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In vivo coherent anti-Stokes Raman scattering microscopy
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1 | INTRODUCTION

The liver carries out major metabolic and immunologic
functions. Among its metabolic functions is the vitamin
A (VA) uptake, storage and release, protecting the organ-
ism from the consequences of toxic VA doses. Physiologi-
cally, VA is a nutrient essential for health as it regulates,

Here we present a microscope setup for
coherent anti-Stokes Raman scattering
(CARS) imaging, devised to specifically
address the challenges of in vivo experi-
ments. We exemplify its capabilities by
demonstrating how CARS microscopy can
be used to identify vitamin A (VA) accu-
mulations in the liver of a living mouse,
marking the positions of hepatic stellate
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cells (HSCs). HSCs are the main source of

extracellular matrix protein after hepatic injury and are therefore the main tar-
get of novel nanomedical strategies in the development of a treatment for liver
fibrosis. Their role in the VA metabolism makes them an ideal target for a
CARS-based approach as they store most of the body's VA, a class of com-
pounds sharing a retinyl group as a structural motive, a moiety that is well
known for its exceptionally high Raman cross section of the C=C stretching
vibration of the conjugated backbone.

coherent anti-stokes Raman scattering, hepatic stellate cells, liver fibrosis, multimodal nonlinear

for example, epithelial growth and immunological pro-
cesses. Hepatic stellate cells (HSCs) in the liver constitute
the main storage site for VA [1, 2]. Following hepatic
injury, however, HSCs are activated and lose their intra-
cellular VA storages, which leads to their transformation
into collagen-producing myofibroblasts [3]. Governing
the excretion of excess extracellular matrix protein, such
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activated HSCs are the most relevant cell type in the
development of liver fibrosis to which there is currently
no treatment available. According to the World Health
Organization, in 2016, liver cirrhosis, the final stage of
liver fibrosis, was the fourth leading cause of death
worldwide in the age group 50 to 59 [4], creating a strong
incentive for the development of novel treatment strate-
gies and theranostic approaches. One such strategy that
has sparked interest recently is the application of
nanoparticles (NPs) [5, 6] and other nanoscale functional
materials as cell-selective carriers for the targeted deliv-
ery of drugs. The primary target of such systems are
HSCs, given their specific role in fibrosis. Studying the
uptake and accumulation dynamics, as well as the final
fate of NPs inside the liver of a living animal and proving
a selectiveness for HSCs will require a method of identi-
fying HSCs in vivo. However, the detection of HSCs is
challenging, due to the incompatibility of histopathologi-
cal staining techniques with in vivo measurements. Thus,
an appropriate method should be fast, providing constant
feedback during, for example, time-resolved nanocarrier-/
drug-focused measurements and minimizing artifacts due
to the unavoidable sample movement caused, for example,
by breathing or the heartbeat. Furthermore, it should, ide-
ally, allow for simultaneous recording of separate images
to combine the HSC identification with further modalities,
such as fluorescence, for instance for marker detection. So
far, no procedure was reported fulfilling all these require-
ments. UV excited fluorescence microscopy [7-9] and lin-
ear Raman spectroscopy [10, 11] have been employed to
address HSCs in liver tissue but fail to meet these afore-
mentioned criteria. VA excitation with UV light leads to
rapid photobleaching [7-9, 12] within seconds of illumina-
tion, preventing any prolonged measurements of the same
sample area, making this method ineffective for kinetic
measurements. Linear Raman based methods suffer from
the inefficiency of the weak Raman process leading to long
acquisition times incompatible with in vivo measurements
of larger sample areas [13].

Here, we demonstrate, for the first time, the identifica-
tion of HSCs by coherent anti-Stokes Raman scattering
(CARS) microscopy in a living mouse, utilizing the stellate
cell's role in the VA metabolism by measuring spectrally
resolved CARS images in the C=C stretching vibration. The
high Raman cross section of this vibration renders VA the
perfect target for Raman-based methods, such as CARS. The
viability of this approach had been demonstrated before in
our group on excised tissue [14] but wasn't extended to in
vivo measurements and the specific challenges associated
with them, the most notable among which are the limited
time window, sample movement and the need for an epi
detection scheme.* To meet these challenges we designed an
inverted microscope setup providing a modular all-epi detec-
tion scheme with up to three easily customizable detection

channels. An appropriate data analysis procedure was devel-
oped and is exemplified in this study.

