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Abstract - Microscopy is traditionally a tool for determining biological structures. Many recent advances in
optical microscopy involves the incorporation of spectroscopy techniques to monitor biochemical states of
microscopic structures in living cells and tissues. By minimizing tissue photodamage, two-photon excitation
microscopy provides a new opportunity to study the dynamics of biological systems on time scales from
nanoseconds to hours. This review will focus on a number of these new methods: two-photon time-lapse
microscopy, two-photon photoactivation, two-photon correlated spectroscopy, two-photon single particle
tracking and two-photon lifetime microscopy.
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INTRODUCTION
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reactive oxygen species; SPT: single particle

resolution and sensitivity of modern instruments;

tracking significant works include confocal (White er al.,

771




772 PT.C. So et al.

1987), 4-Pi (Hell and Stelzer, 1992; Hell et al.,
1994) and standing wave microscopy (Bailey et al.,
1993). Another crucial factor driving optical micro-
scopy development is the integration of micro-
scopy imaging with spectroscopy techniques to
monitor the interplay between structural and func-
tion in living systems. A major obstacle hindering
this integration is specimen photodamage which
perturbs sample biochemistry and prevents accu-
rate assessment of their functional states. This pro-
blem has been significantly alleviated by the recent
invention of two-photon microscopy which allows
non-invasive monitoring of biological specimen
with 3D confocal-like resolution (Denk et al.,
1990).

Since two-photon microscopy is still a rather new
method for many researchers, we will first provide
a brief discussion of this technology. The rest of
this review will focus on s combinations two-
photon microscopy with time-resolved spectro-
scopy to monitor biological dynamics. We have
taken a broad definition of time-resolved spectro-
scopy including many techniques that can monitor
the temporal evolution of a biological system. The
discussion will be structured such that techniques
relevant to the dynamics of a particular time scales
are grouped. On the time scales of milliseconds and
longer, the discussion will focus on time-lapse two-
photon microscopy (Wokosin et al., 1996a. 1996b).
On the time scale between microseconds and milli-
seconds, we will discuss two-photon single particle
tracking (So et al., 1997), two-photon photo-acti-
vation (Denk, 1994) and two-photon fluorescence
correlation spectroscopy (Berland et al., 1996). On
the time scale between nanoseconds and microse-
conds, the method of fluorescence lifetime resolved
microscopy (So et al., 1995) will be considered.

TWO-PHOTON EXCITATION
MICROSCOPY

Maria Goppert-Mayer established the theoretical
foundation for two-photon excitation processes in
Gottingen, Germany in 1931 (Gopper-Mayer,

1931). The physical principle is the simultaneous
absorption of two infrared photons by a chromo-
phore that induces an electronic transition that nor-
mally required an ultraviolet photon. The insight
that two-photon excitation can be applied to micro-
scopy to obtained high resolution 3D imaging was
first conceived by Denk, Webb and coworkers
(Denk et al., 1990). Since the two-photon excita-
tion probability is significantly less than the one-
photon probability, appreciable two-photon
excitation occurs only at a region of high photons
flux such as the sub-femtoliter focal volume of a
high numerical aperture objective.

In general, two-photon excitation allows 3D biolo-
gical structures to be imaged with resolution com-
parable to confocal microscopes but with a number
of significant advantages: 1) Conventional confo-
cal techniques obtain 3D resolution by using a
detection pinhole to reject out of focal plane fluo-
rescence. In contrast, two-photon excitation
achieves a similar effect by limiting the excitation
region to a sub-micron volume at the focal point.
This capability of limiting the region of excitation
instead of the region of detection is critical. Photo-
damage of the biological specimen is restricted to
the focal point. Since out-of-plane chromophores
are not excited, they are not subjected to photo-
bleaching. Two-photon excitation ensures econo-
mical usage of fluorescent labels. 2) Two-photon
excitation wavelengths are typically red-shifted to
about twice the one-photon excitation wavelengths.
This wide separation between the excitation and
emission spectrum ensures that the excitation light
and the Raman scattering can be rejected without
filtering out any of the fluorescence photons.
Furthermore, super-Raman and super-Raleigh scat-
tering have also found to be small (Xu er al., 1997).
The improved sensitivity significantly improves
the signal to background fluorescence ratio and is
critical for studying relatively dim objects. Further,
this separation allows the spectroscopic properties
across the whole emission spectrum to be monito-
red. 3) Near-UV chromophores can be excited with
near infrared light and imaged without expensive
and less efficient UV microscope optics. 4) Two-
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photon excitation is more efficient than confocal
systems for fluorescence imaging of thick tissue
specimens (on the order of 500 to 1000 pum) of
large absorption and scattering coefficients. The
specimen absorbency in the infrared spectral range
is much reduced as compared to the near UV or the
blue-green region (Cheong et al., 1990). This mini-
mizes the attenuation of the excitation signal. In
addition, for a highly scattering sample, the scatte-
red fluorescence photons are rejected by the detec-
tion pinhole and are lost in the confocal case. More
fluorescence photons can be collected in the two-
photon case with a large area detector and without
a pinhole aperture.

