J. Innov. Opt. Health Sci. 2014.07. Downloaded from www.worldscientific.com
by 103.240.126.9 on 10/21/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

Journal of Innovative Optical Health Sciences
Vol. 7, No. 5 (2014) 1450034 (9 pages)

© The Authors

DOLI: 10.1142/51793545814500345

\\:e World Scientific

www.worldscientific.com

Deep tissue imaging by enhanced photon collection

Viera Crosignani, Sohail Jahid, Alexander Dvornikov and Enrico Gratton*
Department of Biomedical Engineering
University of California at Irvine
Irvine, CA 92697-2715, USA
*egratton@Quci.edu

Received 18 June 2013
Accepted 16 September 2013
Published 4 June 2014

We have developed a two-photon fluorescence microscope capable of imaging up to 4mm in
turbid media with micron resolution. The key feature of this instrument is the innovative de-
tector, capable of collecting emission photons from a wider surface area of the sample than
detectors in traditional two-photon microscopes. This detection scheme is extremely efficient in
the collection of emitted photons scattered by turbid media which allows eight fold increase in the
imaging depth when compared with conventional two-photon microscopes. Furthermore, this
system also has in-depth fluorescence lifetime imaging microscopy (FLIM) imaging capability
which increases image contrast. The detection scheme captures emission light in a transmission
configuration, making it extremely efficient for the detection of second harmonic generation
(SHG) signals, which is generally forward propagating. Here we present imaging experiments of
tissue phantoms and in vivo and ex vivo biological tissue performed with this microscope.
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1. Introduction

Biology and medical diagnostics often require im-
aging of deep layers of biological tissue with cellular
resolution and without disrupting the physiological
condition of the sample. Deep-tissue imaging can be
regarded as noninvasive “optical pathology”, where
all cells and molecules are observed in their intact
physiological environment.

The ability to image in depth is dependent on both
the geometrical and optical properties of the sample,
as well as the capabilities of the imaging system.
The most common imaging systems available like

confocal microscopes are only suitable for relatively
transparent samples and cannot be used to access
deep layer of biological tissue, which is generally
strongly scattering. Tissues are characterized by
strong multiple scattering and by inhomogeneity of
the refractive index. Traditional light and fluores-
cence microscopy, even with the aid of staining and
using fluorescent markers to improve contrast, can-
not image beyond 100-200 pm from the surface layer
of the turbid sample.!

To access deeper layer of turbid samples, high
power, ultrashort pulsed lasers in the near infrared
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(NIR) are required, since they exploit the reduced
absorption and scattering at longer wavelengths
and use multiphoton absorption to excite molecules
in the sample. In spite of the noticeable improve-
ment in imaging depth obtained with multi-photon
microscopy, as compared to the conventional con-
focal microscopy, the state-of-the-art microscope
technology still cannot overcome the imaging limit
of about 1 mm.?®

We have built a two-photon fluorescence micro-
scope named the DIVER, which stands for deep
imaging via enhanced-photon recovery. The DIVER
is capable of imaging turbid samples with brain-like
optical properties up to the depth of 4 mm. The large
imaging depth is achieved with an innovative photon
recovery system which allows the collection of emit-
ted photons from a wide area of the sample, while
conventional detection schemes collect photons only
from a relatively small area, and thus losing most
fluorescence photons. We have also reduced light loss
matching the refractive index throughout the optical
path between the sample and the detector. We have
successfully validated the DIVER using many bio-
logical and artificial specimens. As for the artificial
samples we have used phantoms simulating brain
optical properties. As biological samples we have
used excised tissue from mice such as colon and small
intestine, vasculature in the skin, and subcutaneous
xenograft tumors.

