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We demonstrate the capabilities of the coherent anti-Stokes Raman scattering (CARS) microscope and its
multimodal operation to image a histological section of human intestinal tissue. The imaging of unstained and
stained sections using various nonlinear optical contrasts was performed. The CARS configuration of our mi-
croscope allows probing which does not require a preliminary staining of tissue saving the treatment time and
providing label-free investigation of original matter. Particular attention was paid to visualisation of unstained
tissue. CARS images were recorded in the high wave number Raman spectroscopy region and the spectra of
the most distinguished features of images are provided and discussed. Additionally, the two photon excitation
fluorescence (TPEF) and second harmonic generation (SHG) contrast mechanisms were used for structural
visualisation of both unstained and stained sections of human intestinal tissue. Visualisation of a histological
section using all contrast mechanisms mentioned above is analysed and discussed. The research is aimed to
draw attention to a potential of CARS/nonlinear microscopy in routine healthcare.
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1. Introduction

For many years histological investigation has been
one of the main methods in microscopy examin-
ing thin sections of biological tissue. Visualising a
microscopic structure of tissue is a powerful and
widely used tool in biology and medicine. Histol-
ogy, using various staining dyes, is capable to en-
hance the contrast of certain structures of inter-
est [EI]. However, examination of a stained section
provides information about the unnatural tissue
because of the fundamental changes in cellular
biochemistry caused by staining treatment. There-
fore, non-destructive methods in investigation of
biological systems are highly desirable if we want
to monitor live objects without changes at the bio-
chemical level, including in vivo experimentations
to gain information from live cells. The choice of

such methods is not wide. For instance, the most
popular method in medicine is magnetic resonance
imaging or tomography. In optical investigations
only a few non-destructive methods not requiring
sample preparation are known - infrared spectros-
copy and Raman spectroscopy [@]. The Raman
scattering phenomenon is utilised for visualisation
purposes as a contrast mechanism providing infor-
mation about chemical composition of tissue.

In recent years the methods of nonlinear optical
microscopy have been developed enabling to visu-
alise biological structures using various contrast
mechanisms. During the last decades the coherent
anti-Stokes Raman scattering (CARS) microscopy
gained much attention as a very perspective tool in
life science, enabling non-destructive, non-invasive
andlabel-free investigations [E] . Advances and pos-
sibilities of CARS microscopy and its biomedical
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applications can be found in details in a special-
ised review [E]. Briefly, CARS microscopy is a la-
bel-free technique with contrast based on intrinsic
molecule vibrations enabling chemically selective
imaging. CARS is orders of magnitude more sensi-
tive than spontaneous Raman. Nonlinear nature of
the CARS signal provides a 3D imaging possibility
without using confocal microscopy configuration.
The anti-Stokes signal is blue-shifted and therefore
is free from one-photon fluorescence background.
Despite numerous publications dedicated to CARS
imaging [], all of them describe different set-
ups of experimental equipment, object of investiga-
tion and consider the potential of such technique
for molecular composition, metabolism monitor-
ing, diagnosis, etc.

Our task is to contribute to the practical imple-
mentation of the CARS technique considering its
application in histology. We demonstrate CARS
imaging experiments of unstained sections of hu-
man intestinal tissue and compare the results with
the picture of the section stained with hematoxylin
and eosin. Recently Tuer et al. [] reported visu-
alisations of histological sections stained with he-
matoxylin and eosin with nonlinear multicontrast
laser scanning microscopy giving images using
multiphoton fluorescence (MPF), second harmonic
(SHG) and third harmonic generation (THG) con-
trasts, and a potential of multicontrast nonlinear
microscopy in cancerous diagnostic at a single cell
level is discussed. In our work a contrast based on
the intrinsic molecular vibrations provided by the
CARS phenomenon was accompanied by imaging
provided by other nonlinear contrast mechanisms
such as TPEF and SHG. The imaging using all con-
trast mechanisms mentioned above was performed
by the same CARS microscope set-up. The structur-
al features of the human intestinal tissue revealed by
each of the contrasts are described and discussed.

