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ABSTRACT

A variety of optical techniques have been developed over the years for ex-
perimental study into living specimens. The increase in lateral and spatial reso-
Imtions is one of the major targets of research and development in the field of
optical miscroscopies applied to living tissue. The optical geometry of Confocal
Laser Scanning Microscopy (CLSM) demonstrates its undeniable advantage on
conventional fluorescence microscopy by segregating the planes outside the fo-
mmg plane. The methodological and technological advances of the last five
years have been fast evolving. especinlly with regard 1o the optimisation of
CLSM and deconvolution process, The limited analysis in thick tissue have
given rise to the development of other techniques, MultiPhoton excitation Mi-
croscopy in particular,

In this paper, we have applied these techmiques on major biological applica-
tions in bioengineering (skin, endothelial cell, chondrocyte) and discussed the
fechnical limitations and perspectives.
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1. INTRODUCTION

Molecular  cmission  SpOCIrOSCOpic
tochmques  (feorcscence,  phosphones-
cence, chemo- and beo-luminescence),
which comespond 10 excitation deacti-
vation progesses, are now widely nsed
o study vanably complex media such
as cells or tissues. Among the physical
methods  available to mveshgate bio-
logical media, fluorcscence, with its
high analytical sensitivity and resolu-
tions (spectral, spatial, temporal, order)
offiers interesting possibilitics for cell or
tissue bwlogical analysis. But it was
mainly in the past decade that i became
possible to shift from whole-specimen
analysis to smaller and smaller vol-
umes, through microscopy tochmiques
(far and ncar-ficld microscopses, tuo-
rescence correlation, ele), down o al-
most  single-molecule  exploration (1)
Fluorcscence  mIiCcroscopy s excmpt
from a number of constramts nomlly
attached to standard fluorometry (probe
concentration, low ecllular density, ex-

‘ploration and display at the cellular

seale). Furthermore, it is the only meth-
ods of investigation currently available
with a high enough resolution to specify
the distribution of the fluorescent probe,
because it collects fluonescence signals
ermitted at the probe incorporation site.
Multiphoton imaging with ncar 1R
laser pulses sigmficantly reduces tis-
suc damage due to laser beam absorp-
tion and scattering of shorl wave-
length visible or ncar UV-cxcitation
sources. This technique allows living
cells 1o be probed in real time.
Fluorescence can be used m diffcr-
ent ways, especially with regard to the
excitation mode. Also, when com-
bincd with adequate optical wnstru-

ments,  fluorcscence  measurcments
can be useful in terms of spectral mi-
croscopy, optical microscopy, of 4
combination of both (time-resolved
fluorescence microscopy). The capas
bilitics of these techniques can be sig-
nificantly enhanced by choosing i
appropriate  fluorescent mnr!:u-s, hy
making proper use of their cmissin
characteristics (wavelength, Le., Specs
tral reselution; excited state lifetime,
i.e., temporal resolution; fluorescence
quantum vield, ete ) and by changes in
the immediate surroundings of flu
rescent probes (phase transition ok
perature, polarity, viscosity, pH, pr
sure,  lemperalure,  Prosence
inhibitors, etc.).

1. OPTICAL SCANNING
MICROSCOPY

One of the major limitations of e
FESCLNCS mmn:mrp}-. whether appliad

of the fluorochrome during prolongsd
exposure. Unfortunately, when focussy
at a particular depth within a transpar

fluorescenthy  labelled 3D specim
fluorochromes  maolecules

lution, allowing few strategics 1o
come these lmitations:

2.1 Confocal Laser Scanning
Microscope

The optical geometry of
Laser Scanning Microscopy (CLSN
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Fig. 1 = A. In conventionnal epi-illuminaion light microscopy, the simultaneous illumina bon of
ke estire fiebd of view af & specimen will excile flucrescence emissions or rellections
throughout the whale depth of the specimen, rather than just at the focal plase. Much of
ihe light collected by the obpective lens 1o form the image will thus come from negions
of the specimen above and below the selectad focal I1|J.I1|_'., comtributing ns out-of-focus
hlur to the final image. ard senously degrading it by reduscing contrast and sharpness. [n
confocal Microscopy (B, a laser beam 15 focused 1o o small waist within (he speaimen.,
then reimaged onto o detector through a comfocal aperiure {panhode) which serves
bleck fluorescence froem all other 2 positions along the beam pagh {from Riobimson ),

demonstrates its undeniable advamage
on convenbional fluorescence micros-
copy by rejechion oul-of the focus
planc. In a confocal imaging sysiem, a
single point of laser light s scanned
across the specimen and the light
pasging through the emission pinhale
(Fig. 1.B) s detected by a photomul-
tiplicr