The system operates in transmission geometry,
which makes it extremely suitable for second har-
monic generation (SHG) signal detection. SHG is a
coherent process in which photons are generated at
exactly half the wavelength of the excitation light.
SHG is a powerful asset in biological and medical
imaging and diagnostics. SHG does not generate
contrast by means of absorption, like in the case of
multi-photon fluorescence microscopy, but draws on
the polarizability of specific endogenous structures
lacking center of symmetry, and thus staining of the
sample is not necessary. SHG also works at near IR
laser wavelengths, which allows imaging deeper in
biological tissue with cellular resolution. While
fluorescence results in isotropic emission, SHG
mainly propagates in the direction of the excitation
beam,” which makes SHG detection better accom-
plished in an imaging system working in transmis-
sion geometry.

Due to its distinctive properties, SHG is a very
useful imaging technique; it is employed in both
ex vivo and in vivo, in the imaging of diseases of

connective tissue.® Collagen, a very strong SHG
signal generator, is extremely abundant in the
extra-cellular matrix (ECM) of tissue. The ability to
study the ECM is important in cancer research as it
has been shown that ECM remodeling often takes
place in many diseases, such as ovarian’ and breast
cancer.'” SHG is also used in studying muscle dis-
eases where myosin is present in large amounts and
can be detected with SHG.!!

The DIVER not only can acquire better in-depth
SHG images of biological and nonbiological samples
compared to traditional microscope geometry, but
it also requires very low excitation light power, and
thus limiting photodamage, when compared to
traditional methods.

The DIVER is also equipped with a FLIMBox
(ISS, Inc., Champaign, IL) for in-depth fluorescence
lifetime imaging microscopy (FLIM). FLIM is an
imaging contrast method based on the mapping of
the spatial distribution of the unique lifetimes of
intrinsic and extrinsic fluorophores, such as NADH,
FAD, and fluorescent proteins.'? FLIM can be used
to analyze protein—protein interactions and also in
detecting various biological conditions.'*'* FLIM
analysis performed in the time domain is very
computationally demanding, but the introduction
of the phasor-approach'® by Digman et al., has
allowed performing FLIM data analysis in the fre-
quency domain and it has significantly reduced the
data processing time.

2. Experimental Methods
2.1. Imaging system

The imaging system consists of a custom made
upright two-photon excitation microscope equipped
with a novel emission detection setup. The princi-
ples of operation were previously described.!%:!7
This paper describes an updated system, shown
schematically in Fig. 1.

Two-photon fluorescence excitation and SHG are
provided by tunable femtosecond pulsed Ti:Sa laser
(Mai Tai, Spectra Physics, Irvine, CA) coupled to a
group velocity dispersion compensator (DeepSee,
Spectra Physics, Irvine, CA) to maximize fluores-
cence excitation efficiency at the sample. The power
level of the excitation beam is regulated by an
acousto-optic modulator (AOM MT 110-B50A1, AA
Opto-Electronics, Orsay, France). The average ex-
citation beam power required for imaging depends
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Fig. 1. Schematic diagram of the experimental system.

on the type of sample, fluorophore, and imaging
depth and increases with imaging depth usually from
few tens of mW for layers close to the sample surface
to few hundreds of mW for layers at mm depths. We
first perform a quick z-scan to measure the attenu-
ation as a function of z. During the scan, we change
the laser power to maintain approximately the same
detected intensity as we go deep in the sample. Use of
high excitation power potentially may cause the
sample damage, however, when the excitation beam
is focused deep inside the turbid media, for the
samples having low absorption at NIR excitation
wavelength, which is typical for most biological tis-
sues, these high power levels usually do not induce
sample damage due to spread of light energy
across the sample by strong multiple scattering. The
excitation beam is subsequently directed to a x-y
galvanometric scanner (ISS, Inc.) coupled with
an Olympus BX illumination module equipped
with long working distance objectives (LCPlanF1l
20x/0.4, WD = 7mm; LUMPlanF1 40x/0.80 W,
WD =3.3mm, XLSLPLN25XSVMP  25x/0.9,
WD = 8 mm, Olympus, Tokyo, Japan). The sample
is positioned directly on the stage coupled to the
detection system (described below) and attached to
a motorized x-y-z stage used to position the sample
and to focus the laser beam.

