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Compensation-free, all-fiber-optic, two-photon
endomicroscopy at 1.55um
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We present an all-fiber-optic scanning multiphoton endomicroscope with 1.55 um excitation without the need for
prechirping femtosecond pulses before the endomicroscope. The system consists of a 1.55 um femtosecond fiber
laser, a customized double-clad fiber for light delivery and fluorescence collection, and a piezoelectric scan head.
We demonstrate two-photon imaging of cultured cells and mouse tissue, both labeled with indocyanine green.
Free-space multiphoton imaging with near-IR emission has previously shown benefits in reduced background
fluorescence and lower attenuation for the fluorescence emission. For fiber-optic multiphoton imaging there is
the additional advantage of using the soliton effect at the telecommunication wavelengths (1.3-1.6 yum) in fibers,
permitting dispersion-compensation-free, small-footprint systems. We expect these advantages will help transition

multiphoton endomicroscopy to the clinic.
OCIS codes: 170.2150, 190.0190.

Multiphoton microscopy (MPM) is a widely used imaging
technique in biology, particularly for its capability of
optical sectioning without excessive photobleaching
[1]. A recent development in the field has been the crea-
tion of fiber-optic endomicroscopes [2,3]. Such systems
generally use a single optical fiber for light delivery and
collection. The small footprint and flexibility of these de-
vices have the potential for clinical translation of MPM,
as well as new applications in basic scientific research.

Most multiphoton imaging, both free-space and fiber-
optic, uses a femtosecond pulsed laser in the near-IR
(NIR) region (typically 700 to 900 nm) to excite fluoro-
phore, leading to emission in the visible region [4].
Free-space multiphoton microscopes have been demon-
strated using Cr:Forsterite lasers around 1.23um [5],
Nd:YLF pumped optical parametric oscillator (OPO)
sources around 1.45-1.63uym [6], Ti:Sapphire pumped
OPOs at 1.06-1.45 ym [7], and Erbium-doped fiber lasers
at 1.55 ym [8]. Advantages of longer wavelength excita-
tion include deeper penetration of the excitation light,
due to reduced tissue scattering, and emission in the
NIR window with reduced tissue absorption and scat-
tering and considerably reduced background autofluo-
rescence. However, these advantages come with the
caveats of higher water absorption at the excitation
wavelength and lower resolution due to the increase in
the diffraction-limited focused spot size (for a given
NA of the imaging objective lens).

Another major advantage of longer wavelength ex-
citation, particularly for fiber-optic multiphoton endo-
microscopy, is the ease of dispersion management of
femtosecond pulses in the region of 1.3-1.6um. It is
relatively straightforward to make optical fibers with
anomalous dispersion in this wavelength region, making
it possible to utilize the soliton effect to minimize the
distortion of the ultrashort pulses in a fiber-optic endo-
microscope, which eliminates the requirement of pulse
prechirping before launching the pulses into the endomi-
croscope. Since dispersion management is not required,
the size and complexity of MPM endomicroscopes can be
dramatically reduced, and a turnkey operation may be
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possible using a compact femtosecond fiber laser. In
addition, the cost of MPM endomicroscopes can be sig-
nificantly reduced due to the wide availability of generic,
low-cost fiber-optic telecommunication components in
the wavelength range of 1.3-1.6 um. In this Letter, we
present a compensation-free, all-fiber-optic scanning
endomicroscope using a single double-cladding fiber
for 1.55 ym pulsed laser delivery and two-photon excited
fluorescence collection. To the best of our knowledge
this is the first report of an all-fiber-optic MPM system
with NIR fluorescence emission.

