning imaging needs to be im-
plemented in an endoscopic probe. Currently, there
is a big challenge to setup NLO microscopy in
modern endoscopes. In the last years, several
developments were done in the field of confocal
endoscopy, giving rise to a growing number of
research instruments and also to few commercial
flexible endoscopes. Both confocal microscopy!'?!
and endoscopy'?? have already been used for ima-
ging tissue samples. New technologies for scann-
ing systems miniaturization (MEMS, ultra-sound
scanning devices), for pulse delivery optimization
(PCF, hollow-core fibers) as well as for miniatur-
ization of high-NA optics (GRIN-lenses) have cre-
ated new insights for both single and multi-photon
endoscopic imaging. SHG endoscopic imaging has

Multimodal nonlinear microscopy

already been performed in vivo by means of a rigid
needle with a GRIN-lens optically coupled to the
microscope objective.'?? In the last years, a flexible
two-photon endoscope has been developed and
successfully used on the animal model.!?*!2
According to the capabilities that NLO imaging
techniques have already been largely shown in
providing “optical biopsy” of a tissue, in the near
future NLO endoscopy would represent a break-
through in various medical fields for both early
diagnosis and therapy follow-up. A critical feature
for the in wvivo implementation of these imaging
techniques is related to the radiation dose deposed
within the tissue under examination and its side
effects. Few years ago, a study aimed at measuring
the amount of ROS generated in skin after two-
photon laser imaging demonstrated that the
amount of ROS induced by Ti:Sa laser irradiation
with a typical acquisition is comparable to the effect
of few hours under sun.'?® More studies that have
recently examined the risk of carcinogenetic effect
on DNA following NLO imaging'?"'?® found that
both two- and three-photon absorption processes
have a potential carcinogenetic effect on DNA,
similar to the UV exposure. In fact, in terms of
energy deposed, both two- and three-photon
absorption of NIR photons are equivalent to the
absorption of a single photon in the UV range. Even
if several studies, including a larger number of
samples have to be conducted for deriving con-
clusion, there is a risk associated with in vivo NLO
imaging. We think that a proper evaluation of the
benefit-risk ratio should be done when using the
technique in wvivo, as is normally done for other
imaging diagnostic techniques such as X-ray or CT,
which are not risk free.

Other limitations can be related to the in vivo
implementation of the diagnostic methods pre-
sented in Sec. 2. Regarding the use of NADH flu-
orescence for highlighting both cellular morphology
and functionality, there are some limitations related
to the examination of ex vivo tissues, especially for
what is concerning tissue metabolic activity. As
already pointed out previously, even if tissue
degradation starts immediately after excision,
NADH and FAD can be found in tissue and used for
intrinsic imaging up to 2-3h after excision.!*!0*
Hence, they can be used for imaging tissue mor-
phology. Functional imaging of the metabolic state
is also possible but the measurement is affected by
the time between excision and imaging, and is

1330008-9
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limited to the relative abundance of the two
nucleotides,'*"1%% whereas a functional metabolic
imaging, aimed at investigating the amount of free
and bound NADH, is possible only in vivo. In fact,
in living tissue, free and bound NADH abundance
can be determined optically by means of time'?” or
spectral-resolved measurements of NADH fluor-
escence.'?" Alteration of the normal value of free-to-
bound NADH can be taken as an indicator of
altered metabolic activity, which can be in turn
related to pathologic conditions.

Regarding SHG microscopy, we presented the
potential offered by this coherent technique for
determining the organization of emitters within the
focal volume. In particular, we demonstrated the
capability of F/B SHG ratio for discriminating col-
lagen from cholesterol. Although this method is
extremely powerful and can be extended to the
examination of various molecular SHG emitters, its
in vivo implementation is not straightforward. In
fact, simultaneous F /B detection of SHG is in prin-
ciple prevented in vivo because of a mandatory epi-
detection geometry. Nevertheless, F-SHG and B-
SHG could be discriminated based on polarization.
In fact, for a linearly polarized excitation, B-SHG
maintains a linear polarization, whereas F-SHG,
detected after multiple scattering events in the
underlying tissue, will be depolarized. Hence, upon
some limitations with respect to the ez wvivo
approach, the two contributions could be in prin-
ciple detected using a crossed polarization detection
approach and a proper image processing. A more
effective approach for discriminating F-SHG and
B-SHG in epi-detection geometry has been recently
proposed by Han and co-workers.'?! In particular,
the authors employed a confocal detection allowing
the selective detection of B-SHG, removing F-SHG
from the detected signal. Using this approach, it is
possible to detect F/B SHG ratio also in epi-detec-
tion and hence in vivo. The only drawback is that the
measurement is not simultaneous but it requires two
distinct measurements (one with and one without
pinhole) as well as image post-processing.

4. Conclusion

In conclusion, during the last years NLO micros-
copy has gained enormous momentum in biomedi-
cal optics by providing label-free high-resolution
imaging in deep tissue. A broad variety of techniques,
aimed at highlighting morphological and functional

features of tissues have been developed and success-
fully applied to tissue imaging. Additional advan-
tages are provided by the combined application of
multiple techniques. Multimodal NLO microscopy
represents today a powerful research tool for label-
free imaging and classification of both ez vivo and
in vivo tissues. According to the results obtained on
tissue diagnostics, the method has the potential to set
a new standard aside from the “gold standard” rep-
resented by histopathological examination. Further,
considering the recent developments in NLO endo-
scopy, the method could be extended to a broader
range of clinical diagnostic problems.
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