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Enhancement of imaging depth in turbid media using a wide
area detector

Viera Crosignani, Alexander S. Dvornikov, and Enrico Gratton”
Laboratory for Fluorescence Dynamics, Department of Biomedical Engineering, University of
California Irvine, Irvine, California, USA

Abstract

The depth of two-photon fluorescence imaging in turbid media can be significantly enhanced by
the use of the here described fluorescence detection method that allows to efficiently collect
scattered fluorescence photons from a wide area of the turbid sample. By using this detector we
were able to perform imaging of turbid samples, simulating brain tissue, at depths up to 3mm,
where the two-photon induced fluorescence signal is too weak to be detected by means used in
conventional two-photon microscopy.
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1. Introduction

Since its invention in 1990, two-photon fluorescence microscopy [1] has been widely used
to image biological tissues. The near-infrared light that is used to induce two-photon
fluorescence can penetrate deeper inside tissue samples, thus allowing for high-resolution
imaging of deep tissue layers [2-10]. Biological tissue is by nature a turbid media, with
optical properties characterized by a strong multiple scattering and inhomogeneity of the
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refractive index. The excitation light that effectively reaches the focal area is attenuated by
scattering so that the imaging depth is limited. Light in biological tissue is strongly forward-
scattered, and the optical properties of the media can be characterized by the absorption
coefficient 1, the scattering coefficient s, the anisotropy factor g and the reduced scattering
coefficient u’s = Y (1-9) [3,9]. For most biological tissues the value of g is in the range of
0.6 —0.95 and p’s is in the range of 5 — 15 cm™1 [6,11,13]. Some tissue components, such as
blood and melanin [12,13], may have a noticeable absorption at excitation wavelengths.
However, the contribution of absorption and its effect on imaging depth is usually negligible
for most biological tissues when compared with attenuation by multiple scattering, because
of much lower values of the absorption coefficients, for instance, for brain tissue p, ~1 cm™1
[6,11].

Most of the excitation light focused inside the turbid media is scattered before reaching the
focal area. It can be shown [3] that the intensity of unscattered (ballistic) photons reaching
the focal area decays exponentially with depth, while the intensity of the total amount of
light decays approximately as 1/depth. However, only ballistic photons induce two-photon
fluorescence, because scattered photons will either miss the focal area or be time- delayed,
thus not contributing to two-photon processes. For this reason, two-photon induced
fluorescence is localized only in a small (micron scale) focal area inside the sample that
allows high-resolution imaging in turbid media. Obviously, an increase in the excitation
light power will lead to an increase in achievable imaging depths, because a sufficient
amount of unscattered photons can be delivered to the focal area at deeper layers. However,
as was shown in [3], at a certain power level the excitation light will induce out-of-focus
fluorescence near the sample surface that will mask the fluorescence signal from the focal
area and limit the possible imaging depth.

To increase imaging depth in turbid media most of the research reported in the literature was
concentrated on methods that allow the delivery of more excitation power to the focal area
and consequently increase fluorescence intensity and depth at which fluorescence signal can
be detected. The excitation light peak power depends on pulse duration and energy and
shorter pulses of higher energy are preferable for two-photon fluorescence imaging [14]. An
imaging depth of 1mm was demonstrated in brain tissue when a regenerative amplifier was
used to increase the excitation pulse power [2]. The numerical aperture (NA) of the focusing
optics also affects resolution as well as imaging depth and the optimum NA was found to be
0.6-0.8 for imaging at 300um depth in tissue phantoms [15]. The use of longer wavelengths
for excitation increases the imaging depth due to less scattering of excitation light by the
tissue and 1mm depth was achieved in the imaging of a mouse brain at 1280nm wavelength
[16]. The application of optical clearing agents [17], which are in fact index matching
compounds, was shown to double the image depth in a skin tissue sample (from 40 to
80um). Another factor that limits imaging depth in tissue is the optical inhomogeneity of the
media that leads to a distortion of the excitation light wave-front and degrades imaging
performance. To some extent this problem can be corrected by means of adaptive optics
[18-20].

Another major problem associated with in-depth fluorescence imaging is the harvesting of
fluorescence photons. While acquiring images of deep layers, the detected signal decays
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with depth due to the decrease in number of induced fluorescence photons, as well as the
attenuation of fluorescence by multiple scattering and possible absorption. It is obvious that
the ability of the imaging system to collect fluorescence photons propagating in turbid
sample will strongly affect the imaging depth, thus deeper layers can be imaged with more
sensitive fluorescence detectors.

