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Abstract

Intravital microscopy using two-photon excitation is proven to be a valuable tool for studying the kidney and associated disease
processes. However, routine performance of intravital kidney imaging is limited by the fact that fluorescence signal is attenuated by
the tissue and at certain tissue depth lost its strength completely. For most of the animal tissues, this finite imaging depth is limited
to a few hundred microns. Currently it is not possible to non-invasively image the kidney beyond the superficial tissue layers of the
cortex. This has imposed significant limitations on the animal models one can use for imaging since structure such the glomerulus
is typically located below the superficial layer of the cortex that cannot be imaged using a conventional fluorescence microscope. Here
we report the use of a needle-like lens system based on gradient-index (GRIN) microlenses capable of transferring high quality fluo-
rescence images of the tissue through a regular microscope objective for deep tissue imaging of the kidney. By combining this GRIN
lens system with a Zeiss LSM 510 NLO microscope, we are able to extend the depth for imaging kidney tissues far beyond the few
hundred microns limit. This GRIN lens imaging system provides an alternative microendoscopic imaging tool that will enhance current
intravital kidney imaging techniques for studying structural and functional properties of local tissues at locations below the superficial

layers of the kidney.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fluorescence microscopy using two-photon excitation
has a distinct advantage over one-photon confocal for
being able to image deeper into the tissue. This advantage
arises primarily from the use of near infrared laser light [1].
Two-photon microscopy has found many in vivo applica-
tions and becomes one of the most powerful tools for
obtaining high resolution intravital images of live speci-
mens, especially when it combined with quantitative data
analysis for retrieving dynamic and functional information
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[2-4]. The imaging depth in most applications, however, is
currently limited to less than 1 mm using conventional
microscope objectives. Depending upon the optical proper-
ties of the tissues, the imaging depth one can reach using
two-photon excitation microscopy can vary significantly.
For relatively transparent tissue such as the brain, one
can reach as far as 1000 um below the tissue surface [5].
The useable imaging depth for skin application on the
other hand is limited to less than 50 um [6,7]. In case of
intravital applications of the kidney, the imaging depth is
limited within about 200 pum [8]. This imaging depth limita-
tion has significantly confined our ability for structural and
functional studies of the kidney. For example, in order to
visualize and study the glomerulus, the functional unit of
the kidney, we are limited to use certain types of animals
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that have superficial glomerulus [9]. On the other, there are
many genetically engineered mouse models that do not
have superficial glomerulus or other tissue structures of
interests that are located immediately below the surface
of the cortex. One cannot use these animal models for
non-invasive in vivo imaging. However, it is very important
to study the kidney below the superficial layers since at the
deeper layers where local blood flow, tissue oxygenation
level and the cellular metabolism are known to be different
from those of the outer layer of the renal cortex. In partic-
ular, deep tissue imaging is important for the understand-
ing of the patho-physiology of the tissue regions related
to kidney diseases. Here we summarize our work towards
extending the imaging depth beyond the 200 pum limit for
intravital kidney imaging using a gradient-index (GRIN)
lens system combined with a commercial two-photon laser
scanning fluorescence microscope.

Gradient-index microlens is a non-conventional lens
that typically has a cylindrical shape available in various
sizes. The refractive index of the lens varies parabolically
along the radius of the lens, having a maximum in the opti-
cal axis of the lens (lens center) and gradually decreases
towards the outer edge. Fig. 1C depicts the refractive index
profile of a GRIN lens as a function of radial position. Due
to this refractive index gradient, a light ray strikes on the
front surface of the lens follows a sinusoidal path along
the lens rod (Fig. 1A). A complete sinusoidal path refers
to as a pitch (indicated on Fig. 1A). GRIN lens is conve-
nient for coupling light into fiber optics due to its cylindri-
cal shape and therefore widely used as a component in
telecommunication devices. As a lens, it also finds applica-
tions in the areas of optical spectroscopy [10,11] and

imaging including optical coherent tomography (OCT)
[12,13], endoscopy [14-16] and optical microscopy [17—
22]. GRIN lenses were reported to be implemented in con-
junction with both confocal and two-photon fluorescence
microscopes for in vivo imaging of the brain [18,19,22].
Due to the small size of the GRIN lens (100-1000 um in
diameter), it can be used to facilitate the construction of
a miniaturized imaging head for in vivo applications [23]
and as a solid immersion lens for deep tissue imaging of live
animals [22,24]. In principle, when using the GRIN Iens as
solid immersion lens, the imaging depth is only limited by
how far this needle-like lens can be immersed into the tissue
beneath the tissue surface. To date, microscopic or mic-
roendoscopic applications using GRIN lens systems were
mostly found in imaging of the brain in live rodents
[18,19,22]. Recently, an application of using GRIN lens
for dermatological inspection of volunteer patients was
proposed [21]. We are interested in using a GRIN lens sys-
tem to extend its microscopic application for intravital
deep kidney imaging.