The benefits of confocal microscopy
are 1) Increased cffective resolution 2)
Improved signal to noise ratio 3) Clear
pamination of thick  spocimens  d)
Depth perception in Z-sectioned images
3) Magnification can be adjusted elec-
troncally 6) Reduced blurmng of the
imeige from hight scattering,

The improvements were esseniially

aimed at offering solutions to the pro-
blems posed by CLSM 1) by multiple
marking i fluorescence (cross-talking)
2) the wo low scanning rate to catch
rapid biological cvents, 3) the fast
photodegradation of the fluorescent
probe as well as cviotoxicity (under
LV light mainly) 4) the low quantum
ci'ﬁcim:_\.' of detector 5) the fluores-
cence emission restricted by optical
configuration (pinhole).

Morcover, CLSM posed centain
problems linked to the use of living
cells due to the high density of inci-
dent hizht (laser source) focussed on a
small volume (femtoliter)

To obviate these limitations, an al-
ternative method for removing out-of-

H3
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-focus haze is wide-field deconvolu-
Lon MICroscopy.

2.2 Wide-Field Deconvolution
Microscopy

In Deconvolution microscopy, a
conventional fluorescence microscope
1s uscd to capture a stack of haze-
-containing images (Fig, 2), Fluores-
cence emanating from above and be-
low the image plane creates an out-of-
focus haze. Contrary to CLSM, cach
acquired 2D image (X, Y) contains

F Q0

data of its focal plane (clear arca) an
of all other planes (blurred area). Thes
interference data can be removed an
images run through a computationall
mntensive set of algorithms that perm
reassigning the photons from adjacer
planes to the focal plane. This ap
proach uses mathematical algonthm
to reconstruct images based on the op
tical propertics of the system. The op
tical transfer function reflects the wa
in which a punctual source is deforme:
when displaved via an optical systen
and determines the impulse response o
the optical system or point-sprea

-+

]

Optical series

Lamp

Dichrotc mirror

Fig. 2 -~ Optical sections were obiained with an Olympus [X-70 epifluorescence inverted micro
scope equipped with the CellScan’ optical seciioning acquisition system {Scanalytics
Billerica, Massachusetts) and a 60xPSE.2-NA water immersion apochromatic objectiv
{Olympus, France). The scanning along the optical axis was performed by a piezoelectmn
z-axis focus device (ot a z spacing of 0.25 pm). Images of biological samples were col
lected on a cooled 12 bit Charge-Coupled Device (CCD) camera (Princeton Instrument
Inc, USA). The intensity of the excitation source throughout one measurement (0.1 ) di
not induce any photobleaching. A filter set {green WU cube, red WNG cube) sclected th
Muorescence excitation (330-365 nm or 560-590 nm) and the integral pam of the monome
emission spectrum (390-420 nm or 615-650 nm). An image intensity Kit (InSpeck, Mo
lecular Probes, Eugene City, OR., USA) was used for the calibration.




function [PSF). These techniques are
oncnted towards modelling degrada-
tion phenomena (defocussing, noise)
and o the application of reverse pro-
codures  (mathematical roversion) or
iterative deconvalution 5o as to obltam
an approximation of the original scene
{an esimate of the subject by using the
transfer function image). This tech-
nique mmproves imaging resolution as

ghown in Fig. 3 (autofluorcscence of

the rat skin and the percutancous ab-
sorpiion of pyrene) and Fig. 4 {oxida-
tive stress and F-achin organization on
cndothelial cells), Fig, 5 shows GFP
cxpression (spot) which was observed
as the result of the /n vive physical in-
troduction in rats cartilage cells of a
plasmid DNA construct.
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2.3 Spectral Imaging

Traditionally, spectroscopy 15 the
measurement of the hght intensity
which is emitted, transnuitted, scatter-
ed or reflected from a sample, as a
function of wavelength, Most confocal
and multphoton microscopes currently
have the ability to collect two or three
pre-specified  colors  simultancously
However, there 15 often a peed for
more complete spectral information to
optimize the spectral window of a spe-
cific fluorophore. Spectrally resolved
confocal fluorescence  MICroscope
mieasures the spectral componenis for
each pixel in the image (7). 5o, spectral

bio-imaging can be used to wdentify
and map several fluorophores, simulia-

Filg. 3= Distnbution of Pyrerse (A) in Haerly ral skin amd auiollsoresoence (grocs-nod) of siraium

cormeur and deep areas (1)