The reported two-photon fluorescence endo-
microscopy system utilizes a 1.565 ym femtosecond fiber
laser. Figure 1(a) shows a block diagram of the laser,
which consists of a seed laser, a fiber-based pulse
stretcher, a customized Er-doped fiber amplifier (EDFA)
(PolarOnyx Inc.), and a fiber-based pulse compressor.
The seed laser was a 1.55 um passively mode-locked fiber
laser that generated ~1 ps, 42.5 MHz pulses with a 3 dB
spectral bandwidth of ~30nm and an average power
of ~2mW. The pulse stretcher was a 110-m-long, cus-
tomized (Corning Inc.), dispersion-shifted single-mode
fiber with normal dispersion at 1.55 ym. The total disper-
sion of the stretcher was about -10ps/nm. The seed
pulses were stretched to about 290ps after the fiber
stretcher and then amplified by the EDFA up to an aver-
age power of about 160 mW. Finally, the pulses were
launched into the fiber compressor, which used both
fiber chromatic dispersion and soliton effect [9,10] to
compress the pulses. The pulse compressor was a
700-m-long SMF-28 fiber with anomalous dispersion at
1.55 ym, totaling about 12.3ps/nm. To form a soliton
(and thus preserve the pulse shape over a certain dis-
tance), the dispersion of the stretcher (e.g., with a
negative dispersion parameter D) was smaller than that
of the compressor (with a positive dispersion parameter
D). The output pulses from the fiber stretcher could be
compressed to below 300fs (assuming a sech? pulse
shape) with a power up to 1565 mW. The laser emission
was nonpolarized, and the numerical aperture of the
output fiber was 0.13.
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Fig. 1. (Color online) System design and components:
(a) block diagram of the 1.55um short-pulsed fiber laser,
(b) detailed layout of the optical path, (¢) micrograph of the
double-clad fiber cross section.

The details of the endomicroscope setup are shown in
Fig. 1(b). The front end of the system consisted of a 2 mm
diameter scanning probe with a four-quadrant tubular
piezoelectric actuator [2]. A customized 70-cm-long
double-clad fiber (DCF) (Corning Inc.) was passed
through and glued to the actuator with an ~1cm free-
standing length to serve as a fiber-optic cantilever for
beam scanning. The outer diameter of the DCF was
180 ym, with core and inner cladding diameters of 8
and 175 um, respectively [see Fig. 1(c)]. The core and
inner cladding NAs of the fiber were 0.12 and 0.267, re-
spectively. The core carried excitation light, while the
fluorescence was collected by the inner cladding (plus
the core). At the end of the probe, a miniature compound
lens made of two aspheric lenses (LightPath Cat. 370840
and 370940) was used for focusing the excitation light
with an NA of 0.8 (on the sample side) and a working
distance of ~200ym in air, with a configuration similar
to what we reported previously [11]. Ray-tracing simula-
tions indicated a chromatic focal shift of 670 ym between
the 1.55um excitation and 800 nm emission. Following
the direction of the excitation light, the free-space optical
setup before the endomicroscope consisted of a collima-
tor, two silver mirrors, a customized dichroic mirror with
reflectivity >99.97% from 0.7-0.9 yum to separate the
fluorescence emission from the excitation, an aspheric
coupling lens (f = 6 mm, NA 0.4), and a photomultiplier
tube (PMT) sensitive from 300 to 900 nm (Hamamatsu

R7400) with a collection lens and a 700 nm long-pass
filter (Edmund Optics) to reject ambient light.

Figure 2 shows characterization data for the laser
alone, as well as for the entire endomicroscopy system.
Figure 2(a) shows the spectra at the output of the laser
and at the output of the endomicroscope after delivery
through the free-space optics and the DCF. Figure 2(b)
shows autocorrelation traces measured at the same
two locations. Since the dispersion and the mode field
diameter of the DCF and the compressor fiber (SMF-
28) are similar, the DCF can be considered as a part
of the compressor. The pulse shape thus remains
relatively unchanged through the DCF due to the short
length of the DCF. Assuming a sech?® pulse shape, the
measurements indicated about 5% pulse broadening.

Two-photon fluorescence imaging studies were
performed to test the performance of the scanning endo-
microscope equipped with the short-pulsed 1.55 ym fiber
laser. The scanning range of the fiber tip was ~490 ym,
resulting in a 110 ym field of view on samples.