Besides a reliable localization of HSCs via CARS, the
approach presented in this contribution would also pro-
vide the option to use the other non-linear effects inher-
ently induced by the CARS lasers, namely two-photon
excited fluorescence (TPEF) and second harmonic gener-
ation, in a multimodal imaging approach to monitor col-
lagen on the liver surface, the organs autofluorescence
[14] or, as discussed above, to perspectively track labeled
drugs or drug carrier materials aimed at HSCs.

2 | EXPERIMENTAL

2.1 | Imaging setup and parameters

For in vivo measurements of CARS from HSCs a home-
built microscope, the general layout of which was previ-
ously described in detail [15], was used but modified to
meet the needs of in vivo imaging, most importantly by
converting it into an inverted microscope with an epi-
detection scheme. Differing from its original description
[15], the setup uses a mode locked Nd:vanadate laser
source (High-Q picoTrain, High-Q Laser, Austria), gener-
ating short pulses of 7.5 ps, centered at 1064 nm, at a rep-
etition rate of 80 MHz which comprise the Stokes beam
in this setup. As a second output, the laser provides fre-
quency-doubled pulses which are used to pump an opti-
cal parametric oscillator (OPO, Levante Emerald,
A.P.E. Germany) to generate the desired pump wave-
length for the CARS process. For the purpose of this
work, the OPO was set to generate wavelengths between
909.1 and 913.9 nm with an increment of 0.2 nm,
corresponding to Raman resonances between 1601 and
1544 cm™'. The fundamental output of the Nd:vanadate
laser is passed through a delay stage to achieve temporal
overlap of the pump and Stokes beam and is then com-
bined with the pump beam by a dichroic mirror. The
temporally and spatially overlapped pump and Stokes
beams are passed onto a set of scanning galvo mirrors
which direct the beams through a tube and scanning lens
onto the back aperture of an objective lens (0.4 NA, M
Plan Apo NIR 20X, Mitutoyo, Japan). Average powers at
the sample were around 155 mW (pump) and 135 mW
(Stokes). The generated CARS signal (793.6-800.9 nm) is
collected in epi direction by the same objective and sepa-
rated from the excitation lasers and cleaned by appropri-
ate dichroic mirrors and optical filters before being
detected using a photomultiplier tube (H10721-20, Hama-
matsu, Japan). A schematic of the beam pass and detec-
tion scheme, including all dichroic mirrors and filters, is
provided in Figure 1. Due to time constraints inherent to
the in vivo experiment, the average pump beam power
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FIGURE 1
beam path (top) and detection

Overview of the

scheme (bottom) of the microscope.
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which slightly varies between different pump wavelengths
due to more or less efficient generation could not be
adjusted to ensure perfectly consistent average powers
between measurements. This problem was addressed in
the data processing stage by a suitable normalization.
Images were recorded at 1024 px X 1024 px at 16 bits/px in
a field of view of 400 pm X 400 pm and with a pixel dwell
time of 2 ps. Five frames were averaged for each image.

2.2 | Animal treatment and sample
preparation

A male FVB/N mouse was used in this study. The animal
was maintained at the animal facility of the Jena Univer-
sity Hospital under artificial day-night cycles (12 hour

light-dark cycles; 23°C room temperature; 30% to 60%
environment humidity) in a pathogen-free environment.
The study was conducted in accordance with the German
legislation on the protection of animals and with permis-
sion of the Thuringian state administrative office.

During all procedures and imaging methods, the ani-
mal remained under deep general anesthesia using 1% to
2% isoflurane (CP-Pharma, Germany) and 5 mgkg™ "
body weight per os meloxicam (0.5 mg mL™" suspension,
CP-Pharma, Germany) for additional pain relief. Pain-
reflexes were assessed to gauge the depth of anesthesia.
Still under anesthesia, the animal was sacrificed at the
end of the experiments. For in vivo microscopy, a tail-vein
catheter (30 G) was placed. The liver was exposed by an
abdominal incision and the animal was carefully placed
on a microscope stage equipped with a 170 pm glass
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bottom plate. The exposed organ was kept moist through-
out the measurements to limit drying artifacts. A heat
lamp was applied to avoid hypothermia.

