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Abstract The applicability and potential advantages of
femtosecond laser-induced ionization microscopy in
examining biological samples are demonstrated. High-
resolution section images of the inner structures and the
topographical surface profiles of a piece of unstained
onion skin and a human oral epithelium specimen are
obtained by collecting the plasma emission signals gener-
ated either inside the samples or from air in the vicinity. It
is concluded that the high material discrimination capabil-
ity and the minimum damage effect give this laser-induced
ionization imaging technique great potentials in the area
of biological imaging and medical analyses.

Keywords nonlinear microscopy, laser-tissue inter-
action, ultrafast laser, bio-imaging

1 Introduction

Optical microscopes have become ubiquitous tools in
medical diagnoses and biological analyses. To improve
the image contrast of transparent biological specimen,
sample labeling, staining and fluorescing techniques are
often employed [1,2]. With the help of compact and reli-
able femtosecond laser sources, several types of nonlinear
microscopes, such as the second- or the third-harmonic
generation microscopes and the coherent anti-Stokes
Raman scattering microscope, have also been developed
[3-5]. These new types of microscopes have desirable
advantages such as a higher spatial resolution, the capa-
bility for two- or three-dimensional imaging, and a pro-
cess without staining the samples in characterizing
biological specimen.

Recently, it has been reported that a novel nonlinear
imaging method of laser-induced ionization microscopy is
capable of mapping out subtle variations of elemental
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and/or structural properties of the sample materials.
This new imaging technique is based on the principle that
the plasma emission associated with the atomic or
molecular ionization by the femtosecond laser pulses con-
tains information on both chemical and physical prop-
erties of the sample in its ionized area. It is thus called
laser-induced air ionization microscopy (LIAIM) [6] or
laser-induced breakdown microscopy (LIBM) [7],
depending on the location of the ionization, which is
either in the air or directly inside the sample. It has been
demonstrated that either LIAIM or LIBM has the com-
bined advantages of nonlinear scanning optical micro-
scopes and laser-induced breakdown spectroscopy
(LIBS) [8-12]. In this paper, the applicability of this tech-
nique of femtosecond laser-induced ionization micro-
scopy is exploited in examining biological samples. The
LIAIM and LIBM images of some non-elaborately cho-
sen biological specimens, such as onion skin cells and
human oral epithelium cells, are presented. The potential
applications of this technique in both medical imaging
and biological studies are confirmed.

2 Experiments

The schematic diagram of the experimental set-up is
shown in Fig. 1. The femtosecond laser system (Spectra
Phys. Inc. HP-Spitfire) employed in our experiments for
plasma generation has an output of 1 kHz, 50 fs pulses
and a central wavelength of around 800 nm. While the
maximum pulse energy of this laser system can reach
approximately 2 mJ, the typical pulse energy of a few tens
of nano Joules is sufficient for the imaging experiments.
The attenuation of the laser power is achieved through a
programmable half-wave plate/polarizer-based attenu-
ator together with some neutral density filters. The line-
arly polarized laser beam, after being reflected by two 45°
steering mirrors (M1, M2), is focused on the sample at
normal incidence by a 10 x microscopic objective. The
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plasma emission signal is collected through the same
objective in the backward direction and detected by a
photomultiplier (PMT) (Hamamatsu, 212UH). A
dichroic mirror, M2, with an reflection >95% for a 750—
850 nm wavelength range, and a short-pass optical filter
with a cut-off wavelength of 700 nm are inserted before
the PMT in the beam path. The photoelectric signal from
the PMT is amplified by a lock-in amplifier (Stanford
Research Systems, SR830), and the amplified signal is
then fed into the computer via a data acquisition card.
The sample of interest, mounted on an assembly of three
motorized translation stages (all from Newport, UTM
100 PPE.1), is translated point by point in the plane nor-
mal to the laser beam during the process of imaging
acquisition.
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Fig. 1 Schematic diagram of experimental set-up