2. Methods and samples

For imaging experiments a home-made CARS mi-
croscope with a simple and compact laser source
(EKSPLA Ltd.) was used. The laser source is de-
scribed in detail elsewhere [B]. Briefly, the la-
ser consists of a picosecond frequency doubled
Nd:YVO, pump laser with the pulse repetition rate
of 1 MHz equipped with a traveling wave optical
parametric generator (OPG) which enables prob-

ing the 700-4500 cm™ range of vibration frequen-
cies. In our scheme for CARS implementation a
signal radiation from the OPG (6 ps) was coupled
with fundamental wavelength (1064 nm) and used
as pump and Stokes excitation beams, respective-
ly. Measurements of the CARS spectra were per-
formed by tuning OPG wavelength and changing
filter sets within five different spectral ranges, ena-
bling investigations with the typical detection rate
of 5 cm™/s. For example the spectrum from 2500
to 3500 cm™ was recorded during 3 minutes. Both
Stokes and pump beams were collinearly combined
and directed to an inverted microscope (Olympus
IX71). A spatial filter was used to improve the beam
profile before directing into the microscope. The ex-
citation light was focused on the sample with an oil-
immersion objective (Olympus, Plan Apochrom.,
60X, NA 1.42). In the forward detection scheme
the CARS light was collected by a long working dis-
tance condenser. Long-pass and short-pass filters
were used as a blocking tool for spectral separation
of the CARS signal. CARS radiation was detected
with the avalanche photodiode (SPCM-AQRH-14,
Perkin Elmer), which was connected to a multifunc-
tional board PCI 7833R from National Instruments
Ltd. A piezo scanning system (Physik Instrumente
GmbH ¢ Co) was used for scanning the sample.
The single frame scans of 200 x 200 pixels images
were obtained with 2 ms pixel dwell time. Excita-
tion pulse energies from 0.1 to 1 nJ at the sample
for both pump and Stokes beams were used. Scan-
ning control, data processing and laser wavelength
detuning were controlled by a computer.

TPEF and SHG signal detection was realised
using the forward and epi-detection, respectively,
and utilising appropriate band-pass and interfer-
ence filters.

Tissue samples were embedded in paraffin, and
sections of 4 pm thickness were cut with the Leica
RM2145 microtome. Sections were stained with
hematoxylin and eosin according to the ordinary

histology practice [].

3. Results and discussion

3.1. CARS contrast

In this work we demonstrate the potential of the

nonlinear optical microscopy methods in the his-
tological examination of intestinal tissue. Among
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those methods, a label-free approach utilising
visualisation via CARS phenomenon is particu-
larly attractive. The CARS image of the unstained
histological section of intestinal tissue is depicted
in Fig. l(a). The pump and Stokes powers were 2
and 1 mW, respectively. The image was recorded at
2840 cm™ vibrational frequency where a resonant
signal from C-H stretches is expected. Figure
shows the spectrum measured at the fixed pixel of
image where the CARS signal was strong (indicat-
ed with an arrow). The spectrum band of the C-H
stretches contains several peaks at 2820, 2840 cm™

and 2880, 2930 cm™ which were assigned to the
-CH,, -CH, symmetrical, and -CH,, -CH, asym-
metrical stretches, correspondingly. A strong reso-
nance CARS signal in the spectral region of C-H
vibrations comes from lipid reach structures of an
intestinal cell. The membrane structure and nuclear
areas of epithelium cells are easily recognisable in
the image. Image contrast (~1 : 7) is comparable to
that obtained for the transmission light image of an
H &E labelled sample (Fig. ). However, epithe-
lium cell nuclei of intestinal are weakly pronounced
in the CARS image of the unstained section.
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Fig. 1. CARS imaging of human intestinal gland: (a) image of unstained section recorded at 2840 cm™, the pump and
Stokes powers were 2 and 1 mW, respectively; (b) image of H & E stained section recorded at 3100 cm™, the pump and
Stokes powers were 0.3 and 0.2 mW, respectively; (c) wide-field transmission image of H & E stained section; (d) and
(e) the CARS spectrum obtained at the picture point indicated by the arrow in (a) and (b), respectively. For (a) and (b)
images, the appropriate lateral intensity profile along the white line is presented. Picture size 100 x 100 ym. Intensity
scale bar indicates the number of photons for a single pixel from 0 to the maximal value (the number on top of the
bar). For better assessment of the image contrast, the corresponding intensity profiles below each picture are presented.
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In comparison, CARS imaging of a stained his-
tological section was performed. The i mage of
H & E stained tissue (Fig. ) was recorded at
3100 cm™ vibrational frequency and showed a very
sharp contrast, highlighting the same structural
features as can be obtained on the transmission
light image of such sample (Fig. ).