3 | RESULTS AND DISCUSSION

As discussed in the introduction, HSCs do not only store
most of the body's VA but are also the most relevant cell
type in the development of liver fibrosis as they govern
the excretion of excess collagen. A reliable identification
of HSCs in native liver tissue is thus of utmost impor-
tance. We, therefore, explored the potential of CARS
microscopy for the identification of HSCs. Figure 2 shows
three of 25 spectrally resolved CARS images obtained
from surface-near layers of the liver of a living mouse at
pump wavelengths corresponding to wavenumbers of
1584.5 cm™' (highest CARS intensity) and 1601.4 or
1543.6 cm™ (highest and lowest addressed wavenumber).
The central image clearly shows a number of bright dots
that are absent or significantly weaker in the other two
images. Linear Raman measurements of endogenous VA
in native mouse liver tissue were reported to have shown
a strong Raman response of the conjugated C=C double
bonds of the retinyl unit at approximately 1594 cm™
(1595 cm™" [16] and 1593 cm™" [11]). This suggests that
the bright dots can be attributed to VA accumulations,
thus indicating the position of HSCs. To prove this
assumption a thorough spectral analysis was performed
on the whole data set, as - due to the nature of CARS -
the Raman resonance frequency is not directly compara-
ble to the (beating) frequency at which the highest CARS
signal occurs.

FIGURE 2
corresponding to 1601.4 cm™" (left), 1584.5 cm™" (middle) and 1543.6 cm™" (right). Bright dots indicate VA accumulations and mark the
positions of HSCs. The data are represented in linear gray scale, starting from the global minimum (black) to the global maximum (white).

One of the major challenges associated with in vivo
imaging, if quantitative spatio-temporal relations are to
be monitored (or maintained), is motion artifacts. Those
artifacts can arise, for example, due to breathing, the
heartbeat and global sample drift and are facilitated by
the soft nature of healthy liver tissue. The occurring arti-
facts are oftentimes not well accounted for by simple
translational and rotational transformations, making cor-
recting for them in data sets that were recorded over the
span of several minutes rather challenging. Though
motion artifacts were small in the here presented data
set, they still required correction to assure that the same
areas are compared at different wavenumbers. Therefore,
the raw images were subjected to a stack alignment pro-
cedure using ImageJ (v.1.52v) [17] and the bUnwarpJ
plugin [18] which performs image registration by elastic
deformations based on B-splines. The plugin, by default,
handles only pairs of images. For that reason a macro
was written that extends the capabilities of the bUnwarp]
plugin to stacks of images by generating pairs of every
slice and either a moving reference or a fixed reference.
For the purposes of this work, a fixed reference was cho-
sen (slice 9, Apump = 910.7 nm). The macro code (Docu-
ment S1) and details are provided as part of the
supporting information Data S1. Figure 3A shows a maxi-
mum intensity projection of all 25 spectrally resolved
measurements of the liver of a living mouse after stack
unwarping. None of the bright dots appear severely elon-
gated or smeared out, indicating a successful unwarping.

For the identification and analysis of bright dots, a
purpose-made ImageJ macro (code [Document S2] and
details provided in the supporting information Data S1)
was developed which separates “dots” and “non-dot”-

In vivo coherent anti-Stokes Raman scattering (CARS) images of a mouse liver, recorded at pump wavelengths

The typical sponge-like microarchitecture of the liver is visible in the non-resonant background signal. A mosaic of all 25 unprocessed,

spectrally resolved CARS images from which the above ones were selected is part of the supporting information Data S1 (Figure S1)
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FIGURE 3

In vivo CARS measurements of retinoids in surface near layers of murine liver tissue. A, Maximum intensity projection

(MIP) of a stack of CARS images recorded at different pump wavelengths corresponding to resonance conditions between 1540 and

1600 cm™. To account for motion artifacts, the stack underwent a stack alignment procedure prior to MIP. Areas rich in retinoids show as
bright dots and mark HSCs. Blue outlines (top right half) indicate areas identified as dots by a dot identification algorithm. Masks generated
from the results of that algorithm were projected to the individual slices (see Data S1 for details). B, Mean pixel intensities in dot (I) and
non-dot (I,,4) areas over the pump wavelength and respective wavenumbers. C, Ratio of mean pixel intensities of dot and non-dot areas over
the pump wavelength and respective wavenumbers, alongside with a corresponding fit curve and its components. The raw data plotted in B
and C, are available in the supporting information Data S1. D, Pixel intensities of a single dot in the raw images (before stack alignment,
approximate position indicated in MIP image by red square) in 2.5 D color coded and 2 D gray scale representation. Minimum and

