
INTRODUCTION

Fluorescence is probably the most important optical readout mode
in biological confocal microscopy because it can be much more
sensitive and specific than absorbance or reflectance, and because
it works well with epi-illumination, which greatly simplifies
scanner design. These advantages of fluorescence are critically
dependent on suitable fluorophores that can be tagged onto bio-
logical macromolecules to show their location, or whose optical
properties are sensitive to the local environment. Despite the
pivotal importance of good fluorophores, little is known about how
rationally to design good ones. Whereas the concept of confocal
microscopy is only a few decades old and nearly all the optical,
electronic, and computer components to support it have been
developed or redesigned in the last few years, the most popular
fluorophores were developed more than a century ago (in the case
of fluoresceins or rhodamines) or several billion years ago [in the
case of phycobiliproteins and green fluorescent proteins (GFPs)].
Moreover, whereas competition between commercial makers of
confocal microscopes stimulates ardent efforts to refine the instru-
mentation, relatively few companies or academic scientists are
interested in improving fluorophores.

PHOTOPHYSICAL PROBLEMS RELATED TO
HIGH INTENSITY EXCITATION

Singlet State Saturation
The properties of current fluorescent probes relevant to conven-
tional fluorescence microscopy have been reviewed recently (e.g.,
Waggoner et al., 1989; Tsien, 1989a,b; Chen and Scott, 1985; Sun
et al., 2004; Johnson, Chapter 17, this volume) and are listed in
Table 16.1, see p. 344. Absorption spectra of several representa-
tive fluorescent probes in relation to the common laser line wave-
lengths available for confocal laser scanning microscopes are
presented in Figure 16.1. Confocal microscopy using multiple
apertures scanned across an image plane, that is, disk-scanning
confocal microscopy, is essentially similar to conventional
microscopy in its requirements on fluorophores. By contrast, con-
tinuous beam (not pulsed as in multi-photon excitation) laser-scan-
ning microscopy subjects each fluorescent molecule to brief but
extremely intense bursts of excitation as the focused laser beam
sweeps past. If the laser-scanned image consists of n pixels (typi-
cally n > 105), any one pixel is illuminated for 1/n of the total time,

or even somewhat less if some of the cycle time must be devoted
to scan retrace; therefore, the peak instantaneous intensity must
equal or exceed n times the long-term average excitation intensity.

Some idea of the quantitative magnitude may be gathered from
the following example, analogous to that discussed by White and
Stryer (1987). If just 1mW of power at the popular 488nm line of
the argon-ion laser is focused to a Gaussian spot whose radius w at
1/e2 intensity is 0.25 mm, as is achieved by a microscope objective
of 1.25 numerical aperture (Schneider and Webb, 1981), the peak
excitation intensity I at the center will be 10-3 W/[p · (0.25 ¥ 10-4

cm)2] = 5.1 ¥ 105 W/cm2, or about 1.25 ¥ 1024 photons/(cm2 - s).
Such intensities are well able to excite fluorophores so rapidly that
few molecules are left in the ground state and the population is
emitting photons nearly as fast as the limit set by the excited-state
lifetime. For example, if fluorescein is the fluorophore, its decadic
extinction coefficient e at 488nm is about 80,000L·mole-1cm-1 at
pH > 7. To convert this to the optical cross-section per molecule,
one must multiply e by (1000cm3/L) · (ln 10)/(6.023 ¥ 1023

molecules/mole) = 3.82 ¥ 10-21 cm3 · mole · L-1 · molecule-1, giving
a cross-section s of 3.06 ¥ 10-16 cm2/molecule. In a beam of 1.25 ¥
1024 photons · cm-2s-1, each ground state molecule will be excited
with a rate constant ka = sI, or 3.8 ¥ 108 s-1 in this example. The
excited state lifetime tf of fluorescein in free aqueous solution is
known to be about 4.5ns (Bailey and Rollefson, 1953), which
means that molecules in the excited state return to the ground state
with a rate constant kf of 2.2 ¥ 108 s-1. Note that kf is defined here
as the composite rate constant for all means of depopulating the
singlet excited state, the sum of the rate constants for fluorescence
emission, radiationless internal conversion, intersystem crossing to
the triplet, etc.

Because of the Stokes shift between excitation and emission
ls, kf is not significantly enhanced by stimulated emission effects.
If x is the fraction of molecules in the excited state and (1 - x) is
the fraction in the ground state, at steady-state kfx = ka(1 - x).
Solving for x yields the equation x = ka/(ka + kf), which shows that
in this example 63% of the fluorescein molecules would be in the
excited state and only 37% in the ground state. Obviously the emis-
sion is nearly saturated, and further increase in excitation intensity
could hardly increase the output. The actual rate of photon output
per molecule is Qekfx = Qekfka/(ka + kf), where Qe is the emission
quantum efficiency, about 0.9 for free fluorescein dianion (but
usually less for fluorescein bound to proteins, see below).