Depth discrimination is the most important feature
of two-photon microscopy applications. For one-
photon excitation in a spatially uniform fluorescent
sample, equal fluorescence intensities are contribu-
ted from cach z-section above and below the focal
plane assuming negligible excitation attenuation.
This is a consequence of the conservation of energy
(Wilson, 1990). On the other hand, in the two-pho-
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ton case over 80% of the total fluorescence inten-
sity comes from a 1 pum thick region about the focal
point for objectives with numerical aperture of
1.25. Thus, 3D images can be constructed as in
confocal microscopy, but without confocal pin-
holes. This depth discrimination effect of the two-
photon excitation arises from the quadratic
dependence of two-photon fluorescence intensity
upon the excitation photon flux which decreases
rapidly away from the focal plane. The spatial reso-
lution of two-photon microscopy is comparable to
one-photon methods. For excitation of the same
chromophore, the two-photon resolution is roughly
half the one-photon confocal resolution (Sheppard
and Gu, 1990, 1992). This reduction in spatial reso-
lution is due to the larger diffraction limited spot of
the longer wavelength two-photon excitation
source (double the wavelength of the one-photon
source). For a 1.25 N.A. objective using excitation
wavelength of 960 nm, the typical point spread
function has FWHM of 0.3 um in the radial direc-
tion and 0.9 um in the axial direction (Figs. la, 1b).
Two-photon excitation does provide better suppres-
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Tivo-photon point spread functions. Solid line: theoretical prediction. Data points: experimental results
obtained from 3D images of 0.03 pm (sub-diffraction limit) fluorescent latex spheres.
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Fig. 2 Demonstration of the two-photon localization effect. a) The two-photon excitation volume was focused
in the center of a i3 jim iiuvicseei latex sphere. The exciiation volume was scanned repeatedly along the x-axis until

photobleaching occurred. Afterwards, a 3D image stack of the latex sphere was acquired. b) The x-y planes of the
sphere at increasing distance from the center are presented. No photobleaching is observed beyond 1 fum.

sion of higher order Airy rings. This localization of
two-photon excitation can be best visualized in a
simple bleaching experiment (Fig. 2).

TIME SCALES: SECONDS

Two-Photon Time-Lapse Microscopy

— Significance: Time-lapse microscopy has
been applied to study a large number of biological
problems including cell motility (Palecek ef al.,
1997) and wound healing (Krawczyk, 1971; Stenn
and DePalma, 1988). Transmitted light video micro-
scopy is the most common approach in these studies.
There are few high resolution, 3D imaging studies of
cellular morphological evolution using confocal
method. Even more rare is the use of fluorescence
confocal microscopy for simultaneous monitoring of
cellular biochemistry. The major difficulty involved
with fluorescent confocal cellular and tissue imaging
is photodamage. There are a number of studies on
the effect of high intensity of UV and blue/green
radiation on cells and tissues (Cunningham et al.,
1985; Konig et al., 1996a, 1996b). Although the
complete mechanism of one-photon photodamage is
not well understood, the use of fluorescence confo-
cal for long term monitoring of many biological sys-
tem is clearly not feasible. Given the need to acquire
high resolution structural and biochemical informa-
tion of the evolution of cellular and tissue structures,
an alternative method is needed.

— Principles: One of the most critical
advantage of two-photon microscopy over confocal
method is photodamage reduction. In the simplest
case, photodamage can be attributed to the oxida-
tive processes resulting from fluorescence excita-
tion of either cellular endogenous or exogenous
chromophore. Assuming uniform chromophore
distribution, the degree of photodamage resulting
from reactive oxygen species (ROS) generation is
correlated with the amount of fluorescence excited
inside the cell volume. In the confocal case, fluo-
rescence excitation at each z-section is constant.
Therefore, the amount of ROS generated is propor-
tional specimen thickness. In the two-photon case,
fluorescence excitation is induced only at the focal
point. An equal degree of fluorescence excitation is
theoretically needed at the focal region for both the
one- and two-photon cases to obtain an equal
amount of fluorescence signal. The difference in
the amount of ROS generation between the one-
and two-photon cases can be approximated by the
ratio of the axial dimension of the two-photon exci-
tation volume to the specimen thickness. For typi-
cal cellular specimen with a thickness 5 to 10 um
and an excitation volume with axial dimension of
1 um, ROS generation can be a factor between 5
and 10 higher in the one-photon case. This factor
becomes even more significant for thicker speci-
men such as tissues. Another factors further contri-
bute to the lower photodamage observed using
two-photon method is the more efficient detection
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light path in a two-photon microscopes which do
not need lossy pinhole aperture or de-scanning
optics. A practical confocal system will require
higher excitation power at the focal volume to
obtain the same image quality as a two-photon sys-
tem. It has been reported that living specimen such
as Ascaris spermatids can be imaged for at least 60
times longer under two-photon excitation
(Wokosin et al., 1996a, 1996b).

— Application: The ability to perform long
term time-lapse imaging of living specimen has
been recognized as a major advantage of two-pho-
ton microscopy (Denk et al., 1990). Today, there
are large number of successful studies in this area
including the study of sea urchine embryos deve-
lopment, the oxygen dynamics of pancreas islet
cells, calcium activity in myocytes. Another exci-
ting frontier in this area involves non-invasive ima-
ging of intact organelles (Masters and Thaer, 1994;
Piston er al., 1995). Non-invasive study of whole
organisms (Masters et al., 1997) may further
advance medical diagnostic techniques such as
cancer detection and the study of wound healing.

While two-photon excitation is a minimally inva-
sive approach, it is important to recognize that pho-
todamage can still occur at sufficiently high
incident power (Konig et al., 1996a, 1996b, 1997).
Time lapse two-photon imaging has also been used
to in this area to characterize tissue photodamage
mechanisms. Recent experiment has shown that
photodamage processes of human sperm is oxida-
tive in nature and is similar to the damage process
observed under ultraviolet illumination. Human
sperms were placed under two-photon microscope.
While it is difficult to subject highly motile sperms
to well controlled two-photon irradiation, living
sperms that exhibit low motility were chosen for
this experiment. Under two-photon illumination
with an average power on the order 10 mW, an
increase in sperm autofluorescence were first
observed in its mid-piece which subsequently
intensifies and migrates to the sperm head (Fig. 3).
Similar sequence in the alternation of sperm cell
autofluroescence is also observed under ultraviolet

illumination indicating that two-photon excitation
can trigger oxidative damage equivalent to photo-
damage under ultraviolet illumination.