The overall sensitivity also depends on the efficiency of fluorescence collection optics,
which for all commercial and experimental two-photon fluorescence microscope systems
utilizes an optical setup, where fluorescence is collected by the same microscope objective
that is used for excitation. The collection efficiency of this method is very limited by the
ability of the microscope objective to collect photons only at a certain angle and from a
relatively small area of the sample, thus leaving most of the fluorescence photons
undetected. References [21,22] describe the use of parabolic mirror to reflect these “missed”
photons to detector and increase the signal gain and imaging performance. Alternatively,
optical fibers can be used for fluorescence collection in imaging systems [23]. A relatively
narrow acceptance angle of optical fibers limits their ability to collect fluorescence photons,
however, the use of an array of optical fibers, especially large-core fibers with high NA~0.5,
can be practically efficient. The additional collection of fluorescence photons by a ring of
large-core optical fibers surrounding the objective was shown to have the potential to
enhance the overall fluorescence collection efficiency by up to 4-fold signal gain [24].

To resolve this problem we decided to separate excitation and detection optics, thus
allowing a more efficient collection of fluorescence and enhancing the possible imaging
depth. In this paper we present our detection method and experimental results on imaging in
depth in turbid samples with optical properties that simulate brain tissue. To our knowledge,
the imaging depth in brain tissue is usually limited to a few hundred microns [6,8,25], and
the maximum imaging depth reported is about 1 mm [2,16]. The use of the detection method
described below allowed us to perform imaging in turbid samples with brain-like optical
properties at depths up to 3 mm, while the maximum depth at which images could be
acquired on the same samples by the state-of-the-art commercial two-photon microscope
(Zeiss LSM 710) was limited to about 500pum.

Although the presented experimental setup utilizes an optical scheme where excitation and
detection are performed on the opposite sides of the sample, this paper also discusses a
possible configuration in which excitation and detection optics are combined in the same
unit to perform imaging from the same side of the sample.

2. Materials and methods

2.1. Sample preparation

Imaging experiments were performed on samples with fluorescent objects and scattering
particles embedded in gelatin or agar gels and in silicone polymer.

Turbid samples were prepared by dispersion of fluorescent microspheres (Invitrogen
FluoSpheres yellow-green, size 1um or 15 pm) and TiO, particles (Atlantic Equipment
Engineers, Ti-602) as a scattering agent in a gelatin or agar gel. Gelatin (Sigma-Aldrich) or
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agar (Fisher Scientific) was dissolved in hot water to make a 5% or 1% solution
respectively, to which fluorescent microspheres and TiO, powder were subsequently added.
The mixture was then placed in an ultrasonic bath to disperse the particles. As soon as the
mixture reached room temperature and begun to thicken, it was poured in a 35 x 10 mm
Petri dish and placed at 4°C to complete the solidification process.

Silicone samples were prepared according to [26] with the exception of the addition of
fluorescent microspheres. These samples were also polymerized in Petri dishes to obtain a
sample size of 35 mm diameter x 10 mm thick. The reduced scattering and absorption
coefficients of the samples were measured as 14 cm™1 and 0.7cm™1 respectively at 806 nm
by the method described in [26].

For experiments on imaging of living cells in turbid media the samples were prepared as
following: cell cultures MDA-MB-231 cell line stably expressing paxillin-EGFP were
grown in high glucose DMEM medium (Gibco) supplemented with 10% heat-inactivated
fetal bolvine serum (Invitrogen), 5SmM HEPES (Sigma), and 100 1U/ml penicillin/
streptomycin (Invitrogen). Cells were cultured at 37°C in a humidified 5% CO, atmosphere.
Cells were resuspended to a final concentration of 5 x 10% cells/ml in type | collagen
solution (final concentration of 2 mg/ml) in PBS, pH value was carefully adjusted with 1M
NaOH to ~pH 7. 250 ul of cell-collagen solution was pipetted into one 8-well chambered
coverglass (Lab-Tek), and kept at 20 C for 1 hr, then moved to 37°C incubator for 1 hr
before fresh medium was applied. The collagen gel containing cells (gel size ~10x 10 x 1
mm thick) then was embedded in a larger size (35 x 10 mm Petri dish) scattering gel made
of agar in PBS solution to which 0.3% of intralipid (Fresenius Kabi) was added as a
scattering agent.

