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New optical and optoacoustic
methods are solving the
bioscientists comundrum

of imaging deep into lfving

tissues at high resolution.

rogress in the hiological sci-
ences has been ded largely o
the evohition of optical imaging
amd the corresponding capadty
teidentify pecific anatomical and mokec-
ular biomarkers. In particular, optical
microscopy has been an essential tool for
hicmedical research. This modality has
enabled such key work as visualization of
complkx molecular pathways and observa-
ticns of morphological development.
Unfortunately, though, the limits of
optical imaging have restricted the study
at the organ and organism level with
researchers relying mainly on dead-speci-
men imaging because histologyor immu-
nohistochemistry on thin sections vields
minimal photon scattering. The need o
atudy evolution, funcion, and disease in
unperurbed environments over time has
tazsked modern optical viaiali zation with
the challenge of in vivo ap plication.
Because of severe light scattering {dif-
fusion) in tissues, however, living organ-
isms are largely inaccessible by cur-
rent aptical imaging methods bevond a
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depth of a few hundred microns. There-
fore imaging of many important model
organisms and organs has been limited
Lo transparent {eg., embryonic) stages of
develspment. This makes it highly chal-
lenging o relate embrvonic cellular and

molecular mechanisms o consequences
in organ function and animal behavior
in more advanced stages. (See "What if

at the

FIGURE 1. Mesoscopic fluores@noe tomography
highlights momphogenas in a developing fruit fiy
{a), enabling in wvo reconstructions of the pupal
case and the GFP-expresing salivary glands of

a [ malanevaster prepupa Ecale bar 300 pm)
with coresponding histology (blue, dapi staining;
green, GFF fluorescence). Time-Jlapse images of
malanodgas i wing imaginal discs wem acquired
T a single live specimen at four different tima
points @, 3.0, 3.5, and 6.5 howrs; b). In the first
column one projaction at O deqeees with respact
1o the pupa's dorsal view i visible. In the second
codumn the reconstructions comespond to the
sections indicated by the red lines. The third
columin demonstrates cpmpartson with histology
and paves good correlation. Planar imaging
produced another view of the Drosogphila’s pugal
case and GF P-axprassing salivary glands (c).

there were a genie in your microscope P www. bioopticsworld com/articles /S204740.)

Our international group of researchers is developing imaging approaches and technolo-
giesto mable high-resolution visualization of tissues and biomarkers at greater depths.

Micro, macro, meso

The underlying physical barrier for extending high-resolution optical imaging bevond sev-
eral hundred microns is ight diffusion. Photons interact with celhalar interfaces and organ-
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elles leading o multiple scattering
within the specimen) The detected
light theretore loses information on its
arigin and propagation path, bhrring
theimages and destroyving spatial reso-
luticn., Even state-od he-art muldphao-
ton micsoopy is typically limited to a
depth of 05 mmin living tissues. (Sec
“Success with advanced microscopy,”
www.hinopticsworkl. com /webcast De-
tails. himlrid=915) And recent cfforts
Lo limit scatiering in entire embryveos
require special chemical treatmend
of the specimen—which necessitates
postmaortem ohservation.®?
Macroscopic optical imaging has
recently evolwed as an alternative for
visalizing lirge diffuse specimens. It
wses fully diffusive photons, tvpically
from structures that are larger than 1
cm. An advanced form, fluorescence
malecular tomography (FMT] ilhumi-
nates the sample wnder investigation
atmultple prajections and uses math-
ematical models—oombined with the
acal capturing of photon propaga-
tion through tissie—o reconstuc
the underlving imaging contrast.
Compared to microscopic three-
dimensional “tissue-seotioning mag-
ing, tomaography, and reconstruction

implics the formubcion of a mathematical
iwerse problem whose algebraic solution

scale

FIGURE 2. Salactiva-plana oploacoustic tamagraphy S POT) anables
imaging of of mespscopic-scale objects such as anintact & mafanogas far
pupae, including its daridy colored fhighly absorbing) sensory crganda
and its salivary gland area {b). Histological sec tion of the pupa at fhe
salivary gland area {biue indicates DA staining green shows GFP in the
fatty structuses) cormasponds wall with the SPOT imagary ic). Similarly,