3 Results and discussion

Shown in Fig. 2(a) is the LIBM image of a segment of the
outer skin from a fresh onion, which is pasted on a micro-
scopic slide, and the imaging process begins approxi-
mately two hours after the sample’s preparation. To
obtain this image, the sample is scanned with a scanning
step of 3 pm by a 10 x objective (numerical aperture, NA,
is 0.25). At each step, the sample is maintained at rest for
approximately 300 ms, and it takes about 4 hours to
obtain the entire image. For comparison, the image of
the same area of the onion skin obtained with an ordinary
microscope (Olympus BX51) is reproduced in Fig. 2(b).
Figures 2(c) and 2(d) present the pseudo-color trans-
formed versions of Figs. 2(a) and 2(b), respectively. By
comparing these images, it can be seen that the main cell
structures are resolved in the LIBM image. Moreover, the
cell walls and the nuclei in Figs. 2(a) and 2(c) are appar-
ently sharper than those in Figs. 2(b) and 2(d), which
indicates the improved depth resolution and inherent
optical sectioning capability of LIBM. Such advantages
may be attributed to the nonlinear nature of this laser-
induced ionization probe. In nonlinear detection, the
detected signal only comes from the very proximity of
the laser focus, and the background light out of the focus
area is significantly depressed. In the ordinary micro-
graphs shown by Figs. 2(b) and 2(d), however, more
detailed structures can be observed, which can be
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regarded as the result of a better lateral resolution associ-
ated with the use of a higher NA objective. The informa-
tion of out-of-focus structures is also presented. In fact, it
is only this latter feature that sets the limitations of con-
ventional microscopes in obtaining depth information,
especially for transparent and relatively thick samples.

(d)

Fig. 2 Microscopic images of a segment of onion skin. (a)
LIBM image taken by a 10 x objective with a scanning step of
3 um; (b) micrograph of the same sample area taken by an
ordinary optical microscope (Olympus BX51, 200 x magnifica-
tion) with differential interference contrast function; (c)
pseudo-color image of (a); (d) pseudo-color image of (b)

Apparently, the spatial resolution in LIBM can be
improved if an objective with higher NA is used. The same
area of the onion sample scanned by a 40 x objective
(NA = 0.65) with a scanning step of 1 um is shown in
Fig. 3. In this picture, the cell wall and the nucleus can
be clearly discriminated. A few bright spots are also
observed inside the cells, which are likely to be the mito-
chondria or other organelles. It is noted that the stronger
ionization emission signal is normally generated from the
organelles, such as the nucleus and nucleoli. The laser-
induced ionization or breakdown of the various protein
molecules within organelles is probably the primary origin
of the measured plasma emission signals.

The three-dimensional images of the examples obtained
by using LIBM through layer-by-layer scanning are illu-
strated in Fig. 4, where images of consecutive scans are
shown at four different depth levels. Figure 4(a) is the
LIBM image of the top layer of the cells, while Figs.
4(b) to 4(d) present images for deeper layers. The separa-
tion between any two neighboring layers is approximately
5 um, and the distance from the top layer to the sample
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30 um

Fig. 3 LIBM image of a segment of a piece of onion skin

surface is approximately 20 um. Within the given field of
view of these four images, a segment of the plasmolyzed cell
in the dried onion skin is revealed. From these images, some
subtle differences can be found in the micro structures of
the exposed onion cells at different layers. It is interesting to
note that in Figs 4(b) and 4(c), some fine structures in the
nucleus are actually visible. For example, two nucleoli of
the cells are seen to be oriented along the 45° direction.

eqm

Fig. 4 LIBM images taken by a 40 x objective with a scan-
ning step of 1 pum in four different layers of an onion skin

It is also worth mentioning that when these LIBM
images are obtained, the scanning plane is actually inside
the cells. This means that the collected plasma signal is
generated from direct ionization of the substance of the
cell, thus making the image contrast between different
areas of the cells reflect the variation of the biological
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structure and (or) substance. This high resolution power,
used to distinguish elemental composition and (or) phys-
ical structure of the sample, is critical for the applications
in medical diagnoses such as identifying pathological
changes from normal tissues, which has been exploited
by LIBS [10] but not in an imaging mode.