TIME SCALES: MILLISECONDS
AND MICROSECONDS

Two-Photon Photoactivation

— Significance: One-photon photoactivation
is a powerful technique to observe cellular response
to chemical concentration transients on the millise-
cond time scale. Photolysis of caged compounds
such as calcium and neurotransmitters has a wide
range of applications. For example, caged calcium
has been used extensively in the study of calcium
wave (Igarashi et al., 1997; Kirby et al., 1994) and
calcium sparks (Niggli and Lederer, 1991; Santana
et al., 1997). Two-photon microscopy promises to
improve this technique by localizing the photo-
interaction to within a femtoliter focal volume. This
method generates chemical transients that is both
confined in time as well as in space. It is important
to note that this spatial localization effect cannot be
generated with a confocal microscopy which limits
the region of observation but not the region of exci-
tation. The study of the local effect of chemical
transient such as calcium induced calcium release
mechanisms is difficult using traditional photolysis
method wherc .- Cleasc icgion of calcium is large
and the site where cellular response occur is diffi-
cult to localize.

— Principle: Many chemical reactions, such
as photolysis or polymerization, can be initiated
under sufficiently intense illumination. A number
of photoliable molecular cages has been developed
which photolysis under UV or near UV excitation
(Haugland, 1997; McCray and Trentham, 1989).
Equivalent to basic two-photon fluorescence exci-
tation, the same photolysis transition can be achie-
ved using infrared photons at a sufficiently high
flux. There are two main advantages of using two-
photon excitation process to uncage chemical
effectors in cells and tissues (Denk, 1994; Denk et
al., 1990). First, most common caged compounds
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are activated by UV light. The need for high UV
power makes cellular damage a major concern. The
ability to initiate chemical reaction using infrared
light dramatically reduces this problem. Second,
the ability to release chemical compounds in a sub-
femtoliter volume has enabled novel studies aiming
to elucidating the effect of local signaling events.
The localization of the reaction volume results
from the quadratic dependence of the photolysis
probability upon the excitation intensity.

Today, the challenge lies in the low two-photon
cross section of typical photoliable cages. Because
of this low photolysis cross section, fairly high
laser power is needed to release chemical reactants
at a sufficient rate to trigger a localized physiolo-
gical response before Brownian diffusion effecti-
vely broaden the interaction volume. The need for
high excitation intensity, however, contribute to
two problems. First, a high infrared excitation
power has been observed to trigger cellular phy-
siological response in the absence of caged com-
pound resulting in a false positive signal (Wokosin
et al., 1997). Second, endogenous chromophores,
such as NAD(P)H, which is always present in
cells, may be preferentially excited and may result
in photodamage of the host cells. This may negate
the advantage of using infrared instead of UV light
in the fist place. Research are currently underway
to remedy this difficulty. First, two-photon liable
groups with higher efficiency have to be construc-
ted. Considerable success has been attained in
developing two-photon fluorescence compound
with much higher two-photon absorption coeffi-

cient and similar success may be expected in the
development of two-photon caged compound
(Bhawalkar ef al., 1996). Second, most of the cur-
rently available photoliable compounds have their
absorption maxima at 320 to 340 nm. The wave-
length of typical high peak power lasers such as Ti-
Sapphire lasers have a minimum operating
wavelength of about 690 nm (corresponding to a
one-photon wavelength of 345 nm) and cannot
effectively activate these probes. Research in
developing infrared pulse lasers at this wavelength
range is underway.

— Applications: Despite these difficulties in
two-photon photolysis, a number of innovative stu-
dies have been performed. One study focus on
mapping ligand-gated ion channels (Denk, 1994).
While the function of ligand-gated ion channels
have been successfully studied with patch clamp
technique, the distribution of these channel in
living cells are difficult to determine. In this study,
Denk has derived a method to map channel distri-
bution using a combination of two-photon photoly-
sis and whole cell patch clamp technique. Caged
carbamoylcholine were dissolved in the bathing
medium of BC3HI cells, a muscle cell line. The
two-photon excitation spot was positioned throu-
ghout the cell volume to cause a local release of
cabamoylcholine. This release will trigger the ope-
ning of nicotinic acetylcholine channels which can
be detected by monitoring the whole cell ion cur-
rent using a patch clamp. The current amplitude
recorded at each voxel is proportional to the local
receptor density. This method has allowed the first
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Fig. 3

(Top) A time sequence showing photodamage of human sperm resulted from two-photon microscopy

imaging. The occurrence of photodamage is indicated by an auto-fluorescence increase. This increase was first noted
in the mid-piece of the sperm which is then spread to the sperm head within ten seconds. The excitation power on the
sperm is about 5 mW and the frame rate of the scan is on the order of two seconds.

Fig. 4
dehydrogenase (MDH), and ¢) B-phycoerythrin

Fig. 5

(Center) Protein dissociation upon dilution as measured by FCS. a) Phosphorylase A (GPA); b) malate

(Bottom) The experimental geometry for macrophage capture of latex spheres. The yellow arrow

indicates the position where the latex sphere was drop. The white arrow indicates the final position of the spheie. The
fluorescent plasma membrane of the macrophage has been labelled with Laurdan after the sphere capture experiment.
The brightly fluorescent round objects are the captured 2 pum latex spheres. The doted line denotes the outline of the

macrophage.
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high resolution mapping of acetylcholine receptor
distribution in living cells. Another promising
study involve the two-photon photolysis of caged
calcium (Lipp et al., 1997). These authors have
obtained a promising preliminary result in studying
calcium dynamics in Hypocampus neurons. By
permeating the cell with 1 mM of either DM-nitro-
phen or NP-EGTA, two-photon uncaging of cal-
cium confined spatially to within 1-20 pum has been
accomplished with 10-100 mW laser power.