4 5POT image of Aembricus farvestis (earthwonr; d) comesponds with

an anatomical diagram (e} and an image acquired using high-resolition
ultrasound system at 258 Hz i), Fnally, an opbacoustic tomography
neconstrucTion image obtainad from the pelic imb of 2 wild-type Balbvc

miouse (g), and the conesponding uitrasound (h), and micre-CT (i) images.

iminimizgmtion) viekls the reconstructed
images, in analogy to methods used in

wray T single-photon emis-
sion wmography (SPECT)
OT POSILTON CTRISSION [omog-
raphy {PET). Several imphe-
mentations  have  proved
able w threc-dimensionally
image biodistribution of floo-
rowchroames in entive animals,
and maolecular pathways of
cancer and cardicvascular
disease, for example, Optical
tomagraphy, when applied in
ditfusive fisawes with dimen-
sions larger than 1 cm, can
produce low {approcimately
I mm) spatial resohition.

Mesoscopic fluorescence
tomography
Fororganisms and tissues at
the mesoscopic scale—with
dimensions berween 1 mm
and I cm—neither ballistic
nor diffuse photon-propa-
gation regimes apply. For
this reason, real-time whike-
body in e imaging via
optical microscopy { below 1
mmy) and macroscopy {above
I em) have been inadequate
o follow the dynamics and

coordination of development in develop-
ing insccis, animal embryvos, or small-ani-
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mal exiremitics.

Chur group recent ly demaon-
strated that with the helpot a
photon transport description
using a modified Fermi ampli
fication to the Fokker-Flandk
approximation, fluorescence
tomnography can image three-
dimensional strucmires of
developing Drosophila i o
and over time.* In parrirular,
we fnllowed the morphogene-
sis of GFPexpressing salivary
glands and wing imaginal
discs in the opaque Drosophila
pupac in real tme (see Fig. 1).
Cur mesoscopic fluorescence

IMAGING cont.

Eumelanin
1

tomagraphy { MET) technique
is based on a modified stan-
dard laboratory microscope.

400

While the spatial resolution
of the approach is exchanged
for penetration depth, the
methodd adds a dimension—
vimme—io the sty of morpho-
logical changes during meta-
morphosis and potentally as
a response o mutations and
inter nal or external stimuli.

Selective-plane optoacoustic
tomography
Oiptoacoustic (or photoacoustic) tomogra-
phy is a hyvbeid imaging modality that has
demonstrated unprecedented high-resolu-
tion imaging of chromophore dismibation
andl vasaoulanire deep in tissues of small ani-
mals.* When applying pure optical imag-
ing to diffuse tissues, the spatial resolution
is always exchanged for penetration. There-
fore, as the size of the imaged olject grows,
imaging reschution diminishes. Itis oen pos-
sibke to pertormoptical tomography thioagh
enfire mice with high senatvin—but at low
resodution of about | mm o kess.®

By contrast, optoacoustic interroga-
tion combines high optical absorption
with good spatial resolution, because
the approach includes ulorasonic signals
induced by absorption of pulsed light.
The amplitude of the genermated broad-
bandulorasound waves reflects local opti-
cal absorption propertics of tissue,

Our selective-plane illumination opto-
acoustic tomography technique renders

24 MAY/JUNE 2049

500 800
Wavelength (nm)

L l
700 300 900

FIGURE 3. Multispactral optoamustic tomography (MS0T) visualizes distribution
of a fluomscent molecular probe {AlexaFuor 750) in a mouse leq: aross sectional
reconstruc thons were acquired at 750, 770, and 790 nm {top row). Absonption

is measured 25 a function of wavelangth for AF 750 fluorescent probe and

& companed with some intdngic tesue chaomophones (lower laft): amows

indicate the three wavelengths i5ed to spectrally resolve the probe location.