In Fig. 5(a), a LIBM image of a cell of human oral
epithelium is shown. This image is obtained by using the
40 x objective with a scanning step of 1 um. As clearly
shown in this image, a round nucleus is at the center of the
cell. Since the scanning plane is inside the cell, this image
can in fact reveal the inner structure of the cell. As already
mentioned above, another version of laser-induced ioniza-
tion microscopy is adopted to image the surface profile of
the sample of interest by using the sample surface-assisted
air ionization probe known as LIAIM [6]. In such a case,
focus of the excitation beam is carefully located directly
above the sample surface so that air in the vicinity can be
ionized with the initial photoelectron seeds from the sur-
face. With this approach, the collected air plasma emis-
sion signal will be sensitive to properties of the elemental
composition or topography of the sample surface. The
LIAIM image of the surface profile of the same cell shown
in Fig. 5(a) is reproduced in Fig. 5(b). In this situation,
since changes of the material properties are likely to be
minimal on the cell surface, the LIAIM image actually
presents the depth-resolved topographical profile of the
surface. It is worth mentioning that the bright spot related
to increased signal strength, near the center of this image,
is in fact due to the bulge of the nucleus. The two images of

30 pm

(b)

(d)

Fig. 5 Images of a human oral epithelium cell. (a) LIBM
image; (b) LIAIM image; (c) pseudo-color image of (a); (d)
pseudo-color image of (b)
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Figs. 5(a) and 5(b) clearly demonstrate that the ioniza-
tion-related nonlinear microscopic images of either
embedded microstructures or surface profiles of the trans-
parent biological samples can be obtained by setting the
laser focal point at desired positions. Some commonly
used imaging processing techniques can be also adopted
to further improve the quality of LIBM or LIAIM images.
For examples, Figs. 5(c) and 5(d) show the pseudo-color
enhanced images of Figs. 5(a) and 5(b) respectively.

For nonlinear imaging of any biological specimen, it is
important to minimize or avoid any kind of laser-induced
damage to the samples. In our experiments, a highly sen-
sitive PMT is used to detect the compound plasma emis-
sion in the visible spectral range, so that a good signal-to-
noise ratio (SNR) could be achieved without raising
excitation intensity. In our set-up, the effective laser
intensity at the focus is estimated to be approximately
3 x 10" W/cm?, which is normally lower than the damage
threshold of the biologic tissues [13,14]. To ensure that no
severe optical damage occurs, the same sample area is
normally scanned several times and steps are taken to find
out if any difference in imaging quality from different
scans exists. A good consistency among different scans
is observed, which implies that damage to the samples is
negligible. In LIAIM, since ionization takes place in the
surrounding air, the possibility of laser-induced damage
on the samples can be further minimized by properly
choosing the laser parameters and distance between the
laser focal point and the sample surface.

4 Conclusions

In summary, the applicability and huge potential of fem-
tosecond laser-induced ionization microcopy have been
demonstrated in imaging biological samples. Given its
inherent nonlinear nature and high sensitivity to both
chemical and physical properties of samples under testing,
the femtosecond laser-induced ionization probe can pro-
vide sectioning images of the unstained transparent bio-
logical specimens with high resolution. Through proper
adjustment of the intensity and focal position of the fem-
tosecond laser beam, nonlinear mapping of either the
inner microstructure or surface profile of a transparent
biologic sample can be achieved. The three-dimensional
images through layered scanning can be also obtained by
this technique without requiring a confocal set-up.
Although lateral resolutions of the presented LIBM and
LIAIM images are still at the micron level, it is believed
that nanometer-level resolution could be achieved in the
future by using objectives with large numerical aperture
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and raising the position resolution of the translation
stages. The high material discrimination power and min-
imal damage to the samples under examination also make
this method attractive in pathological diagnoses. It is
believed that this technique can be further developed into
an in vivo method and combine the functions of imaging
and therapy by properly adjusting the system parameters.
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