Photon Correlation Spectroscopy

— Significance: Fluorescence corre-
lation spectroscopy (FCS) was developed by Elson
and Webb in the early 1970s (Elson and Webb,
1974, Elson et al., 1974) to monitor kinetic events
in biological system on the time scale from micro-
second to milliseconds. However, there are few
applications of this technique in the past twenty
years. Since the FCS signal amplitude is inversely
proportional to the number of fluorescent particles
in the observation volume, high sensitivity FCS
measurement is difficult in bulk solutions or cellu-
lar systems with large number of particles. The
majority of the earlier biological FCS studies focus
only on membrane systems where the relevant
volume is two dimensional and is inherently small
(Fahey and Webb. 1978: Mever and Schindler,
1988). The recent introduction of confocal and two-
photon excitation techniques has reduced the obser-
vation volume to femtoliters and has opened up
many new opportunities in biology. Today, FCS has
been applied to the study of receptor binding
(Rauer et al., 1996), protein polymerization
(Berland et al., 1996), chromophore triplet state
transitions (Widengren et al., 1995), ultra-sensitive
DNA hybridization assay (Kinjo and Rigler, 1995;
Oehlenschlager et al., 1996) and cytosol viscosity
(Berland et al., 1995) measurements. The use of
two-photon excitation has significantly broadened
the applicability of FCS in biological systems
(Berland et al., 1995, 1996). Compared with other
conventional fluorescence diagnostic methods,
FCS offer three important advantages. First, FCS is
extremely sensitive. With an optimized optical sys-
tem, detection at the single molecule level can be

routinely achieved (Mertz et al., 1995). While most
fluorescence techniques work with sample concen-
tration in the range between nM and uM, FCS
extends fluorescence spectroscopy to the sub-nano-
molar concentration levels. Second, FCS is a pre-

.cise and quantitative method. As an example, one

of the most common biochemical applications of
fluorescence spectroscopy is the monitoring of
molecular association and binding by polarization.
Fluorescence polarization detects binding events
by measuring a change in the rotational diffusion
rate of the molecule. However, the quantitative
interpretation of the polarization data requires a
knowledge of many additional parameters such as
molecular shape, dipole orientation and quenching
and energy transfer mechanisms. In contrast, FCS
measures changes in the molecular translational
diffusion coefficient which is a robust parameter
with minimal sensitivity to external factors. More
importantly, the solution particle density distribu-
tion can be directly measured by FCS in combina-
tion with high order analysis (Palmer and
Thompson, 1987, 1989). Third, the kinetic proper-
ties of biological systems can be measured by FCS
under equilibrium conditions without external per-
turbations required for techniques such as fluores-
cence photobleaching recovery (Luby-Phelps et al.,
1986).

— Principles: The basic physics
underlying this technique can be understood quali-
tatively. FCS measures the intensity fluctuation of
fluorescent molecules. Depend on the mechanism
causing these intensity fluctuation, the fluctuation
amplitude may contain physical information such as
the particle number density, diffusion coefficient,
flow rate or their conformations. Consider the most
common situation where the intensity fluctuation is
caused by Brownian diffusion of molecules into and
out of the sample volume. The intensity fluctuation
contains information about the particle number den-
sity and the diffusion rate. A knowledge of the mole-
cular number density allows the determination of
the degree of molecular aggregation. A knowledge
of the diffusion rate allow the hydrodynamic radius
of the molecule to be inferred.
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Consider a sample volume containing n particles.
The number of particles in this volume as a func-
tion of time is governed by Poisson statistics. The
number of particle inside this volume will fluctuate

in time with a magnitude equal to 4fn and the frac
1

tional amplitude of the fluctuation is i Thus,
for a volume containing one particle, the fractional
fluctuation would be 100%; for a volume containing
one million particles, the fractional fluctuation
would be only 0.1%. The number density of the par-
ticles can be determined by experimentally measu-
ring the ratio between the signal amplitude and its
fluctuation level. The number fluctuation duration
further contains information of the particle diffusicii
rate. The duration of these fluctuations is related to
the time for the particle to transit the observation
volume. The diffusion rate of these particles can be
calculated from the average fluctuation duration
given the size of the observation volume.

The previous description of the FCS principle can
be formulated mathematically. The time dependent
intensity fluctuation is quantified by the auto-corre-
lation function, G(t), which is defined as:

SH(SF(1+7) >
bt S <<>F2<> ) s

where OF(t) = F(1)-~ < F > is the fluorescence
intensity fluctuation. F(t) is the fluorescence detec-
ted at time t. T is the time separation between two
intensity measurements. The angular bracket repre-
sents a time average. The fluorescence intensity
fluctuation is proportional to the fluorophore
concentration fluctuation scaled by the laser excita-

< 8C(r,0)8C(r,t + 1) >=< C> (47D7T) 2 exp(

3
<SF(NSI( +7) >=a? [dr[ d*r I ()T (r') < C> (4nDT) T exp(

tion intensity. For two-photon excitation:
SF(1) = [dF6F F,1) = a [ d*FI2(F)8C(F, ) (2)

OF( 7 ,t) is the fluorescence fluctuation per unit
volume at position 7 and time t. o is a product of
the excitation cross section, the fluorescence quan-
tum efficiency and the detection efficiency. I( 7 ) is
the excitation photon density per unit volume at
position 7. The quadratic dependence on excita-
tion photon intensity is a result of two-photon exci-
tation. dC( 7 ,t) is the fluorophore concentration
fluctuation.

