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Ultrashort pulsed laser light is being used to cut through
biological tissue in a highly localized and controlled manner.
Practical applications include an all-optical technique for
automated, three-dimensional histology of brain tissue and the
optical permeabilization of living cells for photo-addressable plasmid
uptake and gene transcription. Use of ultrashort laser pulses as an
ultraprecise scalpel fits well with application of lower-powered laser
pulses for imaging by two-photon laser scanning microscopy.

ow does one gain understanding

of the inner workings of a com-

plex device? A time-honored
method is to remove part of the casing to
access its internal parts. One can then go
in with diagnostic tools or disable a par-
ticular component to gauge its function.
This reverse-engineering principle has
been used with great success in the bio-
logical sciences to explore everything
from the systemic properties of whole
animals down to the inner workings of
cellular organelles. Of course, having the
right tool for the job is essential because
the tool also serves to drive the process of
biological inquiry. The bioresearcher’s
toolbox consists of techniques that range
from the mechanical and the electrical to
the biochemical. One method that has
begun to play a role is the use of ultra-
short laser pulses to achieve precise, tar-
geted cutting of tissue and organelles.

The use of lasers to ablate or remove

tissue has seen a wide variety of clinical
applications. In most of these, ablation
relies on thermal accumulation in tissue
by absorption of laser light. Although
such thermal buildup mechanisms are
suitable for some clinical applications,
the resulting collateral tissue damage rep-
resents a serious drawback to their use
as a basic research tool. As an additional
consideration, many biological tissues
both weakly absorb and weakly scatter
light at the visible and near-infrared
wavelengths of most lasers. In such semi-
transparent tissues, the three-dimen-
sional (3D) confinement of laser-tissue
interactions is problematic because linear
interactions can occur over the entire
axial path of the laser beam. Still, the sub-
micrometer lateral confinement of laser
light holds great allure as a precision tool

to manipulate biological systems, a factor
which has prompted researchers to look
for ways to facilitate the 3D confinement
of laser-induced damage and to reduce
collateral tissue damage.

These considerations have not been
unique to biological applications. Similar
constraints arose when material scientists
addressed the need for precise ablation
of transparent dielectric materials. The
problem was solved with the use of
ultrashort (~100 femtosecond) laser
pulses. This approach allowed them to
take advantage of nonlinear interactions
to produce precise, localized damage
either at the surface of a dielectric!* or
deep within its bulk.> ¢ Biophysical
researchers have since adopted these
methods for the manipulation of

The virtues of being ultrashort

Laser interactions that require significant
distortion of the electronic properties in
a material, or that require the simultane-
ous absorption of multiple photons, scale
nonlinearly with laser intensity. As a
result, the interaction volume is confined
to regions of high laser intensity, typically
near the focus of a pulsed laser beam.
The nonlinear interaction of particular
relevance to the precise manipulation
of tissue is plasma-mediated ablation.
Ongoing research on the physics of this
mechanism® !° suggests that the optical
field of the ultrashort pulse leads to a
high rate of tunneling by electrons from
the valence band to the continuum to
form an electron plasma. The density of
this plasma rapidly builds up by virtue
of additional tunneling as well as field-
driven collisions between free electrons
and molecules, a process known as
avalanche ionization. This increase in
electron density leads to absorption of
laser light over a distance that becomes
thinner with increasing density. The
thickness of this layer approaches a value
that is much less than the depth of the
focal volume. The absorption of laser
light by this thin layer leads to highly
localized ablation and the explosive
removal of material.

Near-infrared pulsed lasers that pack-

; 7-15 16-18 . :
tissue” > and cells. age energy into subpicosecond pulses are
Ablation Pulse A Energy deposition
mechanisms width
A 0
Linear
L ms electronic
Boiling absorption Linear
vibrational
ns excitation
Phase change ns Defect or
with explosive . thermal
equilibration Linear and Nonlinear 5 seed
A ps nonlinear absorption
electronic leading to
Plasma absorption plasma
Y fs creation
Wavelength'
0.1to 1 wm 10 to 100 wm

(electronic bandgap)

(molecular vibration)

Figure 1. Schematic characterization of different regimes of laser energy deposition and

damage mechanisms.
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Figure 2.
lllustration of the
iterative process
by which tissue
is imaged and
ablated in all-
optical histology.
A sample contain-
ing fluorescently
labeled structures
is imaged with
multiphoton
microscopy to

a depth of 100
micrometers

or more. The
imaged tissue is
then removed
with amplified,
ultrashort laser
pulses to expose
a new surface for
imaging. Tissues
that lack intrinsic
fluorescent
labeling can be
stained between
iterations.
[Adapted from
Ref.15.]