2. Laser scanning microendoscopy using GRIN lens probes

For microendoscopic imaging applications, a single
GRIN rod lens can be used directly to couple with optical
fibers and to achieve axial resolution as high as 3.2 um [15].
Potential complications of using this simple configuration
are associated with the facts that the fluorescence signal
level, the axial resolution and the effective numerical aper-
ture (N.A.) of the GRIN lens are varied as functions of the
gap distance between the ends of the GRIN lens and the
coupling optical fiber [25]. A single high N.A. GRIN rod
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Fig. 1. Gradient-index lenses. (A) GRIN lens with one pitch length and examples of image transfer through a GRIN lens. Images at the entrance surface
of a 1/2-pitch lens are inverted at the exit surface. Images transfer through an one pitch long GRIN lens maintain their orientations with a magnification
factor of one; (B) GRIN lens with a pitch length slightly shorter than 1/4-pitch; (C) Refractive index profile of a GRIN lens.
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lens can also be used directly to couple with a microscope
objective with similar or matching numerical aperture for
microendoscopic imaging. In this case the pitch length of
the GRIN lens to be used can be slightly shorter than the
integral multiple of 1/2 pitches [21]. The practical issues
of using a single GRIN lens are (1) the physical length of
the GRIN lens that can be made useful for deep tissue
probing, (2) the diameter of the GRIN lens which is desired
to be small for microendoscopic applications and (3) the
optical artifacts generated by the GRIN lens (e.g., various
nonlinear effects especially when the beam focuses more
than once inside the GRIN rod lens) interfering with the
signals to be measured. There have been also a number
of reports of using compound GRIN lenses in doublet
and triplet configurations for in vivo microscoendoscopy
applications [19,22]. A doublet compound GRIN lens
probe consists of one objective lens and a relay lens con-
nected directly with each other. Typically the relay lens
has a smaller numerical aperture (~0.1-0.2) and the end
of the relay lens can be coupled to either a focused beam
such as in cases of using a low N.A. microscope objective
or a simple optical lens for imaging applications [22] or a
collimated beam such as in case of using optical fibers
[18]. Depending upon the pitch length of the objective
GRIN lens one selects to use, the pitch length of the relay
lens can be determined accordingly so that images can be
transferred properly through the lens system. For example,
in a typical case, the length of the objective lens is slightly
less than 1/4 of a pitch (Fig. 1B), the relay lens can be an
odd integrate multiple of 1/4-pitch when it needs to be cou-
pled with a microscope objective or a simple lens. When a
doublet GRIN lens microendoscopic probe with an objec-
tive lens slightly shorter than 1/4-pitch coupled directly
with a collimated beam [18], the relay lens needs to be an
integral multiple of 1/2-pitch. A triplet GRIN lens probe
has a coupling lens directly connected to the other end of
the relay lens of the above mentioned doublet compound
GRIN lens. Triplet GRIN lens probes have been reported
in a number of in vivo applications combining with two-
photon excitation fluorescence microscopes [19,22]. Similar
to the doublet GRIN lens probe, in a typical triplet GRIN
lens probe configuration, a GRIN lens with about 1/4
pitches is used as an objective lens, the relay GRIN lens
can be any integral multiples of 1/2-pitch and a 1/4-pitch
coupling GRIN lens. It is desirable to use a relatively high
N.A. coupling lens in the triplet GRIN lens probe to allow
it to couple to a regular conventional high N.A. micro-
scope objective. Using a high N.A. objective lens is also
desirable for achieving high spatial resolution for imaging
applications.