In this example each molecule would be emitting at an average
rate of 1.3 ¥ 108 photons/s, close to the absolute maximum of Qekf

of about 2 ¥ 108 photons/s. In current typical scanning confocal
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microscopes, the beam dwells on each pixel for 1 to 10 ms, so one
would expect each molecule to produce several hundred photons.
However, only a minority enter the microscope objective, only a
fraction of these manage to pass all the way through the scanner
optics, and only 10% to 20% of these create photoelectrons in 
the photomultiplier cathode, so that each molecule probably con-
tributes on the order of only one photoelectron/pixel/sweep.
Because of fluorescence saturation, increasing the laser power will
not significantly increase the signal amplitude. In reality, it is dif-
ficult to accurately predict the laser power at which a fluorophore
will saturate. Accurate knowledge of the extinction coefficient at
the l of excitation and the excited state lifetime of the fluorophore
is essential but not always easy to obtain. Coumarins, for example
(Table 16.1, see p. 344), have extinction coefficients approximately
2 to 5 times smaller than the fluoresceins, rhodamines, and cya-
nines, and would be expected on this basis alone to require a 2- to
5-fold increase in laser power before saturation. However, the
emission lifetimes of coumarins are intrinsically longer than those
of the fluoresceins, rhodamines, and cyanines, so that the factor of
2 to 5 is not realized in practice. To make calculations more diffi-
cult, the extinction coefficients and the excited state lifetimes of 
most probes depend on the environment of the fluorophore. For
example, increasing the fluorochrome-to-protein ratio of a labeled
antibody from 2 to 5 can reduce the average excited state lifetime
of the bound fluorochromes several-fold. For these reasons, the
power saturation values for the probes listed in Table 16.1 are not
given. However, as a general rule, fluorochromes with extinction
coefficients and quantum efficiencies similar to fluorescein will
also saturate under similar conditions.

Triplet State Saturation
The above calculation considers only the ground state and lowest
excited singlet state. Saturation of emission could occur at even
lower excitation intensities if a significant population of fluo-
rophores becomes trapped in a relatively long-lived triplet state.
This would take place if a significant quantum yield exists for
singlet-to-triplet conversion, or intersystem crossing. For example,
if ground-state fluorescein molecules each absorb 3.8 ¥ 108

photons · s-1, have an excited singlet lifetime of 4.5ns, cross to the
triplet state with a quantum efficiency QISC of 0.03 (Gandin et al.,
1983) and reside in the triplet state for a mean time tT of 10-6 s,
the triplet state would contain 81% of the fluorophore population
at steady state, which would be attained with a time constant of
about [tT

-1 + QISCkfka/(ka + kf)]-1 or about 190ns in this case. Only
12% and 7% would be left in the first excited singlet and ground
states, respectively, at steady state, so that the fluorescence emis-
sion would be weakened about 5-fold compared to its initial value
just after the illumination began but before significant triplet occu-
pancy had built up. Therefore, if the dwell time/pixel is compara-
ble to or greater than the triplet lifetime, then a severe reduction
in output intensity may be expected beyond that due simply to the
finite rate of emission from the singlet state.

In the above calculation, the most uncertain figure is that for
the triplet lifetime tT; in very thoroughly deoxygenated solution,
tT for the fluorescein dianion is 20ms (Lindqvist, 1960), but
oxygen is expected to shorten tT down to the 0.1 to 1ms range. The
rate at which different fluorophore environments in a sample
quench triplet states and reduce tT will of course affect the extent
of triplet-state saturation and the apparent brightness of each pixel
at these high illumination levels. When tT is long, triplet-state sat-
uration is easily attained even without laser illumination (Lewis 
et al., 1941).

Contaminating Background Signals

Rayleigh and Raman Scattering
Meanwhile, there may be unwanted signals, such as Rayleigh scat-
tering, due either to excitation ls leaking through the dichroic
mirror and barrier filter or to imperfect monochromaticity of the
excitation source, for example, if the laser is being run in multi-line
mode with only an interference filter to select one line. Even if 
all the l filtering is perfect, Raman scattering will contribute a flu-
orescence-like signal, for example, at a l of [lexc

-1 - 3380cm-1]-1

due to the characteristic 3380cm-1 Raman band of water. For an
exciting lexc of 488nm, the Raman peak would appear at 584nm.
At high concentrations of protein or embedding media, additional
Raman bands closer to the excitation wavelength might appear.
Both Rayleigh and Raman scattering are directly proportional to the
laser power and will not saturate as the desired fluorescence does,
so that excessive laser power diminishes the contrast between flu-
orescence and such scattering signals.