The detector, operating in transmission setup, is
the core element of the DIVER which has allowed
us to extend the imaging depth in turbid samples to
4mm.'%'" As described above, this system is also
particularly effective in the detection of SHG pho-
tons, due to their forward-propagating nature. The
detector described in this paper has been upgraded

by the addition of a filter wheel to separate emission
photons by wavelength. The detector consists of a
large photocathode area head-on photomultiplier
tube (PMT; R7600P-300, Hamamatsu, Japan),
working in photon counting mode, coupled to the
shutter. The shutter is a custom-made sealed alu-
minum case equipped with two optical windows
made of 25 mm diameter x 3 mm thick BG-39 fil-
ters, Fig. 1. The PMT is attached to the bottom
window of the shutter using microscope objective oil
to eliminate the air gap and match the index of
refraction between the PMT window and the filter.
The sample is placed directly on the top shutter
window. BG-39 filters prevent the NIR excitation
beam from entering the PMT, while transmit visible
fluorescence light induced in the sample. The shut-
ter contains the filter wheel rotated by a stepper
motor. This filter wheel has 6 positions, corre-
sponding to closed (no light penetrate), open (no
filter inserted), blue-violet bandpass B-370 filter
and 3 longpass glass filters with cutoff wavelengths
of 455, 500, and 550 nm, respectively. These filters
are used to separate emission wavelengths. Because
the scattered emission light enters the shutter as-
sembly from various directions, we cannot use in-
terference filters that have more precise wavelength
selection, but require collimated beam, however, the
used glass filters were found to be very useful for
imaging. The filter case is filled with index matching
fluid to maintain refractive index continuity
throughout the optical path between the sample
and the PMT window in order to minimize losses of
emitted photons caused by multiple reflections at
the boundaries. Since the emission photons are
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collected directly from the wide surface area of the
sample and, due to refraction index matching, at
almost any entering direction, the effective numeri-
cal aperture of this detection system is above 1,
which makes it extremely sensitive to very low signal
levels. The system is also equipped with a FLIMBox
(ISS, Inc., Champaign, IL) for in-depth FLIM. A
second PMT (H7422P-40, Hamamtsu, Japan) that
works in the epi-fluorescence configuration has also
been added to the system as a comparative module
between the DIVER and conventional two-photon
fluorescence microscope configuration.

All image acquisitions, 3D reconstructions, and
data analysis were performed using the SimFCS
software developed at laboratory for fluorescence
dynamics (LFD; the commercial version “Globals for
Images” is available at www.1lfd.uci.edu). The images
consisting of 256 x 256 pixels were acquired by raster
scanning with dwell time of 32 us/pixel that takes
approximately 2.5s to acquire one frame. Typically
1520 frames were averaged for each image plane.
Because the signal intensity decreases with imaging
depth, the excitation power needs to be increased to
compensate for this effect. However, at high excita-
tion power levels, the phenomenon known as out-of-
focus fluorescence may be induced at a sample surface
layer, which further decreases the signal-to-noise
ratio. In experiments on imaging fluorescent beads
sandwiched between two 4-mm thick slices of scat-
tering silicone phantoms, the signal-to-noise ratio
was measured to be about 1.7 and 60 frames were
accumulated and averaged to produce the image.

2.2. Sample preparation

Silicone tissue phantoms (reduced scattering coeffi-
cient 1, = 1.13mm ™!, scattering anisotropy g = 0.9
at 800nm excitation wavelength) were prepared
according to Ref. 18 with the addition of yellow-
green (1, 2 and 15 pm) and red (10 pm) fluorescent
beads (Invitrogen, Carlsbad, CA). Samples for SHG
experiments were analogously prepared with the
addition of urea crystals (Aldrich, St. Louis, MO),
which were powdered in a mortar prior to mixing.
This phantom sample had dimensions of 35 mm in
diameter and 8 mm thickness. The preparation of
collagen matrix samples was described in Ref. 19.
Xenograft tumors were grown subcutaneously in
immune-deficient mice and were excised from a skin
flap and imaged immediately post-euthanization.
The thickness of tissue samples was about 2—-3 mm.