2.2. Two-photon microscope system

The experimental system diagram is shown in figure 1. A femtosecond Ti:Sapphire laser
(Tsunami Spectra-Physics, 100 fs, 80 MHz, 800 nm) was used for the two-photon excitation
of the samples. The excitation beam was directed to an ISS Alba x-y-scanner coupled to a
Nikon Eclipse TE2000-U microscope equipped with a long working distance Olympus
LCPlanFI 20x/0.4 air objective. The objective was mounted on a piezo-stage to perform the
z-scan. The maximum power of excitation beam reaching the sample was about 160 mW.
The turbid sample in the Petri dish was placed on a microscope stage and the excitation
beam was focused by an objective lens inside the sample from its bottom side. The two-
photon induced fluorescence was collected by the detector (described below) placed directly
on top of the sample. To prevent external light from hitting the sensitive detector, the
components were enclosed in a light-sealed box made out of black cardboard.

We have also used a commercial two-photon scanning microscope Zeiss LSM 710 to
compare results obtained in our experiments.

2.3. Detector

The detector is the key feature of the described experimental setup. The detector and the
principle of its operation are shown schematically in figure 2a. The detector consists of a
head-on photomultiplier tube with a 25 mm diameter photocathode (Hamamatsu PMT
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R-1104) that operates in photon-counting mode. The PMT is coupled to a glass cylinder
with mirror coated walls. This cylinder works as a light-guide to direct fluorescence photons
to the PMT photocathode. The optical shutter, connected to the bottom of the glass cylinder,
is made of two 25 x 3mm optical filters (Schott BG-39) that transmit fluorescence, but
prevent excitation light from entering the PMT. There is a ~0.2 mm gap between filters were
a 0.1mm thin aluminum plate can be inserted to close the shutter. All the detector
components are connected with index matching compounds and the gap between filters is
filled with an index matching liquid to minimize losses of fluorescence photons due to
reflection at the boundaries. For the same purpose, during measurements the detector was
placed directly in contact with the surface of samples.

As shown in figure 2a, the two-photon induced fluorescence photons are multiply-scattered
inside the turbid sample and when they reach the surface they are collected by the detector
from a wide surface area of 25 mm in diameter. Because of multiple scattering, photons
originally directed out of the detector have the probability to be redirected and enter the
detector. For the same reason, in the multiple scattering media, where photons continuously
change direction, light losses due to total internal reflection at the sample/detector boundary
are reduced and fluorescence photons that reach it can be picked up by the detector from any
angle of incidence. Theoretically, multiple scattering may even enhance fluorescence
detection because in multiple scattering media the intensity of the scattered photons decays
as 1/distance from the excitation light focus [3], which is slower than the 1/(distance)? decay
that takes place in clear media. We suggest that the described detection method is very
efficient in harvesting photons and no microscope objective is capable of collecting photons
from such a wide area. For comparison, figure 2b shows conventional two-photon
microscope diagram where fluorescence photons can be collected by a microscope objective
only from a relatively small area and at narrow angle.

The detector is very simple in construction, it practically does not require any optics, and it
should be also efficient for clear media samples. To prove this concept we conducted the
measurements described below.

and discussion

Figure 3 shows images of fluorescent beads dispersed in turbid samples and acquired at
various depths. The similar results were obtained for samples made of gelatin or agar gel
and silicone. It can be seen that with increased depth the image intensity decays. Moreover,
for deeper layers a higher excitation light power and more accumulated frames are required
to maintain the image quality. Using our experimental setup and detector we were able to
obtain reasonable quality images of fluorescent beads at depths up to about 2.5 mm. When
the same samples were imaged with a commercial Zeiss LSM 710 two-photon fluorescence
microscope with similar objective and excitation light power, the maximum imaging depth
was about 0.5 mm (see fig. 3). That is, in fact, the maximum imaging depth obtained so far
in brain tissue [6,8,25], the optical properties of which we have replicated in our samples.

The images depicted in figure 3 were acquired using an objective with NA=0.4 (Olympus
LCPlanFI 20x/0.4) for excitation. Because the beam diameter at focus depends on the
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numerical aperture as d=1.220/NA, where A is a light wavelength, the use of higher NA
objectives results in a smaller beam size, which in turn gives a higher excitation light
intensity at focus and thus an increased imaging depth and resolution. However, high NA
objectives usually have a short working distance. It was shown [15] that objectives with NA
of 0.6 - 0.8 are optimal for two-photon imaging in turbid media. When an objective with
NA=0.8 (Olympus LUMPIlanFL/IR 40x/0.80w) was used for excitation, it was possible to
obtain high resolution images of fluorescent beads at a depth of 3mm, which was limited
mainly by the objective working distance.