Fig. 4 = Effect of Cipeallosacinsg -|II" My on orpanisation of F-octin filement (red) and

distribution of lcam-1 {green) in human endolhelial eells monclayer befose (A) and

HALET |H.| el s |:"'I _||. |'.::-
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MHz) laser flash (2). Because m
multi-photon mode spatial resolution
15 the result of absorpiion (and excita-
o) confinement to the focal event
(smaller of onc femtoliter) (3), the
photobleaching pattems and photode-
gradation outside the focal plane arce
reduced (4). According o the pulse
duration/peak  power ratio, two red
photons can excite a  fluorophore
whose excitalion spectrum is i UV
for an cnission spectrum in the blue
Although the cxcitation properties of
a fluorescent molecule are different
for single photon and multi-photon
cvents, the ermission spectrum remains
unchanged, regardless of how  the
glectronie  (ransition occurred. Fig, 7
shows ecndothelial cells labelled with
three flusrophores {(enmission i blug,
grocn and red) simultancously excited
by 2P-cxcitation using 820 nm laser

kaht

Flig. T - Sanulianecus illanvnation by 2-Phoson
abworpbion light ot 820 nm of endathe
il cedl: F-acteme mnored (rhodnmine-
|'\"I;.I|"'l-\.lll'l':"' i, muchews fim bl | Hosso)
aind |.“.||.- In e i Alewa jg ™
Mab), Loses lermismcoonds MERA, S0

gmce the red or near infrared illo-
manating light used for 2-F excitation
has approximatively twice the wave-

length of that emploved for 1-P excita-
bion, scatiering effects at the excitation
wavelengths are greathy reduced allow-
ing decper penctration into tissues than
with visible or UV excitation (Fig. ¥)
Phis experiment illustrates the need for
deeper penetration on rat cartilage head
cap o study the chondrocvic-matnx
interaction (5). As shown m Fig. 9,
depth penctration i theck specimen
(rat amicular cartilage) 15 greatly en-
hanced (from 64 pm o 219 pm). The
effects of the heat produced after hizh-
frequency pulse illumination in a re-
stricted volume (approx. | _|||'|'I::| amxi
the optical aberrations are thought to
be negligible and similar to those ob-
served with  single-photon  confocal
MICTOSCopy (6)

The benclits of :'l.‘|.|_||'||]:|||-;-|1,||| Exci-
fation microscopy anc: 1) Increasod
effective  resolution  (decper  spatial
resolution' [Py 2) Improved signal to
nodse ratio 3) Clear examinabion of
thick and difficalt specimens 4) Z-axis
scanming - (penctration  enhanced into
brological or matenal specimens) 3)

Fig. 8 — llwmdnation by 2-Photon  shaompition
lrght @ 78 mn (Laser femicesoonde
MEBEA WK of chomglpx yeE Graapsu-
laiggd =n .|'.:_'||'.|!.._' Pead (desmecrer 2 mum)
Sucleus, Hoeschi |.||.'|'\'||! Mlamina-
1w L ram

hotas Mhoag, T00S, & 6] -0
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Fig. 9= A. Mlumination by |-Photon absoeption light at 488 am (Laser Argon) of chondrocyle i
ral canilage head cap (F-netims, Oregon Green- Phalloidine; depth illamination: 64 jum}
B. lHamination by 2-Fhoton absorption light a1 T80 nm {Laser femioseconds M TRA 00}
of chondrocyte in rat cartilage head cop (Nucleus, Hoeschi; depih illumanation: 210 s |

Phototoxicity duc to the long wave-
length  neghgible/1P &) Reduced
bleaching 7) Reduced blurnng of the
image from light scatiering

At this time, the main disadvan-
tages of Multiphoton Microscopy are
the cost of femiosecond laser sources,
the incomplete data on the two-photon
absorption and fluorescence proper-
tics of commonly used fluorophores,
the possible thermal damage, and the
lack of affordable optical fiber cou-
pling.