maximum values are indicated by dotted lines

areas and calculates the mean pixel intensities Iy and Ig
in the respective areas. Figure 3B shows the mean pixel
intensities in dot and non-dot regions. There is no appre-
ciable spectral signature of VA in the areas classified as
not belonging to HSCs, whereas the spectral signature is
very prominent in the areas identified as belonging to
HSCs, indicating an almost complete registration of all
HSC areas, while an overly lax assignment of any area
to the HSC category can be easily ruled out upon visual
inspection of areas marked by blue outlines in
Figure 3A. Since varying pump beam intensities due to
different generation efficiencies of the OPO at different
wavelengths could not be addressed experimentally
because of the time constraints imposed by the in vivo
experiments, it was made use of the fact that both, four-
wave mixing signal from non-dot areas, as well as CARS
signal from dot areas depend on the square of the pump
beam intensity, by dividing the mean pixel intensities in
dot areas by the mean pixel intensity in non-dot areas.
Plotting the resulting ratios over the respective pump

wavelength yields the CARS spectrum (data points in
Figure 3C).

The spectrally resolved CARS data (I4/T,q) were then
fitted to extract information about the individual compo-
nents adding up to the overall CARS intensity I(4,) and,
most importantly, the resonance wavenumber. A detailed
derivation of the fitting function is part of the supporting
information Data S1. Briefly, the relation

(3) 1
A2 N 4rcy N rAR ( T Z)
d d ’

1() oy + 22 (1)

with

3) . .
was used, where ;{I(\II){ is the constant non-resonant contri-

bution, Az the normalized vibrational mode strength, I
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the bandwidth of the Raman line and A, the pump
wavelength at which Raman resonance occurs. Relation
(1) was converted into an equality by introducing a con-
stant factor k to the right-hand side of the equation, lead-
ing to Equation (3),

B3 ar (2 1
2 AIZ 47[0)/NR R(ﬂ ,res_/l_)
1) =™ + =5+ P ©)

where 40} = vk and Al =+vk-Aj . The nonlinear
curve fit was performed in OriginPro 9.0 [19], using a
AChi’, of 107" between successive iterations as conver-
gence criterion and with unknown fitting parameters
7', A, Apres and T

From the fit (Figure 3C) the highest CARS intensity
was determined to be at ~1584 cm™' and the resonance
was determined to be at ~1594 cm ™. This is in agreement
with the above-cited values for VA from linear Raman
measurements and confirms earlier results on excised tis-
sue [14]. As it is known that Raman spectra of HSCs are
dominated by VA, while surrounding liver tissue does
not show any bands around 1594 cm™ in spectra
recorded with the same S/N ratio [11], finding this reso-
nance is sufficient to confirm the identification of HSCs.
Furthermore, no compounds other than VA which also
have long conjugated double bond systems are expected
to accumulate in agglomerates like the observed ones of
1 to 3 pm. The storage of VA in lipid droplets of this size,
on the other hand, is very well known and strict
colocalization has been documented [14]. The obtained
results render this approach highly attractive for in vivo
applications in which, for example, the positions of fluo-
rescence labeled drug delivery systems, such as NPs, have
to be tracked in time relative to HSCs. We suggest a two-
step procedure in such a scenario: first, three measure-
ments are taken, one at the wavenumber with the highest
CARS intensity and one off-resonance measurement in
each direction which should suffice for reliable HSC
identification. In our particular case this amounts to a
total time requirement of 3 minutes, about 2.1 s/
frame - 5 frames - 3 = 31.5 s of which were actual mea-
surement time, the rest accounts for manually changing
the pump wavelength and saving the measured data. This
is typically not detrimental and therefore in line with the
specific requirements of in vivo experiments. Second,
simultaneous CARS/TPEF measurements at the
wavenumber of the highest CARS intensity are taken
after administration of the labeled agent. The CARS
images in this case would allow to account for sample
movement and therefore address one of the major diffi-
culties in imaging live specimens.

4 | CONCLUSIONS

In view of the important role of HSCs in the development
and progression of liver fibrosis as the main source of
extracellular matrix protein in the liver, we investigated
the potential of CARS microscopy for identifying them in
the complex organ matrix. We found that spectrally
resolved CARS can be used to localize HSCs in vivo based
on their VA signature. Spectral analysis allowed us to iden-
tify the wavenumber of highest CARS intensity
(1584 cm™) and the resonance wavenumber (1594 cm™).
Not relying on any of the other modalities induced by the
CARS lasers would allow utilizing them to, simulta-
neously, for example, measure collagen on the liver sur-
face and either autofluorescence from the organ or labeled
drugs/functional nano-materials, targeted at HSCs.
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