particularly attractive sources for nonlin-
ear laser-tissue interactions (Fig. 1).20-2?
A critical feature of plasma-mediated
ablation is that infrared light has insuffi-
cient photon energy to drive the linear
excitation of most endogenous biological
molecules or exogenous fluorescent
markers. For this reason, light outside
the focal volume has little detrimental
effect on the specimens. Second,
because the laser energy is packaged
into extremely short pulses, the high
peak powers necessary to efficiently
drive nonlinear processes are attainable
at relatively low average powers. This
helps limit the thermal build-up and
ensuing collateral damage in the tar-
geted material, whether it is glass or a
biological specimen. Last, the high peak
intensities achieved by ultrashort laser

pulses allow the pulse to generate its
own seed electrons by the tunneling
mechanism described above. This is in
contrast to ablation with longer pulses
and corresponding lower peak powers,
for which ionization relies on the avail-
ability of thermally activated free charge
carriers or the presence of lattice defects
in crystals. The rate of ablation with
ultrashort pulses is therefore highly
regular and results in precise and effi-
cient cutting.

Clinical applications that exploit such
ablation mechanisms are under extensive
study, most notably for eye surgery.?3-26
Preliminary research is being done to
explore applications in ear surgery?’
and dentistry.?%2° Of equal importance
are the opportunities that ablation
with ultrashort pulses present for basic

biomedical research. With this new tool
in hand, researchers have begun to pick
apart the machinery of biology, achieving
new insights in the process and opening
the door to novel lines of research.

New tools for biology

The study of biology can broadly be
divided into two approaches: the study
of structure (histology) and the study of
function (physiology). The two are
complementary and highly intertwined,
with structure often leading to function
and vice versa. The ablation of tissue with
ultrashort laser pulses has the demon-
strated potential to be used in both
realms. Researchers have performed abla-
tion in two different regimes, using two
distinct sets of laser parameters. In the
first regime, one or a few submicrojoule
pulses are used to remove large volumes
of tissue. These pulses are formed by an
optical amplifier with a typical
repetition rate of 1 to 5 kHz and are
delivered to the selected site under tight
focusing (NA ~ 0.1 to 1.0). Applications
in this regime are exemplified by the
automated study of neuronal architec-
tonics. In the second regime, the approxi-
mately 80 MHz repetition rate pulses
from a laser oscillator are used without
further amplification for subcellular dis-
ruption. In this regime, thousands to mil-
lions of subnanojoule pulses are delivered
to a single target volume under extremely
tight focusing conditions (NA > 1.0).
Applications in this regime are exempli-
fied by the precision surgery of cell mem-
branes and organelles.

All-optical histology: just a light shave
Traditional methods in the study of
structure involve the mechanical slicing
of fixed tissue into a series of sections.
The tissue sections are stained with a
contrast agent, mounted and imaged as
individual samples. The traditional
techniques are extremely labor intensive
and the tissue sections involved are prone
to damage and distortion. Three dimen-
sional reconstruction of structural archi-
tectonics is rarely performed because
warpage and the loss of registration make
the process non-trivial. Meanwhile, tech-
nical advances and automated processes
in molecular biology have unleashed a
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plethora of genetically altered animals

in which specific structures are labeled,
most recently with functional indica-
tors.3®3! A need to map the varied distri-
bution of protein expression in this
growing population of animals has
emerged. As a means to automate tissue
analysis, an all-optical histological pro-
cess by use of ultrashort laser pulses has
recently been demonstrated. '

All-optical histology dispenses with
the mechanical steps in histology by the
sequential application of multiphoton
microscopy??-* and ultrashort pulsed
laser ablation of tissue for the purpose
of tissue analysis, as illustrated in
Fig. 2. Multiphoton microscopy is used
to image fluorescently labeled structures
as deep into the tissue as possible, e.g.,
to a depth of ~150 wm in fixed neural
tissue. Ablation with ultrashort pulses
is then used to remove the previously
imaged tissue to allow optical access
to deeper underlying structures.
Importantly, the regions of interest
are imaged in situ while connected
with the surrounding tissue.