The advantages of using GRIN lenses as microendoscop-
ic probes are: they are versatile and cost effective comparing
with using a commercial microscope objective lens made
with conventional lenses but having a very small footprint,
e.g., the MicroProbe lens (Olympus, Melville, NY). A
GRIN lens microendoscopic probe can be designed and
assembled relatively easily according to a specific applica-

tion and they can be adapted to work together with regular
microscope objectives with different magnifications. Unlike
the GRIN lens probes, MicroProbe lenses are less flexible as
they are made with fixed and specific magnifications.

3. Deep tissue microendoscopy of the kidney
3.1. Microendoscopic imaging system

Of the shelf GRIN lenses were purchased from NSG
America, INC (Somerset, NJ) and used directly to assem-
ble the GRIN lens probe. Two 0.6 N.A. imaging lenses
(350 pm in diameter and 0.65 mm in length) with 0.22
pitches were glued to each end of a 1 pitch long rod lens
(350 pm in diameter and 14.95 mm in length) with 0.1
N.A. using transparent UV curing optical adhesive (Nor-
land Products, Inc., Cranbury, NJ) and protocols similar
to what is described by Levene et al. [19]. The two high
N.A. imaging lenses are functioning as the objective lens
and the coupling lens of the GRIN lens microendoscopic
probe, respectively. Thus, the total physical length of the
GRIN lens probe was 16.25 mm. The relay rod lens was
protected by a metal jacket with an outer diameter of
~600 um to make the microendoscopic probe mechanically
durable for deep tissue microendoscopy applications. The
assembled GRIN lens probe was hold in place by using a
five-axis bare fiber translator (Siskiyou Design Instru-
ments, Grant Pass, OR) which was attached to the body
of a Carl Zeiss Plan-Apochromat 20X, 0.75 N.A. air
immersion objective of an Axioplan 2 (upright) microscope
(as illustrated in Fig. 2). This microscope is part of the
LSM 510 Meta NLO microscope system (Carl Zeiss, Inc.,
Thornwood, NY) we use, and it is equipped with a Tsu-
nami Ti-sapphire laser (Spectra-Physics, Mountain View,
CA) pumped by a 10 Watt Millennia Xs all-solid-state laser
(Spectra-Physics, Mountain View, CA). Therefore, the rel-
ative position between the microscope objective and the
compound GRIN lens probe was fixed while the Z-control
motor of the Axioplan microscope that controls the Z posi-
tion of the microscope stage can be adjusted for microen-
doscopic imaging applications. The coupling and
alignment of the compound GRIN lens microendoscopic
probe with the microscope objective can be accomplished
by adjusting the axis controls of the fiber translator. The
fairness of the alignment was judged by imaging a piece
of Kodak lens cleaning paper in obtaining the fluorescence
signal and the resolution of the fluorescence image. For
imaging experiments, the Ti-sapphire laser was tuned to
800 nm with less than 50 mW of power at the sample for
two-photon excitation in both cases of the in vitro and
the in vivo applications. The transmission efficiency of
the compound GRIN lens probe depends on how well
the three pieces of GRIN lenses glued together and it can
reach as high as 70% to 800 nm laser light. The coupling
efficiency between the 20X, 0.75 N.A. Plan-Apochromat
objective and the compound GRIN lens probe was
~58%. This yielded an overall laser scanning excitation
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Fig. 2. Schematics of the imaging system. GRIN lens probe is used in conjunction with a Carl Zeiss LSM 510 two-photon microscope. The triplet GRIN
lens microendoscopic probe is attached to a 20X air objective through a 5-axis optical fiber translator. The Z-control motor moves the sample stage which
carries the kidney tissue samples or live animals for microendoscopic imaging.

throughput slightly better than 40% similar to what’s
reported in the literature [19] in a similar configuration.

3.2. Sample preparation

Lipid membrane probe Prodan and cell nuclear dye
Hoechst 33342 were purchased from Invitrogen (Eugene,
OR). Prodan stock solution was made by dissolving the
fluorophore in DMSO to a final concentration of 2 mM.
For in vitro microendoscopic imaging experiments, a
fleshly excised kidney from a male Sprague-Dawley rat
was perfused with 0.9% Phosphate Buffered Saline (PBS)
containing a Prodan concentration of 20 uM and the dye
solution was left in the kidney for 2 h before washing it
out with a 0.9% PBS solution. For in vivo imaging experi-
ments, 6-8 week old male healthy Sprague-Dawley rats,
about 200 g in weight, were prepared using the procedures
described before.[9]. Cell nuclear dye was intravenously
infused ~30 min before imaging acquisition. One kidney
of the rat was externalized and hold in a custom-made
micropuncture kidney cup for imaging experiment [26].
Before performing microendoscopic imaging for both the
in vivo and ex vivo samples, a small puncture through
the capsule of the kidney and into the cortex was per-
formed with a 28 gauge needle for facilitating the insertion
of the GRIN lens probe.