Tissue was obtained from 20-week old wild-type
mice on approved TACUC protocol 2011-2978-0
(University of California Irvine). Tissues were
obtained post-mortem and placed in cold PBS.

3. Results and Discussion
3.1. Images in phantoms

We have previously'®!” shown that the described
detection setup allows imaging fluorescent beads in
turbid media up to the depth of 3mm, while the
same sample could only be imaged up to the depth
of 500 um by a commercial Zeiss LSM 710 micro-
scope. The addition of a more powerful laser and of
a group velocity dispersion compensation device to
the DIVER has further extended the available
imaging depth.

To assess the in-depth imaging capabilities of the
DIVER, yellow-green fluorescent beads dispersed in
a tissue phantom with brain-like optical properties
were imaged. The system has been updated with an
automated z-stack feature that allows a 3D recon-
struction of the full thickness of a turbid sample.
Figure 2(a) shows the 3D reconstruction of a z-stack
image of fluorescent beads acquired to 3 mm depth.
The same sample was also imaged with our system
in the epi-fluorescence configuration (same objective
and excitation parameters) and with the Zeiss LSM
710 and in both cases the 500 ym imaging depth
limit could not be overcame. When the sample was
imaged with the DIVER’s wide area detector, even
at 3mm depth the image maintained high resolu-
tion. Next we imaged a cluster of 1 ym beads placed
between two scattering slices of silicone resin each
4-mm thick [Fig. 2(b)]. Because image intensity
decreases with imaging depth in order to compen-
sate for this phenomenon we need to collect more
frames at a 4-mm imaging depth to preserve a given
image quality. Nevertheless, the beads can be
clearly distinguished in the image.

3.2. Images of biological tissues

The DIVER was successfully employed in imaging
various types of biological tissues. One example is
the vasculature of subcutaneous xenograft tumors.
Colon cancer cells injected subcutaneously induce a
tumor mass that will develop a vasculature network
to acquire nourishment. The ability to image and
study the vascularization of tumor cells has become
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Fig. 2. 3D image reconstruction of 2 ym beads embedded in
scattering silicone resin (a). Image of 1 um beads sandwiched
between two 4-mm thick scattering silicone slices (b). The
Olympus XLSLPLN25XSVMP microscope objective was used
to acquire image (b).

important in progression of tumor and so far there
have been limitation of in vivo imaging of these
vessels. Figure 3 shows the vasculature of the sub-
cutaneous tumor with FITC-Dextran as a contrast
agent. This sample was imaged using the DIVER up
to depth of 630 um.

Fig. 3. Vasculature of the subcutaneous tumor with FITC-
Dextran as a contrast agent at the depth of 630 yum.

Deep tissue imaging by enhanced photon collection

600 um

Fig. 4. 3D Reconstruction of the vasculature in the lamina
propria of an excised section of mouse colon to a 350 um
imaging depth.

Another example is the vasculature under the
crypts in the mouse small intestine. Imaging the
vasculature network with high resolution is ex-
tremely important in biology as all cell behavior is
connected to the level of oxygenation of the tissue,
and thus to the proximity to blood vessels.
Figure 4 shows the 3D reconstruction of the vas-
culature in the lamina propria of an excised section
of mouse colon. The mouse was injected with
FITC-Dextran as contrast agent before being
euthanized.