A comesponding spectrally resoked M30T image incomporatas measurameants

at all the three indicated wavelengths {in color), superimposed onio a single-
wavelength anatomical image (lower fight).

high-resolution wholedbody visnalization
of intact mesoscopicscale optically ditfu-
sive organisms.” While optoacoustic imag-
ing of tissues typically target endogenous
tissue contrast, primarily resolving ooy-
and deoxvhemoglobin and different vas-
cular structures, the new method provides
goodd contrast from other tisawes such as
fat, bone, and other internal struciures
The method has proved useful for visualiz-
ing several optically diffusive model organ-
isms {see Fig. 2). Its reschition is constant
for the entite penetraton range of several
millimeters to a centmeter of tissue, and is
limited only by the useful bandwidih of the
ulirasonic detecior, which can be further
improved over time 1o attain better perfor-
mance. With advances in detection tech-
nelogy, it offers a pladorm for mesoscopic
imaging with resohution that can practically
approach 20 pm or less,

M ultis pectral optoacoustic
tomography (MSOT)

In additon to rich intrinsc tisswe coniras:,
aptoacoustic imaging can be used o viai-

alize ecxogenous molecular
and functional markers. This
is done by using pulsed ilhi-
mination at muliiple wave-
kengths so that distinct spec-
tral signatures from cerain
biomarkers can be resolwed
over  background  tissuc
absorption b applving spec-
tral processing. In this way,
additional information con-
tained in the optical spec-
trum—such as flusrogenic
or chromogenic biomarkers
associated with gene expres-
son, morphogenesis, o dis-
CASC PIOFression—an poien-
tially be resolved.

Recently developed -
spectral optoacoustic toImog-
raphy {MSOT) enables high-
resclution 303 visualization
of moleailar probes located
deep in scattering living tis-
aea® It can simultancously
deliver anatmmical, funcrional,
and maolecular information
with high reschition and deep
penetration with femtomaolke-
level sensitivity (see Fig. 5).

Bringing the bestout of the spectrum

The ahility to optically interrogaie and visu-
alize intact organisms beyond the miscros-
copy limits is important, for instance, for
accelerating the snudy of func ional gemom-
icsand proteomics. Our work focuses on the
development of bidogical imaging meth-
ods capable of visualizing various molecu-
Lr Womarkers, such as chromophoric or
fluorescent dyes and proteins, deep in dif-
fuse organisms in vive. These met hods can
enable a new generation of biclogical imag-
ing by providing molecular and functional
information smulianecusl with the neces-
sary anatom ical-reference images.

A particular strength & the ability to scale
with different organismand tissaie szes from
Atbmillimeter o 1 om and bevond, Indeed
because many relevant biological samples
and meddel organisms lie in this range,
these techniques are valid ools for maging
organisms such as worms, insects, and ver-
tchraies such fish and small mammals—as
well as these animals’ extremitices.
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These methods fill a significant
area within the biological imaging
arena. Thev may not only significantly
enhance the usefuiness of current
transgenic lines, but may call for the
development of novel reporters, for
example, to mdicate progressing obe-
sity, arthritis, plaque in the nervous sys-
tem, or atherosclerosis, €4
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ploneers cont.

ok all six grants the first dme 1 applied for
them. [ just had o say, ‘this is one of my
first proposals in academia.”™ He quipped
that his grants are sometimes turned
down iow.

He was chosen, in 2004, as one of nine
winners of the inaugural NIH Direciors
Pioneer Award, which newmed a $500,000
discretionary Tund each vear for five years,
This grant allmved the Xie rescarch group
Lo pursie its gene expresson and CARS/S
SRS work, which would have been impossi-
ble through comventional Funding,

With his Pioneer grant ending this
vear, funding is an ongoing challenge.
Hiowever, Xie Aays that the NIH Pionecr
award “has changed the way I do science,”
making him focus on the big picoure. 0f
course, the big picture isn't encugh, 1
need w deliver! l\'m'Lunatd}l, wie dlid it this
time. Now I continually think of explor-
atory work that has a potential of high
return, with the ineviable high risk.”

He explains the evolution of his
research. “lused to write papers in highly
specialized fields that only a few people

in the world would read,” he savs. “When
I siried io do single-molecule specioros-
copY, I tound mare pcnp]c cared aboait
our work, After we applied it to enzymaol-
oy, and now having done single-maole-
cule live-cell studies and SES imaging,
cven more people are interested in our
work. Gradually, 1see our work begins to
have an impact. This brings a lot of sat-
isfaction to my students, o my research
Fr o, and o mysdi'."

And b theway, he savs, “we've gol this new
el IF it waorks, it will be trandorming.” €€
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