Tissue ablation with ultrashort pulses
was found to be fully compatible with
multiphoton microscopy for tissue his-
tology. The ablated surfaces were physi-
cally smooth to within a micrometer
and, as shown in immunological labeling,
proteins within a few micrometers of the
ablated surface could be recognized with
antibodies. Macroscopic features as well
as microscopic structures were found to
be resilient to the ablation process. In
particular, as illustrated in Fig. 3, the
ablation and subsequent imaging of frag-
ile embryonic tissues demonstrate that,
with this methodology, even very friable
tissue is structurally preserved both at the
gross and fine structural levels.

The acquisition of data to form a
complete volumetric reconstruction of
tissue enables 3D analysis of anatomical
structures. Statistics on many important
biological variables, most notably cell
number and quantitative regional distri-
bution of cell subtypes, remain open
scientific questions that are now being
addressed by means of all-optical histol-
ogy. As an illustration of such quantita-
tive 3D analysis, the reconstruction of
fluorescently labeled blood vessels within
a region of mouse cortex is shown in

ALL-OPTICAL TISSUE CUTTING

Figure 3.
Two-photon
microscopy
images of

tissue structures
exposed by cut-
ting with ampli-
fied ultrashort
laser pulses.
The cranium of
a perfused and
fixed embry-
onic mouse

has undergone
ultrashort abla-
tion and stain-
ing with a
fluorescent
nucleic acid

stain prior to imaging. The low magnification view shows preservation of gross features,
including the skin, bone, cortical mantle and the underlying ventricle (top left). The inter-
mediate magnification highlights the cellular constituents of the cut tissue (bottom left).
The highest magnification highlights dividing chromosomes in individual cells of the still
immature brain; this illustrates the preservation of subcellular structures subsequent to
ablation of tissue with amplified ultrashort laser pulses. [Adapted from Ref. 15.]

1 Iteration

Axial depth z [nm]

Figure 4. Serial reconstruction of cortical vasculature performed with all-optical histol-
ogy using a transgenic mouse that expressed cyan fluorescent protein in its endothelial
cells. Maximal side projections from four successive iterations of cutting and imaging
are shown (top row). The combined data were filtered and a volume rendering of the
vasculature was obtained (bottom). [Adapted from Ref. 15.]
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Figure 5. Analysis of the transfection of Chinese hamster ovarian cells with a plasmid that encodes enhanced green fluorescent protein
(EGFP) by in situ visualization, and measurement of its expression by two-photon microscopy and fluorescence-lifetime imaging.

(a) Fluorescent image of several cells transfected with a plasmid that encodes EGFP. Targeted transfection was achieved by optoporation
using unamplified ultrashort laser pulses and extreme tight focusing. (b) White light image of a single transfected cell (arrow).

(c) Fluorescence-lifetime image of the cell in panel (b); color scale indicates the lifetime. Inset, distribution of fluorescence lifetime

(in picoseconds) of EGFP throughout the entire transfected cell. Scale bar, 25 pm. [Adapted from Ref. 17.]

Fig. 4. On the basis of this experiment,

it was determined that the vasculature
constitutes 6 percent of the total tissue
volume in this brain region. Of further
interest, cell counting in thick samples
by means of all-optical histology is
accomplished without the need to reduce
the samples to single cell suspensions—
in contrast to what is required in the case
of flow cytometric methods.

The 3D reconstruction of tissue can
provide quantitative insights into its
underlying structure and the functional
distribution of the biomolecules it con-
tains. Of course, a complete understand-
ing of biological systems requires not
only the study of structure but also the
study of function in living cells and tis-
sues. As discussed below, the unique cut-
ting capabilities of ultrashort laser pulses
are also beginning to be used in such
physiological studies.

Optoporation: ultrashort pulses go live
The ability to locally disrupt the structure
of organelles in living cells by means of
ultrashort pulses of light has recently
been demonstrated. Tirlapur and Konig
devised a means to introduce novel DNA
into a cell.!” First, cultures of either
ovarian cells or epithelial cells were

exposed to a solution containing DNA
plasmids that contained the code for
enhanced green fluorescent protein. Next,
tightly focused ultrashort pulses were tar-
geted to the membrane of selected cells.
These pulses led to the transient forma-
tion of pores—hence the name optopo-
ration—through which the plasmid
could enter the cell.

Over the next 72 hours, as shown
in Fig. 5, the targeted cells began to
fluoresce as a result of the expression
of EGFP, while the non-targeted cells
remained non-fluorescent.

Since the plasmids themselves have
no mechanism by which to enter a cell,
the expression of EGFP can occur only
in cells the membranes of which have
been transiently disrupted by optopo-
ration and in which the protein-synthe-
sizing machinery has remained both
intact and capable of being recruited by
the plasmid.