The examples of imaging in-depth biological tis-
sue samples by DIVER system show that the applied
detection scheme, due to its ability to collect effi-
ciently emission photons, allows imaging of turbid
media at depths not accessible by conventional
microscopes. This system utilizes a transmission
geometry, where excitation is performed from one
side of the sample and emission photons collected
from its opposite side. In the absence of strong ab-
sorption, the multiple scattering in turbid media per
se, does not change the detected emission intensity,
on the contrary, it increases the number of detected
photons.'% Using our system we were able to image
relatively thick turbid samples (about 1cm total
thickness), however, the transmission geometry ob-
viously induces some restrictions on the samples
that can be imaged by this technique, especially in
in vivo imaging experiments. Nevertheless, the
method can be useful for in vivo imaging of biological
tissue as well and was used for in vivo imaging of
intestine and blood vessels where the total thickness
of the sample could be in the 1 cm range.'”'?
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For the tissue phantoms samples, which are
homogeneous in refraction index, the point spread
function (PSF) is not affected by imaging depth and
we did not observe any resolution decay with imaging
depth. However, it is known that in biological tissue
samples, where refraction index varies, the excitation
beam wavefront distorts with imaging depth that
leads to the loss of resolution in deep layers. This is
why tissue phantoms can be imaged deeper than
biological tissue samples. Nevertheless, because the
DIVER system is mainly designed to collect more
efficiently emission photons and it employs a rela-
tively low NA for excitation (NA 0.5), it allows
increasing imaging depth in all types of samples
when compared to conventional microscopes.

3.3. SHG images

SHG is a very powerful imaging modality, often
used both ez vivo and in vivo to image biological
tissue without the need of exogenous staining.® The
detection scheme of the DIVER, due to its trans-
mission geometry, is naturally more suitable and
more sensitive for detecting forward propagating
SHG signals. Conventional microscopes are bound
to collect the back scattered lower intensity portion
of SHG photons and also requires a higher excita-
tion laser power for imaging, producing more pho-
todamage to the tissue.

To show the superior performance of the DIVER
in acquiring of SHG images, we have imaged several
samples that generate SHG signals using both de-
tection schemes at the same time (transmission and
epi-geometry). The sensitivity of both detectors was
adjusted to give same intensity images for isotropic
fluorescence signals.

To compare the epi- and transmission geometry
signals we used samples containing dispersed urea
crystals, known to give a strong SHG signal.?’
Figure 5 shows the SHG images of urea crystals
dispersed in a scattering silicone resin sample at
1.2mm depth. The image acquired by the trans-
PMT is very bright [Fig. 5(a)], while the epi-PMT
barely senses any light [Fig. 5(b)] at the same laser
power level. The ratio of image intensities was mea-
sured to be 50:1. The SHG signal can still be detected
by the epi-PMT because the SHG photons are
redirected by multiple scattering to the epi-detector.

Collagen, an extremely abundant component of
the ECM of biological tissues, gives a strong SHG
signal due to a lack of a center of symmetry in its

(b)

Fig. 5. SHG images of urea crystals dispersed in a scattering
silicone resin sample at 1.2mm depth acquired by the trans-
PMT (a) and epi-PMT (b).

structure. Figure 6 shows the images of collagen
fibers in thick collagen matrix acquired by both
PMTs. The image acquired by the trans-PMT
presents a higher intensity than the one acquired by
the epi-PMT. The ratio of the intensities of these
images was measured to be ~ 250:1. This ratio sig-
nificantly increases with imaging depth, as shown in
Fig. 7, which makes the DIVER’s superior detection

Fig. 6. SHG images of thick collagen matrix acquired by the
trans-PMT (a) and epi-PMT (b).
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Fig. 7. Plot of ratio of SHG image intensities acquired by the
trans-PMT and epi-PMT as a function of imaging depth.
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Fig. 8. SHG image of muscle fibers in the mouse medial thigh
muscle acquired with the DIVER'’s trans-detector.

method even more suitable for SHG imaging in
deeper layers.

Myosin is another strong SHG signal generator
widely present in biological tissue, such as muscles.
Figure 8 shows the image of muscle fibers in sarco-
meres of the mouse medial thigh muscle acquired
with the DIVER’s trans-detector, which were im-
aged to the depths of about 600 um, not accessible
by conventional microscopes.