To verify the capability of our imaging system to resolve fluorescent objects inside a turbid
media, we performed imaging of samples containing 15um diameter fluorescent beads and
CHO-K1-GFP cells embedded in a turbid gel. Cell solutions were sealed in ~150pum
diameter glass capillaries and then embedded in the turbid gel at various depths. Figure 4
shows images of x-y- and x-z-scans of 15um fluorescent sphere and images of CHO-K1-
GFP cells in the turbid gel at Imm depth. As shown in figure, the detector allows to image
fluorescent objects inside a turbid gel at significant depths without loss of resolution.

The results on imaging of living cells in turbid gel with optical properties imitating brain
tissue are shown in figure 5. In these experiments we have used MDA-MB-231 human
breast cancer cells expressed with paxillin-EGFP and suspended in collagen gel. Because of
collagen gel samples containing cells were too small in size to take advantage of our
detection system, they were enclosed in a bigger size scattering gel and placed in a standard
35mm Petri dish used for imaging with our detector. This surrounding scattering gel was
made of agar dissolved in hot PBS solution and then cooled to room temperature to become
a gel. The intralipid solution was mixed with the liquid agar solution to induce scattering.
The concentration of intralipid was adjusted to 0.3% to make a gel with the reduced
scattering coefficient ~7 cm~1[27,28]. As it shown in figure 5, we were able to obtain high
resolution images of these living cells inside a turbid gel to a depth of approximately 2 mm.

It should be noted that fluorescence photons, induced at the excitation beam focus, have to
travel through about 1cm thickness of strongly scattering media before reaching the sample
surface, and yet they are efficiently detected with the presented detection method.

To demonstrate the performance of the detection method, the experimental system utilizes
an optical scheme where a two-photon excitation of fluorescence in thick turbid samples is
applied to one side of the sample, while the detection of fluorescence is performed on its
opposite side. Such schematics are not really suitable for a practical device meant for non-
invasive imaging of deep tissue layers. One of the possible optical schemes that combine
fluorescence excitation optics with a wide area detector in a single unit can be realized
according to the setup shown in figure 6. In this scheme the scanning excitation device, such
as a fiber optic scanning two-photon fluorescence endoscope [29,30], can be embedded into
the light guiding cylinder of our detector. Because of the small size of this device (just a few
millimeters in diameter), it will not significantly prevent fluorescence photons, which are
collected from a much wider area, from reaching the photocathode of the detector and
decrease its overall sensitivity.

J Biophotonics. Author manuscript; available in PMC 2014 November 26.
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We believe that through the application of the described detection method and after the
optimization of the excitation optics and beam parameters, such as pulse duration and
energy, wavelength, wave-front profile etc., the imaging of biological tissue in depths of few
millimeters will become a reality.

4. Conclusions

In this paper we presented the fluorescence detection method that, in combination with two-
photon fluorescence scanning microscope, allows to image fluorescent objects inside tissue-
like turbid media with the micron scale resolution. The detector collects photons from the
wide (25 mm diameter) area of the sample with minimum photon losses, which makes it
exceptionally sensitive to low light levels.

We have demonstrated that by using this detector it is possible to increase imaging depth of
turbid samples up to 3 mm, while the best state-of-the-art commercial two-photon
fluorescence microscope was able to image the same samples only at a maximum depth of
0.5 mm and the maximum reported imaging depth in similar samples does not exceed 1mm.
The imaging depth can be further enhanced by incorporating other methods targeting
fluorescence excitation aspects, which are also discussed in the paper.

The detector is simple in construction and can potentially be utilized in devices for
noninvasive imaging of few mm deep tissue layers. The experiments on in-depth-imaging of
biological tissue samples are now in progress.
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Figure 1.
Experimental system diagram.
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Figure 3.

Images of 1um fluorescent beads dispersed in turbid sample at various depths.
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Figure 4.
Images of 15um fluorescent sphere: x-y scan (left), x-z scan (middle) and CHO- K1-GFP

cell (right) in turbid gel at 1mm depth.
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Figureb5.
Images of MDA-MB-231 human breast cancer cells in scattering gel at various depths.
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Figure6.
Optical scheme for imaging from the same side of the sample.
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