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Abstract. The development of miniaturized nonlinear op-
tical microscopy or endoscopy is essential to complement
the current imaging modalities for diagnosis and monitor-
ing of cancers. We report on a nonlinear optical endo-
scope based on a double-clad photonic crystal fiber and a
two-dimensional (2-D) microelectromechanical system
mirror, enabling the three-dimensional (3-D) nonlinear
optical imaging through in vitro gastrointestinal tract tissue
and human breast cancer tissue with a penetration depth
of approximately 100 um and axial resolution of 10 um.
The 3-D high-resolution and high-sensitive imaging ability
of the nonlinear optical endoscope facilitates the visual-
ization of 3-D morphologic and cell nuclei arrangement
within tissue, and therefore will be important for histo-
pathologic interpretation without the need of tissue

excision. © 2007 Society of Photo-Optical Instrumentation Engineers.
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Disease diagnosis at an early stage requires high-resolution
imaging that can visualize physiological and morphological
changes at a cellular level."? In particular, nonlinear optical
microscopy has provided spectacular sights into visualization
of cellular events within live tissues.”™® To further extend non-
linear optical imaging for in vivo applications, miniaturized
nonlinear optical microscopy and endoscopy have been ex-
ploited recently for intact organ access without tissue biopsy
on a benchtop.””"® Key challenges of developing a nonlinear
optical endoscope are the efficient delivery of both the exci-
tation beam and the nonlinear optical signals, the miniaturiza-
tion of laser-scanning mechanisms, and the flexibility and
compactness of the probe.

Since the first demonstration of miniaturized two-photon
excited fluorescence (TPEF) microscopy five years ago,’
novel fiber-optic devices such as hollow-core photonic crystal
fibers (PCFs)lO and miniaturized scanning mechanisms such
as piezoelectric actuators’’ have been adopted to overcome
these technical hurdles. However, the current nonlinear opti-
cal endoscopes are not suitable for minimally invasive inser-
tion into internal organs due to the nonflexible system
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arrangement® ° or the lack of sufficient sensitivity resulting
from the single-mode fiber-optic devices'*'* or from a low-
reflectivity microelectromechanical system (MEMS) mirror."
Thus, the MEMS-based systemll has not been used to acquire
three-dimensional (3-D) tissue imaging. In this letter, we first
introduce a high-reflectivity two-dimensional (2-D) MEMS
mirror to a nonlinear optical endoscope system and then re-
port on 3-D high-resolution imaging from in vitro internal
organ and cancer tissues, demonstrating the feasibility of non-
linear optical endoscopy that aims at in vivo 3-D imaging in
deep tissue.

A layout of the nonlinear optical endoscope system is
shown in Fig. 1(a). A double-clad PCF [Fig. 1(b)] is used to
enhance the sensitivity of the endoscope system due to its
large core to alleviate nonlinear optical effects for pulse de-
livery in the near-infrared wavelength range and high numeri-
cal aperture (NA) for signal collection in the visible wave-
length range.15 A two-axis scanning mirror based on MEMS
technology [Fig. 1(c)] can two-dimensionally scan the laser
beam from the fiber for 2-D image formation. MEMS mirrors
can facilitate endoscopic beam scanning because of their
small size, high speed, low driving voltage, and excellent op-
tical beam manipulation czlpalbility.11’16‘19’20 Although a one-
dimensional (1-D) MEMS mirror for nonlinear optical endo-
scopy has been demonstrated in the prior study,16 a 2-D
MEMS mirror is required to achieve 3-D endoscopic nonlin-
ear optical imaging. The focal plane inside tissue is altered by
an external 1-D translation stage. To acquire in vivo 3-D im-
aging, it is necessary to integrate a 1-D MEMS actuator in the
future design for axial scanning by changing the distance be-
tween the fiber and the gradient-index (GRIN) lens."