Further, to get spectroscopic information from
the H & E stained section we measured the CARS
spectrum at the point of the image where the CARS
signal was particularly strong. The spectrum con-
tains a wide band centred at 3100 cm™! (solid line,
Fig. ). We compared this spectrum with the
spectrum of hematoxylin solution (dashed line,
Fig. ). The hematoxylin solution has a broad
band from 3000 to 3200 cm™ which should be as-
signed to the O-H stretch of phenol groups of he-
matoxylin molecule. Thus, in this spectral region
the CARS signal originating from an H & E stained
sample should be related with hematoxylin dye.
Note that the CARS spectrum does not contain C-H
stretches which should be expected from a biologi-
cal compound. At first this result is due to a relative-
ly low excitation power (pump and Stokes powers
were 0.3 and 0.2 mW, respectively) not enough to
rise the response from biological tissue, but, in turn,
sufficient to cause a high response from the dye.
Secondary, in the spectral region considered here
due to high concentration of the dye one Raman
oscillator of the biological molecule corresponds to
several oscillators of the dye molecules. Taking into
account the quadratic dependence of the CARS sig-
nal on the number of oscillators the spectra should
contain a distinct features of the dye and vanishing
teatures of the tissue. Thus for the stained section
both the CARS spectra and the CARS image repre-
sent the dye in the tissue rather than the tissue itself.
Imaging at the fixed vibrational frequency within
the dye’s resonant band gives a very sharp picture
bringing out fragments with high concentration of
hematoxylin dye: intestinal epithelium cell nuclear
as well as lymphocytes localised between intestinal
glands. It was verified that recording an image at
frequencies outside the hematoxylin resonant band
the picture loses a sharp contrast.

The CARS images correlate well with light trans-
mission images of this sample. It should be noted
that under experimental conditions when a stained
sample is excited by 1064 and 800 nm wavelengths,
corresponding to the 3100 cm™ Raman shift, the

competing process of two photon excitation fluores-
cence (TPEF) can occur especially due to eosin dye.
Nevertheless, the H & E stained section gives an
extremely high brightness contrast of about 1 : 50
for a CARS image. In our experiments contribu-
tion from TPEF was less than 3%. For instance, the
sample stained only with eosin reveals a very strong
signal of two photon excitation fluorescence (data
not shown) induced by pump radiation as well as
by Stokes radiation in a dual beam scheme of CARS
excitation mode. This fact completely eliminates the
possibility to record the CARS image from an eo-
sin stained section. Thus, the hematoxylin stained
sample is preferred for CARS examination, and eo-
sin staining must be excluded. However, it should
be admitted that CARS imaging of a stained section
gives minimum additional information in this spec-
tral region and further researches using the CARS
contrast mechanism should be directed to the fin-
gerprint spectral region.

3.2. TPEF contrast

A further experiment using the TPEF and SHG con-
trast mechanisms was performed on four histological
sections: unstained, stained with eosin or hematoxy-
lin and stained with eosin and hematoxylin. Each
section was obtained by serial cutting of the same
block of tissue. Figure @ shows two photon excitation
fluorescence images recorded in the spectral range
from 550 to 700 nm, while excitation wavelength for
all samples was 775 nm. The obtained TPEF image
shows that each dye marker distinguishes different
structures within intestinal tissue whereas the un-
stained sample gives a less-structured image. More-
over, the samples have a significantly different in-
tensity of the fluorescence signal. The eosin stained
sample gives an image with very intense TPEF up to
344 photons for a single pixel. The TPEF signal from
a hematoxylin stained section has intensity from 0 to
25 photons per pixel. The sample stained with H & E
dyes reveals even lower TPEF intensity (12 pho-
tons per pixel) than for sections stained with either
E or H dye. Finally, for the sample free of dye (not
stained section) the TPEF intensity (18 photons per
pixel) is of the order observed for sections stained
with hematoxylin or H & E dyes. Thus the fluores-
cence signal appears depending on the dye type
presented in the stained sample or we observe au-
tofluorescence from unstained tissue. The strongest
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Fig. 2. TPEF images of (a) eosin, (b) hematoxylin, (c) H & E, and (d) unstained histological sections of human intes-
tinal gland. Picture size 100 x 100 ym. Intensity scale bar indicates the number of photons for a single pixel from 0

to the maximal value (the number on top of the bar).

signal was obtained from eosin stained tissue be-
cause of a high fluorescence quantum yield of eosin.
The TPEF image perfectly identifies a human intes-
tinal gland as a whole giving a very high contrast
(1:100) of the picture. The imaging of the sample
stained with hematoxylin dye highlights a nuclear
of epithelium cells where hematoxylin couples with
chromatin. For this hematoxylin stained section the
signal of TPEF was very weak and probably origi-
nated from the hemalum complexes characterised
by very low nonlinear excitation fluorescence [].
Nevertheless, the nuclear structure is clearly distin-
guishable in this case. The sample with the presence
of two dyes gives an interesting picture. Although
the fluorescence of eosin is strongly quenched by
hematoxylin [] the measurable TPEF is reliably
observed to be in the order of ten photons per pixel.
Compared to the other samples, H&E stained tis-
sue shows a new structure highlighting the bounda-
ries of epithelium cells. Finally, the autofluorescence
from unstained tissue gives a picture showing con-
centration of organic matter rather than any mor-
phological structure of tissue. Thus, TPEF imaging
provides different information about the structure
of tissue depending on the dye combination applied
for staining.