Multiple cells can be rapidly targeted
for optoporation by either steering the
beam or translating the sample. The abil-
ity to quickly and selectively load many
cells with DNA or other large
biomolecules can potentially be devel-
oped into a high-throughput screen for
their effect on the function of living cells.

In addition to the transient ablation
of membranes, ultrashort pulses have
also been used to target subcellular
organelles for permanent ablation. In
particular, studies that use the selective
disruption of individual chloroplasts'®
and mitochondria,'® with no apparent
damage or detriment to the remainder
of the living cell, suggest that ultrashort
ablation could be useful in studying the
function and failure of subcellular com-
ponents. While similar work has been
done in the past using focused ultraviolet
(UV) laser light, which is strongly
absorbed by biological materials (see
the linear electronic absorption in Fig. 1)
and may thus cause significant collateral
damage, ablation with ultrashort laser
pulses can minimize collateral damage
and be performed in cells within whole
tissue rather than just in culture.

It should be noted that traditional
subcellular physiological studies are
typically performed at the molecular
to macromolecular scales of 1 to
100 nanometers, with biochemistry and
genetics being used to obtain molecular
specificity. The optical resolution of
infrared light is in the range of several
hundred nanometers. Partly as a result of
this disparity in length-scales, practical
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applications of subcellular ablation with
ultrashort pulses to fundamental research
questions are not yet fully developed. At
the level of biological systems or cellular
networks, in contrast, the use of ultra-
short laser pulses to disrupt connections
and affect signaling pathways presents
many potentially fruitful lines of research
in systems physiology. For example, pre-
liminary experiments are underway in
which ultrashort pulses are used to dis-
rupt blood flow with single-vessel speci-
ficity in the cortex of a living rat.?® The
ensuing changes in blood flow are stud-
ied with multiphoton microscopy®® 37
to understand the dynamics and redun-
dancies of the vascular system. The
results will have direct relevance to
basic physiology as well as to a variety
of vascular diseases, such as stroke and
vascular dementia.

Cutting to the chase

Increased application to biology of abla-
tion with ultrashort pulses will depend
on the development and commercial
availability of compact, inexpensive
ultrashort laser sources. Today, a com-
mercial Ti:sapphire oscillator and
associated pump laser, the workhorse
ultrashort laser system for biological
applications, cost in excess of $100,000.
The addition of an ultrashort optical
amplifier and associated pump laser
doubles the expense. This represents

a substantial investment for single-
investigator biomedical and biophysics
research laboratories.

Certainly, the success of biologically
relevant applications, such as multipho-
ton microscopy, has already had a posi-
tive impact on the ultrashort pulsed laser
industry. The number of companies that
offer appropriate ultrashort lasers has
more than doubled in the past several
years. The broader application base and
increased market pressure caused by
the growing number of competitors
will most likely result in less expensive
products.

New laser materials (e.g., Yb:KGW)
and sources (e.g., fiber oscillators and
amplifiers) for ultrashort lasers continue
to be developed. To be compatible with
tissue properties and multiphoton
microscopy of common dyes, sources
should fall in the wavelength range of

ALL-OPTICAL TISSUE CUTTING

Increased application
to biology of ablation
with ultrashort pulses
will depend on the
development and
commercial availability
of compact, inexpensive
ultrashort laser sources.

750 to 1,050 nm; below and above this
range, linear excitation of dyes and
endogenous biomolecules and linear
absorption by water, respectively, begin to
dominate laser-tissue interactions.
Commercial development of all-in-one
systems with dual outputs for multipho-
ton imaging (~ 100 MHz, 10 nJ pulses)
and large-scale ablation (~ 100 kHz,

10 ] pulses) will greatly facilitate the
popularization of these techniques
amongst traditional biologists.

Although still in its infancy, the
application of ablation techniques with
ultrashort laser pulses to fundamental
biological research holds considerable
promise as an essential resource in the
bioresearcher’s toolbox. It is perhaps
most productive to look toward applica-
tions and studies at the scale of whole
cells, as in the case of optoporation, or at
the level of multicellular networks and
tissues. Already, cell biologists can target
the transfection of individual cells by
optoporation and histologists can move
toward the automation of tissue process-
ing and high-throughput analysis that
has accelerated progress in molecular
biology. Meanwhile, physiologists can
begin to envision experiments in which
individual connections within a complex

3D network can be disrupted to enable
the study of redundancy, plasticity and
repair in signaling pathways.
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