The fluorescent dye used for imaging was indocyanine
green (ICG), which has a single-photon excitation peak at
780 nm and an emission peak at 830 nm. An average power
between 30 and 50 mW on the samples was used for imag-
ing. Two forms of the dye were used—a 10 M aqueous
solution of ICG and antibody conjugated ICG micelles.
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Fig. 2. (Color online) (a) Spectra and (b) autocorrelation

traces of the pulses at the laser output and at the endo-
microscope output.



The in vitro imaging study involved A431 cells cul-
tured on coverslips in six-well plates at a density of
2 x 10° cells/well in Dulbecco’s modified Eagle's medium
with 10% fetal bovine serum and 1% penicillin:streptomy-
cin. Cells achieved an 80% confluency after 3 days. ICG
micelles were synthesized as described elsewhere [12,13]
and conjugated with anti-epidermal growth factor recep-
tor (anti-EGFR) antibodies [14]. EGFR is a membrane
protein that is overexpressed on the A431 cell membrane.
Prior to imaging, cells were incubated with anti-EGFR
conjugated ICG micelles for 3h. Samples were washed
thrice in phosphate buffered saline before imaging.
Figures 3(a) and 3(b) show representative two-photon
fluorescence images of the cells acquired with the scan-
ning endomicroscope at an imaging speed of ~2.6 frames
per second. The cell membranes, lit up by the bioconju-
gated ICG micelles, were evident.

For tissue imaging, 50 uL. of 10 uM aqueous ICG solu-
tion was injected into the tail vein of an 8-week-old nude
mouse. The mouse was also given an intramuscular (i.m.)
injection of 50 uL ICG solution (10 zM) to locally stain tis-
sue. In the blood, ICG rapidly binds to plasma proteins
and does not extravasate. It has a half-life of 150-180s
and is cleared from the circulation exclusively by the
liver via the biliary pathway [15]. The mouse was
sacrificed 15 min after ICG administration, and the bile
duct and the muscle around the i.m. injection site were
resected and then imaged with the endomicroscope.
Figure 3(c) shows a representative image of the bile duct
indicating accumulation of ICG in the duct. Figure 3(d)
shows a representative two-photon fluorescence image,
in which a muscle fiber can be clearly visualized
with characteristic transverse striations caused by
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Fig. 3. (Color online) Multiphoton fluorescence images (aver-
aged five times) with 1.55um excitation. (a), (b) A431 cells
targeted with anti-EGFR antibody conjugated ICG micelles,
(c) ex vivo mouse bile duct after tail vein administration of
50 uL ICG solution (10 uM), (d) skeletal muscle after i.m. admin-
istration of 50 uLi ICG solution (10 xM) showing characteristic
striations.
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sarcomeres. Z-scan imaging indicated that an ~150 ym
imaging depth could be achieved.

In summary, we have demonstrated an all-fiber-optic
scanning multiphoton endomicroscope integrated with
a femtosecond fiber laser at 1.55um that was capable
of imaging NIR fluorescent probes like ICG. Benefits
of operation in this wavelength range include minimal
autofluorescence and potentially better imaging depth
due to both the excitation and emission being in the
NIR window with reduced overall tissue attenuation.
For fiber-optic systems, there is the additional advan-
tage of the synergistic effects of self-phase modulation
and anomalous dispersion, leading to minimal pulse
distortion. This allows for operation without prechirping
the pulses, thus greatly reducing the complexity and
footprint of the entire imaging system. Such systems,
combined with a compact turnkey femtosecond fiber
laser and well-developed optical components at NIR
telecommunication wavelengths, have the potential to
transform the current powerful but expensive MPM
systems to a low-cost endomicroscopy platform for
not only basic science laboratories but also the clinic.
Future studies might focus on the thermal effect asso-
ciated with the increased water absorption at 1.55 ym.
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