As shown in Fig. 1(a), a pulsed laser beam at a wavelength
of 800 nm generated from a turnkey Ti:Sapphire (Spectra
Physics, MaiTai) with an 80-MHz repetition rate and an ap-
proximately 80-fs pulse width is launched into the double-
clad PCF through a  grating pair (Newport,
1200 grooves/mm), a coupling objective, and a dichroic mir-
ror (DCM). The coupling objective (CO, Melles Griot,
4X/0.12NA) is chosen to maximize the excitation power
delivered by the fiber core. The endoscope probe consists of a
port of the double-clad PCF, a 2-D MEMS mirror, and a
GRIN lens (Melles Griot, 1.8 mm diam, 0.6 NA, 0.23 pitch),
allowing an outer diameter of 5 mm and a working distance
of approximately 200 pm.

The 2-D MEMS mirror we used is based on electrothermal
actuation and can perform large bidirectional 2-D optical
scans over +30 deg at less than 12 Vdc.*' The aluminum-
coated mirror plate is 0.5 mm by 0.5 mm in size and has a
reflection efficiency of approximately 80% at wavelength
800 nm. Furthermore, the small initial tilt angle of the mirror
simplifies the endoscope design and packaging. Two actuators
of the mirror are synchronized to create a raster scanning
pattern by applying 2.5 to 7.5 Vdc voltages. The scanning rate
of the mirror is 7 lines/s for our experiments, although its
resonance frequency is approximately 480 Hz, which could
be used to increase the speed for imaging acquisition. It
should be pointed out that the low driving voltage and the
ruggedness of operation make this 2-D MEMS mirror suitable
and safe for clinical applications.
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Fig. 1 (a) The nonlinear optical endoscope system using a double-
clad PCF, a 2-D MEMS mirror, and a GRIN lens. (b) Overlay of scan-
ning electron microscopy (SEM) image of a double-clad PCF and the
output patterns at wavelengths 410 nm and 800 nm shows the single-
mode delivery in the fiber core at a near-infrared wavelength and the
multimode propagation of visible light through the inner cladding. (c)
SEM image of the MEMS mirror. The entire size is 2.7 mmX 1.9 mm
X 1.2 mm.

The imaging capability of the nonlinear optical endoscope
is demonstrated by the TPEF imaging with 10-um-diam fluo-
rescent microspheres [Fig. 2(a)]. The high sensitivity of the
system is also confirmed by the comparison between this im-
age and the TPEF image [Fig. 2(b)] obtained from a system
based on a single-mode fiber coupler, a GRIN lens, and a bulk
scanning stage.22 It is shown that the signal level in the former

Fig. 2 TPEF images obtained (a) through a double-clad PCF, a 2-D
MEMS mirror, and a GRIN lens and (b) through a single-mode fiber
coupler, a GRIN lens, and a bulk scanning stage. The sample is fluo-
rescent microspheres with a diameter of 10 um. The power in (a) for
TPEF is approximately 1.8 mW. (c) Z projection of 11 SHG sections
obtained from the rat tail tendon with an imaging spacing of 10 um.
Scale bars are 10 um.
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Fig. 3 (a) A series of in vitro images of rat large intestine tissue. Each
section is recorded at an axial step of 7.5 um into the sample. The
excitation power is approximately 40 mW at wavelength 800 nm. (b)
A TPEF image of the rat large intestine tissue taken from a standard
laser scanning microscope (Olympus, Fluoview) with an objective
(Olympus, UplanApo, 40X /0.85 NA). (c) 3-D visualization of the rat
large intestine tissue based on the image stack in (a). Image recon-
struction is performed using AMIRA (Mercury Computer Systems). Ar-
rows point to the intestinal crypts. Scale bars are 20 um.

case is approximately 120 times higher than that in the latter
due to the large collection area and the high NA of the inner
cladding of the PCF. Furthermore, combined with the previ-
ous characterization experiment in which case a MEMS mir-
ror is not used and the focal spot is the same,16 the result in
Fig. 2(a) implies that 80-fs pulses are broadened by approxi-
mately 25% after the MEMS mirror, as the TPEF efficiency is
inversely proportional to the pulse width.” The pulse broad-
ening might be due to the group-velocity dispersion caused by
the aluminum coating of the mirror plate. The ability of sec-
ond harmonic generation (SHG) imaging through the endo-
scope system is shown by SHG optical sections from a rat tail
tendon [Fig. 2(c)], which is dissected from a Sprague-Dawley
rat and imaged directly.