Considering i .iaipicsi case where the intensity
fluctuation is caused by Brownian diffusion driven
number fluctuation, the time evolution of the par-
ticle concentration can be evaluated. The time evo-
lution of the fluorophore concentration is described
by the diffusion eq.:

LD _ pyrsci o) 3)

ot

where D is the diffusion coefficient. For the diffu-
sion of molecules with radius R in a solution of vis-
cosity 1, the diffusion coefficient can be estimated
from the Stokes-Einstein eq.:

D=kl 4)
6 TNk

where KT is the Boltzmann temperature factor. For
three dimensional diffusion, this differential eq. can
be solved:

1.

z_ 22
__I%;)r—l) (5)
T

The autocorrelation function becomes:

. it
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Using Lorentzian-Gaussian intensity distribution
approximation, this function can be simplified:

2 74,6
20 Iyw,

< OF()OF(t +1) >= =<C>g(D,1) (7)
A (4nD7)?
where
- z‘,’;,bz) b’ +16€T_4
2Dt Wy 2

g(D,7) = [db

4
b +(2+ T

2
W,

This last integral has no closed form and has to be
evaluated numerically.

the 3D spatial integrals in eq. 7 reduces to a product
of a three dimensional delta function and <C>, the
average particle concentration. Substituting this
result into eq. 1, we obtain:

1 1

=R 8)

Gl v * N

where N is the number of particles in the volume.
The eq. indicates that the magnitude of the fractio-
nal fluctuation is inversely proportional to the num-
ber density of the particles substantiating the result
that we have derived qualitatively in the previous
section. Further note that the eq. 7 is a function of
the diffusion coefficient that can be deduced from
the functional form of the measured auto-correla-
tion function.

— Applications: Two-photon fluorescence
correlation spectroscopy is well suited to a number
of biological studies. Intracellular diffusion rate in
the cytoplasm has been determined using this
approach (Berland et al., 1995). Fluorescence latex,
spheres of 7 nm radius has been introduced into the
cytoplasm of mouse fibroblast cells by electropora-
tion. Two-photon fluorescence correlation spectro-
scopy indicates that the diffusion rate of this
spheres were reduced by a factor of ten in the pre-
sence of the cytoplasmic matrix as compared to

+
16Dt 1 16Dt 2(2 + b2 16Dt
)b* +—=(—5—) v2( ) J2+b2+ :

’2
W,

water. The diffusion rate further decreased by ano-
ther factor of ten within the next hour. The reason
for the further slow down remains to be investiga-
ted. Plausible explanations include the aggregation
of intracellular proteins to the spheres or the active
segregation of the spheres by the cell.

Another application involves the use of two-photon
correlation spectroscopy to monitor concentration
driven oligomerization of protein in bulk solution
(Berland et al., 1996). As a result of the quantita-
tive nature of this technique, the exact number
concentration of the proteins can be determined.
The dissociation of glycogen phosphorylase A
(GPA) (Fig. 4a), malate dehydrogenase (MDH)
(Fig. 4b) and B-phycoerythrin (Fig. 4c) upon dilu-
tion has been monitored. GPA is known to be a
tetramer at micromolar or higher concentrations
and dissociates to a dimer. MDH is know to disso-
ciate from a dimer to monomers. [3-phycoerythrin
does not dissociate over the experimental concen-
tration range. The dissociation constants of GPA
and MDH are measured to be 430 nM and 144 nM
respectively which is in reasonable agreement with
previously published results (Huang and Graves,
1970; Ruan and Weber, 1993; Shore Chakrabarti,
1976).

Two-Photon Single Particle Tracking (SPT)

— Significance: Three-dimensional trans-
port mechanisms on the time scale of milliseconds
are crucial in many areas of cellular biology inclu-
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ding membrane receptor internalization and turno-
ver (Deurs et al., 1989; Schwartz, 1990; Watts and
Marsh, 1992), organelle transport during mitosis
(Salmeen er al., 1985), phagocytosis of antigenic
material (Cohen et al., 1994; Maniak et al., 1995),
and nucleo-cytoplasmic trafficking of synthesized
protein and nucleic acid (Dingwall and Laskey,
1992). In medicine, virus-membrane docking and
the subsequent transfer of genetic material (Oneill
et al., 1995), endocytosis of protein toxin (Sandvig
et al., 1992), and the invasion of intracellular bac-
terial pathogens (Morisaki er al., 1995; Oh and
Staubinger, 1996) are major areas where an unders-
tanding of 3D transport mechanisms would play a
key role in disease prevention and treatment.
Trafficking inside a complex three dimensional
environment is a shared common theme. These
trafficking processes are rarely passive or diffu-
sion-controlled in cellular systems but are guided
by active mechanisms including molecular motors
and ion pumps (Goldstein et al., 1985; Rothman,
1994).

Despite our general understanding of these trans-
port pathways, there are many important details of
the transport mechanism missing. The difficulties
associated with understanding these fundamental
processes are twofold. First, many of these motions
are directed and under the active control of cellular
mechanisms. These complex sequences of events
are difficult to resolve when the action of many
cells are asynchronously averaged. Second, many
of these process are fast, on the order of millise-
conds to seconds. Inherently static techniques such
as electron microscopy cannot study these fast phe-
nomena. There is a need for an alternative techno-
logy that can follow individual particles transported
in three dimensions.

Single particle tracking (SPT) was first developed
in the early 1980s to address this problem (Ghosh
and Webb, 1988, 1994). SPT has four unique fea-
tures: 1) SPT maps the entire itinerary of each par-
ticle under transport. Each step of the transport
process can be analyzed. This information is
impossible to obtain from the average behavior of

many "asynchronized" particles. 2) SPT has excel-
lent time resolution. Current SPT apparatus have
achieved a resolution of 33 ms. 3) SPT has excel-
lent spatial resolution. Particles can be located with
a precision of tens of nanometers, which is needed
to distinguish between diffusive and directed pro-
cesses. 4) SPT works with biological systems in
vivo and permits the biochemical environment in
the vicinity of the transported particle to be studied
with sub-millisecond resolution. This is crucial in
delineating the biochemical mechanism which
drives the transport.