2.5 Lifetime Imaging

Because the excitation mode con-
ditions the nature of data avaulable,
isers can have acces: (o (WO mMain
types of measurements

#» Fluorescence infensity values

with conbinuous cxcitation, the
sieady-state condifions give a
balanee between excited state
production and deactivation

# Fluorescence emporal  decn
values with pulsed mode o
modulated mode (kinetic conds
tions; decay statistic of acquirs
ing {sangle photon  count-
ing)fstreak camera, Ume wise
dow [(Boxcar fvpe), phast
modulation (phase Nuorometry)

Measurements based on  fluores-

cenge  infensity  gencrally  requir
rather simple instrumentation, cesen-
tially an excilation source (lamp of
laser beam) and a detector (photonml-
tiplicr or Charge-Coupled Devace
camera). These componenis lack sa-
bility with time and fluorcscence -
tensity determination can be subject i
fluctuations, among other  shom-
comings. Measunng source cormecios
and intensity can partly solve ihal
problem, but sometimes moa pons
-satisfactory manner.  Furthcrmone,
this mecthod doecs not take into account
the changes of fluorcscent markes
concentration resulting from  photos
bleaching, which induces a sinificant
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amount of fading. In biological speci-
micns, cither ex vive or dn vifre, under
physiological conditions (pH, tem-
perature, culiure mediom...} fluores-
cence quantitation at the sub-ccllular
level with a fluorcscence microscope
suffers from the same limiting factors.

Two obviate these difficultes, (cx-
citation source stability, photo bleach-
mg, fluctunting marker concentra-
fions... ) another method 15 avaulable,
which consists in dealing wath the life-
times of cxcited states (fluonsscence
decav). The fluorcscence lifetime of a
substance represents  an average
amount of time the molecule remains
in the exeited state prior to its return Lo
the ground state, while emitting fluo-
rescence. The advantages and disad-
vantages of measunng the fluorcscence
signal in terms of intensity or lifetime
have often been discussed (7). The pre-
cise nature: of the fluorescence decay
can reveal more details about the mter-
actions of the fluorophore with s
close surrounding; this parameter can
reveal the frequency of collisional en-
counders with quenching agents, the
rate of excited state reactions. Multiple
decay constants can be the reflection of
several  distinet  surroundings of a
fucrophore or of the presence of sev-
eral eonformational states of a mole-
cule. Factors such as wmc strength,
lvdrophobicity, oxygen concentration,
bindimg to macromolecules can all
modify the lifetime of a fluorophore,
considered as an indicator of these pa-
rameters

The shift from fluorcscence mea-
surcment In a stationary state to tume-
-resplved  fluorescence
fluorcscence-based  techniques  (flow
evtometry, spectrometry and micros-

imvalves  all

copy). So, Fluorescence Lifetime lm-
aging Microscopy (FLIM) combines
the advantapes of lifctime spectros-
copy with fluorescence micrascopy by
revealing the spatial distnbution of a
fluorescent molecule together with -
formation about its microcnviron-
ment.

In spectral and hfetime imaging
used to discriminate among muluphe
flucrophores on the basis of spectra as
well as hifctime (Fig. 10), the Fluores-

cent  Resonant  Encrzy  Transfer
(FRET) i a powerful technique for
measuring antermolecular  distances,

the proximity of molecules that can
deplete the excited state by resonance
encrey transfer, as shown in Fig. 6.8
between a donor (D1O) and a acceptor
(Dall) loaded to LIDL ()

BE0

Flostd sivii e lnlenary j5m 1

el gl i

Time | ms

Pl praway Indemady dd 6 5

L]
LE

L]

L]

Fig: 10 =Sireak image where the horizonind and vertical axis ang respeciively the wave-
length and the decay of luorescence (Lifetime) of intrinsically fluorescenl mode-
cules (NADVFAD) which emit at 520 nm {green)., shaorier than those of the extnn
sic fluorophore (porphyrin derivative) which emits a1 630 nm (red)
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3. CONCLUSION

Even if the deconvolution tech-
nigues require considerable  comput-
ing power capacitics and extended
computation time, they prove very
useful in situations of low intensity
levels or restricted wse of confocal
microscopy to improve spatial resolu-
tion in muliphoton microscopy, Al
this time, Multiphoton Imaging has es-
tablished itself as an important method
for optical microscopy particularly for
subcellular events within arganized tis-
sue environment. With the elimination
of UV excitation, more imaging scans
are permitted, and time-sequence stud-
ies on sample kept at physiological
conditions are permitted. Moreover, a
number of variants have been devel-
oped allowing optimised imaging for
high speed or high resolution with the
use of living tissue (Multifocal Mi-
croscopy, Spectral analysis, Fluores-
cence Lifetime Imaging Microscopy,
Optical tweezers, 4Pi  Microscopy.
Fluorescence  Correlation  Micros-
copy...).
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