Since the majority of cancers are epithelial tissues in ori-
gin, we have focused our efforts on 3-D imaging of epithelial
tissues. Figure 3(a) is a series of in vitro TPEF images of rat
large intestine tissue. The large intestine is extracted from a
Sprague-Dawley rat and stained with 1% Acridine Orange
(Sigma) in Ringer’s solution to enhance the image contrast.
TPEF images are obtained through the thick tissue with a
penetration depth of 100 um. The ability of the endoscope
system to discriminate the microscopic anatomy is also inves-
tigated by comparing these measurements with the TPEF im-
age [Fig. 3(b)], which is taken from the same large intestine
tissue in a standard laser-scanning TPEF microscope (Olym-
pus, Fluoview) with a 0.85 NA objective. It is shown that the
image pattern obtained from both the endoscope system and
the standard microscope are similar, and surface epithelial
cells surrounding intestinal crypts [see arrows in frame 3 and
Fig. 3(b)] can clearly be observed in both cases. The structural
details in the rat large intestine tissue can be further visualized
in the 3-D reconstruction of the image stack [Fig. 3(c)], where
the intestinal crypts are displayed (see arrows) by cropping
the 3-D volume. In addition, the endoscope system also en-
ables the visualization of the openings to the gastric pits of the
rat stomach tissue (data not shown), demonstrating the feasi-
bility to differentiate various tissue types and identify early
mucosal lesions in the gastrointestinal tract.
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Fig. 4 (a) A series of in vitro images of the human u-87 MG glioblas- 6.
toma tissue. Each section is recorded at an axial step of 5 um into the
sample. The excitation power is approximately 40 mW at wavelength
800 nm. (b) A TPEF image of the breast cancer tissue from the stan-
dard microscope used in Fig. 3(b). (c) 3-D visualization of the breast 7.
cancer tissue. Scale bars are 20 um.
8.
To demonstrate the imaging ability of the nonlinear optical 9.
endoscope for cancer tissue, human u-87 MG glioblastoma
cells (a kind of human breast cancer cells) are xenografted
into the hind leg of a nude Balb ¢ mouse and cultured for one 10.
week before dissection from the nude mouse for imaging. The
breast cancer tissue is stained with 1% Acridine Orange to
visualize the cell nuclei. TPEF images of human u-87 MG 11
glioblastoma tissue are taken from the endoscope system [Fig.
4(a)] with a penetration depth of approximately 75 wm and
the standard microscope [Fig. 4(b)], respectively. Figure 4(c)
is the 3-D reconstruction of the TPEF images in Fig. 4(a). It is 2.
found that the endoscope system and the standard microscope
produce a consistent pattern with the same sample. Further-
more, the contrast pattern of the cancer tissue is fundamen-
tally different from that achieved in gastrointestinal tract tis- 13.
sue, showing the extremely dense distribution of cell nuclei in 14.
the cancer tissue.
In conclusion, a 2-D MEMS mirror has been first intro-
duced to a nonlinear optical endoscope system that is incor-
porated with a double-clad PCF and a GRIN lens to demon- 5.
strate its effectiveness for flexible nonlinear optical imaging.
In vitro 3-D images of internal organ tissue and cancer tissue 16.
have been achieved with a penetration depth of up to 100 um
and axial resolution of approximately 10 wm. Epithelial cells 17
and intestinal crypts in 3-D images from rat large intestine '
tissue are clearly identified. Morphological details in the
breast cancer tissue are also provided by the visualization of 18.
cell nuclei. Taking advantage of compact size, high sensitiv-
ity, and high 3-D resolution, nonlinear optical endoscopy has 19.
demonstrated its potential to complement other optical imag-
ing modalities such as optical coherent tomography and spec- 20.
trally encoded endoscopyl for in vivo imaging in biomedical
applications.
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