The first SPT study followed the diffusion of mem-
brane bound low density lipoprotein receptors in
two dimensions (Ghosh and Webb, 1994). This
approach utilized high sensitivity fluorescent ima-
ging with a video rate intensified CCD camera
under wide field illumination. Before the invention
of this technique, one could only measure the ave-
rage transport properties of these receptors as cha-
racterized by their membrane diffusion coefficient
using techniques such as photobleaching recovery.
Using single particle tracking, non-equilibrium
transport kinetic behavior has been observed;
single receptors are shown to exhibit diffusive, res-
tricted as well as directed motions (Ghosh and
Webb, 1994; Jacobson et al., 1994; Saxton, 1994).
The development of this technology has opened a
new line of inquiry into the dynamics of membrane
bound proteins. With few exceptions, most recent
applications focus on measuring membrane protein
interactions including studies of integrin-cytoskele-
tal interaction (Schmidt et al., 1994), diffusion of
concanavalin A and Thy1 molecules in the plasma
membrane (Hicks and Angelides, 1995; Sheetz et
al., 1989) and lipid diffusion on a bilayer surface
(Fein et al., 1993). The scope of these studies is
partially dictated by the two dimensional nature of
the instrumentation.

As discussed previously, there are many important
studies of biological processes which would bene-
fit from particle tracking in three dimensions. The
potential of using particle tracking in three dimen-
sions was first realized by Kao and Verkman
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(1994). A cylindrical lens element was added to the
excitation beam path to encoded a difference in the
aberration pattern for a particle above and below
the focal plane. Through a de-convolution routine
during data analysis, they cn ro-~v=r the particle’s
trajectory in three dimensions. This technique has
been successfully applied in the study of water per-
meability of Chinese hamster ovary cells. Although
this technique constitutes a first step in developing
a 3D tracking technique, it has two major draw-
backs that emphasize the need for an alternative
technology. First, the axial tracking range of the
instrument remains limited to 5 pm. At longer dis-
tances, tracking has to be interrupted and the stage
repositioned. Moreover, the axial positioning sensi-
tivity is not constant over the entire tracking range
but degrades at its limit. Second, the time resolu-
tion of this instrument is limited to video rate and
cannot study many faster processes.

— Principles: A new 3D particle tracking
strategy has been developed based upon two-pho-
ton excitation circumventing the past difficulties.
Since two-photon excitation is inherently a 3D
technique with sub-femtoliter volume resolution,
the localize the slow moving particles in three
dimension is relative straight forward. However,
since standard two-photon imaging is inherently a
sequential technique and is much slower than CCD
imaging which is a parallel acquisition method, the
time required to gather a 3D image stack is slow.
Faster moving particles cannot be tracked.

To circumvent this problem, we realize that it is
unnecessary to image a whole cell to follow the
path of a single particle. We only have to take a
snapshot of the particle and its immediate surroun-
dings. If we know the origin of this snapshot and if
we can determine the centroid of the particle, we
can relocate the origin of the next snapshot to cen-
ter the particle in the next image. This active feed-

back control reduces the size of the scan volume-

and the time requiied iv sCau tiio +wiame. The ulti-
mate time resolution of this tracking system will
depend on the electronic and the mechanical ele-
ments of this feedback loop which will be discus-

sed in the following section. As a side note, this
active feedback tracking system can also work with
confocal detection but many added advantages of
two-photon excitation, such as the reduction of
<ample photodamage, would be lost.

The active feedback tracking system can greatly
increase the time resolution of but has one major
limitation. In the presence of many small diffusing
particles, the possibility of multiple particles ente-
ring into the excitation volume becomes appre-
ciable. A smart feedback algorithm in the tracking
system is critical and will help to alleviate this pro-
blem. Nevertheless, it is virtually impossible to
guarantee against confusion when there is a high
particle density. The only solution is to reduce the
particle density such that the probability of having
more than one particle in the volume of interest
becomes negligible. However, this low particle
density criterion creates a new problem. The inter-
action probability between a tracked particle and a
particular cell becomes very low. One example is in
the study of macrophage capture of antigenic par-
ticles and their subsequent phagocytosis. At very
low antigen concentration, there is little chance that
the antigenic particle being tracked will interact
with a macrophage cell. A solution to this problem
is to actively deliver the particle to the vicinity of
the area under study, in this case, the cellular mem-
brane surface. Therefore, the third major compo-
nent of this instrument is an active particle delivery
mechanism. Two methods will be considered. The
most straightforward technique of using micro-
pipettes for delivery has the advantage that par-
ticles as small as single proteins can be
manipulated. A second, more elegant, technique
which works with larger particles (0.5 to 10
microns) such as bacteria is the gradient optical trap
(optical tweezers) (Ashkin, 1978; Svoboda and
Block, 1994).

— Applications: One of the pilot application
of two-photon single particle tracking involves the
study of macrophage phagocytosis kinetics (So et
al., 1997). Although the general scheme of antigen
capture and processing has been extensively stu-