3.3. SHG contrast

At the end of the nonlinear imaging of the human
intestinal we recorded images in SHG contrast.
In contrast to fluorescence, not all samples show
a SHG signal. Only samples stained with eosin or
H &E reveal a SHG image (Fig.ﬁ).

An eosin dye stained section gives the second
harmonic signal coming from intestinal epithelial
cell cytoplasm as well as from nuclear structures,
while for the section stained with H&E only the
cytoplasm of intestinal epithelial cells generates the
second harmonic. It should be noted that for ex-
perimental conditions when excitation was about
1 nJ per pulse the SHG intensity was very weak and
did not exceed 12 and 4 photons per pixel for eosin
and H&E samples, respectively. Usually the SHG
contrast is used for label-free imaging of ordered
cell structures, such as collagen. For our samples no
SHG was obtained from the unstained section. SHG
occurs only in the presence of the dye in tissue which
may indicate about the formation of dye-tissue com-
pound having a non-centrosymmetric structure.
This assumption is the subject of study in the future.

Fig. 3. SHG images of (a) eosin, (b) H & E stained his-
tological sections of human intestinal gland. Picture size
100 x 100 ym. Intensity scale bar indicates the number
of photons for a single pixel.
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4. Conclusion

In conclusion, we performed the imaging of un-
stained and hematoxylin and/or eosin stained
histological sections of the human intestinal tis-
sue using the multimodal CARS microscope and
utilising nonlinear optical contrast mechanisms
such as CARS, TPEF and SHG. It was demon-
strated that the structure of intestinal tissue can be
easily obtained without labelling of a histological
section. The image of unstained sections recorded
in CARS contrast allows the reliable determin-
ing of the intracellular structure of the tissue not
worse than that obtained for the H & E stained
section with the transmission microscope. The
H & E stained section, in turn, gives an extremely
high CARS contrast as well, and can be used in
histological examination as complementing to the
transmission light image. In this work only the
C-H vibrations region was exploited for CARS
imaging. More attractive is the fingerprint region
where the most pronounced spectral features of
pathological changes in tissue are expected. This
is a subject of future investigations.

The current work also demonstrated that the
TPEF/SHG imaging of unstained sections or sec-
tions stained with different dyes highlights dif-
ferent structural features of the human intestinal
tissue. Thus, the alternation of various nonlin-
ear contrasts provided by the CARS microscope
and using different dyes for the sample staining
allows us to get the images revealing a different
morphological structure of the biological tissue.
In this context the knowledge about capability of
nonlinear microscopy to image biological tissue is
important in developing a new approach in mi-
croscopic investigations, particularly expanding
this technique to the label-free and non-invasive
methods in medicine.
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ZMOGAUS ZARNYNO HISTOLOGINIU PJUVIY VAIZDINIMAS KOHERENTINES
ANTISTOKSINES RAMANO SKLAIDOS MIKROSKOPU
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Santrauka

Darbe pristatome skenuojancio koherentinés anti-
stoksinés Ramano sklaidos (KARS) mikroskopo galimy-
bes vaizdinti histologinius audiniy pjavius. Pateikiame
dazyty ir nedazyty zmogaus zarnyno audiniy histologi-
niy pjaviy jvairaus netiesinés optikos kontrasto vaizdus.
KARS kontrasto vaizdai leidzia atlikti histologinius ty-
rimus be bandinio dazymo. Ypatingas démesys skirtas
nedazyto audinio vaizdinimui. KARS vaizdai registruo-

ti dideliy Stokso poslinkiy srityje. Pateikti ir aptariami
ry$kiausiy struktiary KARS spektrai. Taip pat pateikti
antros harmonikos generacijos bei daugiafotonio zadi-
nimo fluorescencijos vaizdai. Aptarti Zmogaus Zarnyno
audiniy dazyty ir nedazyty histologiniy pjaviy vaizdai.
Tyrimy tikslas — atkreipti démesj j KARS mikroskopijos
ir netiesinés optinés mikroskopijos potencialg taikant ja
iprastos sveikatos prieziros laboratorinéje praktikoje.