3.4. FLIM

FLIM uses fluorophore lifetime (fluorescence decay)
to generate images rather than the intensity or
abundance of the fluorophore itself. Since each
fluorophore has a specific signature lifetime, FLIM
imaging can be used to identify different fluorophores

(a) (b)

Deep tissue imaging by enhanced photon collection

with overlapping spectra, a task that cannot be
achieved with the traditional, steady-state fluores-
cence microscopy.”’! The FLIM capability of the
DIVER adds a crucial contrast mechanism. Tissues
that appear homogeneous on the basis of fluorescence
intensity could have very different spatial distribu-
tion of lifetime.

The DIVER is capable of acquiring FLIM images
at higher depths than conventional microscopes.
FLIM data acquired at such depths have not been
previously presented to the best of our knowledge.
FLIM images of fluorescent beads of different color
and size dispersed in a scattering silicone tissue
phantom with different dimensions were imaged
using the DIVER (Fig. 9). In Fig. 9(a), we show a
10-pym red bead at the depth of 1.2mm, while
Fig. 9(b) shows a 15-um yellow-green fluorescent
bead at the depth of 3mm. In Fig. 9(c), the FLIM
phasor analysis shows the different beads
highlighted according to their lifetimes, each having
distinct locations on the phasor.

Figure 10 shows an intensity image of the crypts
(a), the FLIM images (b), and the phasor-plot (c) of
the mouse small intestine obtained at 740 nm which
measure tissue intrinsic autofluorescence. The in-
tensity image does not provide very good contrast,
due to the weak autofluorescence of the tissues in
the crypt. However, the lifetime is independent of
fluorophore concentration and in the FLIM images
the crypts (NADH) are clearly discerned along with
other tissue types. The green area represents the
NADH content in the crypts and at the top of the
villi, while the yellow one identifies the muscle layer

0.7:58

Gargz

0.796

Fig. 9. FLIM images of fluorescent beads of different colors and sizes dispersed in a scattering silicone tissue phantom. FLIM image
of a 10 um red bead acquired at the depth of 1.2 mm (a). FLIM image of a 15 ym yellow-green fluorescent bead acquired at the depth

of 3mm (b). Phasor-plot (c).
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Fig. 10. Intensity image of the crypts (a), the FLIM images (b), and the phasor-plot (c) of the mouse small intestine.

Cardiomyocites|

-] Fibronectin

Fig. 11. Intensity image (a), FLIM images (b) and the phasor-plot (c) of the mouse heart. The image was acquired to 700 ym

depth.

under the lamina propria. The pink area corre-
sponds to retinoic acid, while the red area corre-
sponds to collagen.

Figure 11 shows an intensity image (a), FLIM
images (b) and the phasor-plot (b) of the mouse
heart. While the intensity image only provides
rough structural information with the FLIM image,
different cells and tissue types can be clearly dis-
cerned. The green region represents the cardio-
myocites, while the blue one is fibronectin.

The reason we can differentiate different ex vivo
tissue types using phasor-plot is most likely due to
specific autofluorescence originating in each organ
and how the NADH is distributed in these tissue and
its association with different tissue specific proteins.

4. Conclusion

In this paper, we have introduced the DIVER, a
two-photon fluorescence scanning microscope. The
system is capable of acquiring fluorescence, SHG,
and fluorescence lifetime-based images in turbid

biological and nonbiological samples, up to the
depth greater than 4 mm with micron resolution by
virtue of an innovative ultra-sensitive detection
system. The specially designed detector collects
emission photons from a wide area of the sample
with high efficiency. The advantage of the system is
due to the full index matching of the optical path
between the sample and the detector window, loss
of photons due to reflections at the boundaries are
greatly diminished making the DIVER highly sen-
sitive to low-level signals unlike any other system
presently available. These features allow the
system to image roughly eight times deeper in tur-
bid media than conventional two-photon fluores-
cence microscopes.

Since SHG signals intrinsically tend to propagate
in the direction of the excitation light, the transmis-
sion geometry of the DIVER’s detection system gives
it the upper hand on conventional microscopes in
SHG imaging. In-depth FLIM imaging capabilities
have also been demonstrated with an efficient life-
time-based separation up to the depth of 3 mm.
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