Time-resolved two-photon microscopy 783

died, kinetic studies in vivo are relatively rare. In
this first study, the focus is on the capture of anti-
- genic material, such as fluorescent E. coli bacteria
or latex spheres, by murine macrophages. Using the
gradient optical trap system, we were able to cap-
ture and transport 2 pm fluorescent latex spheres to
+ achosen macrophage cell. The spheres were posi-
tioned about 2 to 5 pum above the center of the cell.
. With the tracking circuit ready, the spheres were
| released and tracking began. Since the lateral
* dimension of the cell is large, on the order of 100
square microns, the possibility that diffusion would
bring the proximally placed sphere to the cell sur-
face is high. While most of the spheres drifted away,
we have observed active capture of some spheres by
the cell. A typical release and capture geometry of
+ the spheres by the macrophage cell is shown in fig.
7» 5. The track for the spheres that experienced some
® interaction but escaped is shown in fig. 6. The tra-
jectory of a captured sphere is quite distinct (Fig. 7).
After initial release of the sphere, some Brownian
¢ diffusion was observed. At a short time later, a rapid
 lateral translation is observed corresponding to a
movement of 5 pm in less than 200 ms. Subsequent
(0 the translation, the sphere is immobilized in the x-
* yplane within a diameter of 2 pum and within a axial
¢ position of 3 pm for the remainder of the experi-
* ment. After tracking, the sphere appears to be
! immobilized on the cell surface by visual inspec-
- tion and the subsequent two-photon imaging gene-
- qates fig. 5. This observation suggests that we have
- observed the kinetics of active capturing of antige-
- nic material by a macrophage cell and that the cap-
ture speed is over 25 pum/s.

TIME SCALES:
NANOSECONDS AND PICOSECONDS

Tivo-Photon Time-Resolve Microscopy

— Significance: In the nanosecond time
scale, the application of fluorescence lifetime resol-
ved techniques to fluorescence microscopy has
opened up many exciting new opportunities.
Lifetime-resolved imaging is a useful contrast
enhancing mechanism. One of the common appli-

cations of fluorescence microscopy is to simulta-
neously image and distinguish various organelles in
a single cell. Traditionally, these distinct cellular
structures are labelled with specific fluorescent
probes of sufficiently separated absorption spectra
that each structure can be selectively excited by
picking the proper excitation wavelength. By col-
lecting a series of pictures with multiple excitation
wavelengths, these pictures can be superimposed to
generate an image in which the spatial relationship
between these organelles is determined. This pro-
cess not only requires multiple excitation light
sources, achromatic optics and filter sets, but the
sample must also be subjected to multiple expo-
sures which may cause significant photodamage.
This process can be greatly simplified by using life-
time resolved imaging. By labeling different orga-
nelles with dyes that have similar absorption
spectra but different fluorescence lifetimes, these
dyes can be excited and imaged with a single expo-
sure and the organelles can be distinguished by
their unique lifetime values. Under some circum-
stances, time-resolved imaging is simpler and more
efficient than the traditional multiple-color labeling
method. To characterize cellular micro-environ-
ments, it is often necessary to determine intracellu-
lar concentrations of biologically important
substances such as Ca?* and O, (Carrero et al.,
1992; Eberhard, and Erne, 1991; Grynkiewicz et
al., 1985; Minta et al., 1989; Rink et al., 1982).
Fluorescence lifetime measurement is particularly
useful with probes which changes their fluores-
cence intensity but not their spectra characteristics
under different metabolite concentration such as
Calcium Green or Flo3. In these cases, differential
partitioning in cellular system prevents quantitative
concentration determination. This problem of diffe-
rential partitioning can be overcome with time-
resolved techniques. The excited state lifetime is an
intrinsic property of a fluorescence probe, and is
independent of the probe concentration. The life-
time is sensitive to the probe’s micro-environment,
and the lifetime may change with the presence of
certain chemical species. Specifically, there are
fluorescent probes whose lifetime values are
dependent upon the metabolite concentrations. For
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Fig. 6 The irajeciory of un escaped sphere. The top panei is the 3D view and the bottom panel is the top view.
Each time point in the trajectory is separated by 190 ms.
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Fig. 7 The trajectory of a captured sphere. The top panel is the 3D view and the bottom panel is the top view.

Each time point in the trajectory is separated by 190 ms.
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example, intracellular calcium concentration has
been determined from the lifetime measurement of
Calcium Green and Crimson (Draaijer et al., 1995;
Sanders et al., 1995; So et al., 1995).

Frequency domain heterodyned time-resolved ima-
ging.

— Principles: With one-photon excitation,
lifetime resolved imaging has been performed
using both frequency- and time-domain
approaches. Although two-photon lifetime resol-
ved imaging in the time domain remains to be
attempted, the incorporation of two-photon micro-
scopy with frequency domain lifetime resolved
technique has been accomplished (French et al.,
1997; Konig et al., 1996b; Masters et al., 1997; So
et al., 1995). Time-resolved measurement in the
frequency domain requires the use of intensity
modulated light sources. In the simplest case, the
light source is sinusoidally modulated. More com-
plex excitation modulation is composed of mul-
tiple sinusoidal Fourier components. The
fluorescence signal resulting from a sinusoidal
excitation is also sinusoidal but it is phase delayed
and de-modulated due to the finite lifetime of the

chromophore (Fig. 8). The lifetime, T, of a chromo-
phore which exhibits a single exponential decay is
simply related to its phase (¢) and modulation (M):

tan(¢) = ot

g ol s, 9)
i+ 0’7

where ® is the angular intensity modulation fre-
quency. The task of lifetime measurement is redu-
ced to the determination of the phase and
modulation at an appropriate frequency. Since typi-
cal fluorescence lifetimes are on the order of nano-
seconds, eq. 9 implies that the intensity modulation
frequency should be on the order of tens to hun-
dreds of mega-Hertz to obtain a phase shift and de-
modulation of measurable size. Accurate phase and
modulation measurements at high frequency are
difficult; however, high frequency phase and
modulation information can be translated to a lower
frequency carrier signal by heterodyning.