3.3. Image data analysis

Microendoscopic images of the kidney were analyzed by
using the Meta Imaging Series (version 6, Universal Imag-
ing Corporation, West Chester, PA), the LSM 510 imaging
software (Carl Zeiss, Inc., Thornwood, NY) and IMARIS
(Bitplane AG, Zurich, Switzerland) running on a personal
computer.

3.4. Results and discussion

Fig. 3 is a two-photon excitation fluorescence image
obtained using the GRIN lens probe together with the
LSM 510 Meta NLO imaging system showing a renal
tubule structure of the rat kidney labeled with Prodan. This
image was acquired with the tip of the triplet compound
GRIN lens inserted about 3 mm beneath the surface of
renal cortex. This depth was determined by the changes
of the Z position while the focusing motor of the Zeiss
microscope drove the GRIN lens probe into the tissue.
The lumen of the tubule is clearly visible. Since the GRIN
lens probe is an attachment to the LSM 510 microscope
system, we can perform all the different image acquisition
modes and using available configurations of the existing
microscope system. To demonstrate the capability of using
the combination of the GRIN lens probe and the Zeiss
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Fig. 3. Fluorescence image of a renal tubule labeled with Prodan acquired
using the GRIN lens imaging system. Zoom factor was set to 6. Depth of
imaging: ~3 mm; excitation: 800 nm; field of view: a 70 ym diameter
circle. Scale bar: 10 pm.

LSM 510 system for deep tissue imaging, we acquired Z-
stack images of the kidney labeled with Prodan (Fig. 4).
The total travel distance of the GRIN lens probe for

acquiring the image stack was 610 pum in the Z direction
that started at ~2.5 mm beneath the surface of the cortex.
Effectively, the range of the imaging depth of this image
stack was from ~2.5mm to ~3.1 mm in the Z-direction
below the kidney surface. This is an adequate depth for
imaging the outer medulla (typically 2-4 mm beneath the
kidney surface for rat) [27]. It should be noted that the
610-um continuous traveling distance of the GRIN lens
microendoscopic probe is the limit of the current Zeiss
microscope operating system set for automated Z-stack
image data acquisition. The travel distance of the Z motor,
on the other hand, is on the order of several centimeters
that allows further insertion of the GRIN lens probe for
deeper tissue imaging. The optical resolution of the GRIN
lens imaging system when coupled with a Plan-Apochro-
mat objective (20 x 0.75 N.A./air) used for two-photon
excitation at 800 nm was about 0.85 pm in the radial direc-
tion and axially about 15 pm determined by measurements
of 210 nm fluorescent beads. Fig. 5 is a montage of images
showing a portion of a renal tubule and other detailed kid-
ney structures while the GRIN lens probe was moving dee-
per into the tissue. These images further demonstrate the
capability of the GRIN lens probe for deep tissue microen-
doscopic imaging. Similarly, in case the GRIN lens probe
was used to probe the live kidney tissue stained with cell
permeable nuclear dye, as the GRIN lens probe was grad-
ually moving deeper into the tissue, the cells resided in the

Fig. 4. A Z-series fluorescence image of the kidney stained with Prodan acquired using the GRIN lens imaging system. Z-stack dimension: 610 um; depth

of imaging: 2.5-3.1 mm beneath the cortex surface; excitation: 800 nm.
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Fig. 5. Montage of images at different depth acquired while the GRIN lens probe was moving deeper into the kidney tissue. A portion of a renal tubule
and other structural features was visualized at depth from 2.59 mm to 2.94 mm beneath the kidney surface. Scale bar: 10 pm.

middle of the image (Fig. 6A) moved towards the upper left
corner and the cell group which is barely visible and out of
focus (cells at the right side of Fig. 6A) moved gradually
towards the center of the field of view (Fig. 6D). Thus, cell
images at different tissue depth can be recorded and stud-
ied. These data suggest that by using this GRIN lens imag-
ing system, it is feasible to achieve deep tissue imaging
beyond the 200-um depth limitations for minimal-invasive
kidney investigations without significantly sacrifice the
optical resolution.