M=

The heterodyning procedure involves the measure-
ment of the fluorescence signal with a gain modu-
lated detector. The detector gain modulation is at a
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Fig. 8

A measurement of fluorescence lifetime in the frequency domain involves the excitation of the

fluorescence molecule using intensity modulated light. Resulting from the finite lifetime of the chromophore, the
emitted fluorescence will be phase delayed as well as demodulated (a decrease in the signal AC to DC ratio). The
fluorescence lifetime can be deduced from the degree of phase delay and demodulation. In the case of single
exponential decay, these simple relationships exist between these quantities.
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Fig. 9 Biochemical basis for proteolysis measuring using the fluorescein-BSA probe. The intact fluorescein-
BSA has a low quantum yield and a short lifetime resulting from self quenching of the chromophores at a high
conjugation ratio. Upon endocytosis, the proteolysis of these probes result in the fragmentation of the protein and
increasing the mean distance between the fluorescein molecules. This fragmentation reduces self-quenching probability
and the quantum yield. The lifetime of the fluorescein molecules increase. The degree of proteolysis of the antigen in
the vacuoles can be correlated with the lifetime measured.
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frequency (w+dw), equal to the excitation modula-
tion frequency () plus a small frequency diffe-
rence (dw), the cross-correlation frequency. The
detected light is modulated by the detector gain,
and the two signals are mixed. Two new signals are
generated at frequencies equal to the sum and the
difference of the fluorescence modulation and the
detector gain modulation. The frequency of the dif-
ference signal is the cross-correlation frequency,
dw, and this low frequency signal retains the same
phase and modulation information of the original
fluorescence signal. Low pass filtering is used to
isolate this low frequency signal irom the other
high frequency components. The cross-correlation
signal is at sufficiently low frequency to be digiti-
zed, usually tens to hundreds of Hertz. The phase
and modulation information can be extracted digi-
tally via fast Fourier transform (FFT).

— Applications: As discussed, lifetime ima-
ging can resolve multiple structures in cells and tis-
sues similar to wavelength resolved imaging and it
can also be used to quantitatively measure cellular
metabolite concentration using non-ratiometric
probes (So et al., 1995). However, this technology
excels in the study of cellular biochemical pro-
cesses that has no wavelength sensitive probes.
One important example is the monitoring of pro-
teolysis processes (French ef al., 1997). An antige-
nic probe has been developed (Voss et al., 1996).
This probe is composed of fluorescein-bovine
serum albumin (BSA) complexes. At a typical
conjugation ratio from 15 to 22 fluorescein to one
BSA, the complex has a very low fluorescence
quantum yield as a result of self quenching between
the fluorescein molecules. However, proteolysis of
the protein results in the separation of the fluores-
cein moiety and the decrease in energy transfer be-
tween them. This reduces protein self quenching
and significantly increases its quantum yield (Fig. 9).

Furthermore, the fluorescein-BSA complex are
able to trigger immunological response from
macrophage cells and arc internalized through
either phagocytosis or endocytosis processes. Upon
internalization, the complex are broken down
through proteolysis processes inside the vacuoles
of macrophages. Dramatic fluorescence intensity
increase was observed upon the internalization of
the complexes indicating proteolysis process have
occurred. However, a quantitative measurement of
proteolysis process is difficult since the concentra-
tion of the complexes in the vacuoles cannot be
determined and the fluorescence intensity change
do not provide quantitative information. On the
other hand, it has been shown that the fluorescence
lifetime of the fluorescein moiety in the fluores-
cein-BSA complex is sensitive to the protein envi-
ronment. The lifetime of fluorescein is below 500
ps but increases to the normal fluorescein lifetime
of 4 ns upon proteolysis of the complex. Therefore,
a lifetime map can provide a quantitative measure-
ment of the degree of proteolysis (Fig. 10).

Another important example is the use of fluores-
cence lifetime to measure the cellular and tissue
redox state. Redox state was measured by monito-
ring cellular auto-fluorescence lifetime from endo-
genous chromophores which primarily consist of
B-nicotinamide-adenine dinucleotide phosphate
(NAD(P)H). NAD has a fluorescence decay time of
about 400 ps. Bound NAD(P)H has a blue shifted
emission spectrum and a lifetime of 2 ns. Typically,
a higher metabolic rate generates a higher concen-
tration of NAD(P)H and produces an image with
longer lifetime. This technique has been used to
monitor cellular redox state changes upon photo-
stress (Konig et al., 1996) and to access cellular
activity of in vivo human epidermal tissue (Masters et
al., 1997). For example, this lifetime technique has
been used to successfully confirm NAD(P)H as the

page 789
Fig. 10

Fluorescence intensity and lifetime images of mouse macrophage cells after internalizing fluorescein-

BSA complexes. Note that the two large vacuoles on the left side of the cell (arrow) show significant intensity
difference. It would be erroneous to conclude that the vacuoles are at a different stages of proteolysis as the lifetime
picture indicate that both vacuoles have the same lifetime. The result is consistent with these two vacuoles have a

different quantity of fluorescein-BSA content.
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Fig. 11 NAD(P)H is the most probably source of autofluorescence of a photodamaged sperm. The lifetime of ihe

sperm autofluorescence has a mean of 2 ns which is consistent with NAD(P)H fluorescence. Time-resolved images of
the sperm under successive scan are shown on the left and the lifetime distributions of all the valid pixels in the images

are shown on the right.
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major source of the autofluorescence observed
during the photodamage of human sperm (Fig. 11).

CONCLUSION

A decade after the invention of two-photon micro-
scopy, the utility of this technique in obtaining
three dimensional spatial resolved information
from living systems has been well demonstrated.
The future development of this technique involves
the incorporation of spectroscopic information to
extract biological functional data. The minimally
invasive nature of two-photon microscopy makes it
the ideal technique to observe the evolution of
living biological system over time. Today, the com-
binations of a variety of time-resolved methodolo-
gies with two-photon microscopy have yielded a
number of new techniques. Many of these tech-
niques are at the beginning stage of their develop-
ment. However, given the promising results shown
in their pilot studies, these new time-resolve two-
photon microscopy techniques may provides
unique information that can further our understan-
ding in many areas of biology and medicine.
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