It is worthwhile to note that the images we obtained by
moving of the GRIN lens in the Z-direction are different
from 3-dimensional image stacks acquired by using a con-
ventional confocal/two-photon fluorescence microscope.
For microendoscopic imaging with the GRIN lens, there
was no laser power attenuation at different tissue depths
where fluorescence images were acquired. Consequently,
the average fluorescent intensities of the images taken at
different tissue depth are uniform which can be seen from
images of each image series (Figs. 4-6).

One of the reasons we choose to use the triplet configu-
ration which contains two identical imaging lenses used for
the objective and coupling lenses is the fact that the GRIN
lens probe built in this way has a magnification factor of
one. Therefore, it is convenient in acquiring images using
the LSM 510 software with correct scaling factors.

There are a number of practical issues of using the
GRIN lens probe for in vivo deep tissue imaging we would
like to discuss.

First, the field of view of the triplet GRIN lens probe we
used is limited to a circle with a diameter (Dy) of about
70 um. The diameter of the circular field of view can be

estimated from the diameter of the GRIN lenses (¢iens),
the pitch lengths of both the relay lens (/iciay-lens) and the
imaging lenses (/image-lens) as follows,

Dy = ¢lens l;mage-lens (1)
relay-lens

The field of view of the GRIN lens probe we used is rel-
atively small. It is inconvenient for imaging larger struc-
tures, e.g., a large size tubule or a glomerulus (~100 um).
One way to increase the field of view is to use lenses with
larger diameters. For example, one could use selected
lenses from Grintech GmbH (Frankfurt, Germany) to
increase the diameters of the field of view of the triplet
GRIN lens probe, e.g., to 94 um when using 700 pm diam-
eter lenses and to 196 um with 1000 um diameter lenses.
The adverse effect of using GRIN lenses with increased
diameters is the increased possibility of causing tissue
trauma when performing microendoscopic measurements.
In this regard, it would be beneficial to keep the diameter
of the GRIN lens probe small. Alternatively, to increase
the field of view with a given GRIN lens diameter, one
could either increase the pitch length of the imaging lens
or decrease the pitch length of the relay lens. However, it
is not possible to increase the pitch length of the imaging
lens without decreasing the N.A. of the lens. Theoretically,
it is possible to use the imaging lens as a relay lens which
could increase the field of view. However, to make it useful,
one has to use such a lens with increased numbers of
pitches simply to allow the length of the rod (lens) physi-
cally long enough to be useful for microendoscopic appli-
cations. A concern about using a GRIN lens with
increased numbers of pitches is the fact that it could cause
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Fig. 6. Microendoscopic images of live kidney stained with nuclear dye. Distance between adjacent images is 50 pm. From A to D the GRIN lens probe
moved 150 um into the kidney tissue and these images recorded the relative movement of the cells passing through the GRIN lens probe. Scale bar: 10 pm.

undesirable nonlinear effects that generate fluorescence
within the lens itself when laser light is focused inside the
lens [19].

Second, the insertion of the GRIN lens probe into the
tissue could cause piercing of local tissues, bleeding and
blood clotting. It is difficult to avoid the physical contact
between the end surface of the GRIN lens probe with
the tissue and blood while performing microendoscopic
imaging and, therefore, causing contamination of the
imaging lens surface. It is particularly problematic in case
when fluorescent dextrans are used to stain the plasma and
the dye containing blood contaminates the GRIN lens
probe.

In summary, we have demonstrated the feasibility of
using a GRIN lens probe for deep kidney tissue microen-
doscopic imaging. It is advantageous in using the GRIN
lens approach to perform deep tissue imaging because of
the GRIN lenses are affordable and portable. The GRIN
lens probe can also be easily adapted to attach to different
commercially available confocal and/or two-photon fluo-
rescence microscope systems. There is a great potential to
make the GRIN lens probe an effective tool for in vivo

deep tissue imaging. To that end, it is critically important
that one can avoid or minimize local bleeding at the site
where the microendoscopic probe should be inserted into
the tissue.
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