Autofluorescence from Endogenous
Fluorophores
Another major source of unwanted background is autofluorescence
from endogenous fluorophores. Flavins and flavoproteins absorb
strongly at 488nm and emit in the same spectral region as fluores-
cein. Reduced pyridine nucleotides (NADH, NADPH) and lipo-
fuscin pigments absorb light from ultraviolet (UV) laser lines.
These fluorophores usually have lower extinction coefficients or
shorter fluorescence lifetimes than most exogenous fluorophores.
For example, FMN (flavin mononucleotide) and FAD (flavin
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FIGURE 16.1. Absorption spectra from left to right of Hoechst 33342+DNA,
and Fluorescein, CY3, TRITC, Lissamine Rhodamine B, Texas Red, and CY5
conjugated to antibodies. Extinction coefficients are given on a per-dye basis.
Common laser emission ls are presented at the top of the figure. ls in bold are
for the lower power, less expensive lasers, which provide sufficient excitation
intensity for most fluorochromes imaged with laser-scanning microscopes with
higher power objectives.
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adenine dinucleotide) have the extinction coefficients of 1.1 to 1.2
¥ 104 M-1 cm-1 at 445 to 450nm (Koziol, 1971) and fluorescence
lifetimes of about 4.9 and 3.4/0.12ns, respectively (Lakowicz,
1989), whereas NADH has an extinction coefficient of 6.2 ¥ 103

M-1 cm-1 at its 340nm peak (Kaplan, 1960) and a lifetime of about
0.4ns (Lakowicz, 1983). Therefore autofluorescence from these
molecules will be more difficult to saturate than the fluorescence
from most of the common probes. See Chapter 27, this volume, for
more on confocal lifetime.

What Is the Optimal Intensity?
The above discussion shows that if laser power is increased to
nearly saturate the desired fluorophores, autofluorescence as well
as Rayleigh and Raman scattering will increase background levels
and decrease the overall signal-to-noise ratio (S/N). What is the
optimal intensity? Assuming the system is limited by photon-
counting statistics, the irreducible noise level N is proportional to
the square root of the background signal level B. Both B and the
absorption rate constant ka of the desired probe are directly pro-
portional to the illumination intensity I and to each other. There-
fore N is directly proportional to ka

1/2. If triplet state saturation can
be ignored, for example, if the dwell time/pixel is short compared
to the time for the triplet state to build up, then the desired signal
is Qekfka/(ka + kf) as derived above, so that S/N is proportional to
ka

1/2/(ka + kf). Regardless of the proportionality constant, this expres-
sion is maximal when ka = kf. This is a remarkably simple but
important result, for which we are grateful to Prof. R. Mathies
(University of California–Berkeley).

At the other extreme, once the ground state and excited singlet
and triplet have all come to an equilibrium steady state, the desired
signal is readily calculated to be

Qeka/[1 + ka (kf
-1 + QISCtT)]

so that the S/N is proportional to

Qeka
1/2/[1 + ka (kf

3 + QISCtT)].

This reaches its maximum when ka(tf + QISCtT) = 1, where tf

= kf
-1 is the lifetime of the excited singlet. In this approximation,

appropriate for slow scans in which the dwell time/pixel is long
compared to the time for triplet state equilibration, the laser power
P in photons/s should be optimal at about pw2/[(3.82 ¥ 10-21 cm3 ·
M) e (tf + QISCtT)]. For the present values of w = 2.5 ¥ 10-5 cm, e
= 8 ¥ 104 M-1 cm-1, tf = 4.5 ¥ 10-9 sec, QISC = 0.03, and tT = 10-6 s,
this expression gives an optimal P of 1.86 ¥ 1014 photons/s, or about
76mW at 488nm. If triplet formation could be neglected, the
optimal P would be 590 mW, slightly less than the 1mW initially
postulated to be the input.

PHOTODESTRUCTION OF FLUOROPHORES
AND BIOLOGICAL SPECIMENS

One obvious way to increase the total signal is to integrate for a
longer time, either by slowing the scan, or by averaging for many
scans. Given that image processors are now relatively cheap, the
latter alternative is likely to be the easier to implement, and it has
at least two major advantages: repetitive scans give time for triplet
states to decay between each scan, and the user can watch the S/N
gradually improve and choose when to stop accumulating.
However, irreversible photochemical side effects such as bleach-
ing of the fluorophore or damage to the specimen set limits on 
the useful duration of observation or total photon dose allowable.

Photochemical damage is one of the most important yet least
understood aspects of the use of fluorescence in biology; in this
discussion we can do little more than define our ignorance.

At intensities of up to 3 ¥ 1022 (Hirschfeld, 1976) or 4.4 ¥
1023 photons · cm-2 · s-1 (Mathies and Stryer, 1986), fluorescein is
known to bleach with a quantum efficiency Qb of about 3 ¥ 10-5.
If this value continues to hold at the somewhat higher intensity of
the above example, the molecules would be bleaching with a rate
constant of Qbkfka/(ka + kf), or about 4.2 ¥ 103 s-1. This would mean
that 1/e or 37% of the molecules would be left after 240 ms of actual
irradiation. The corresponding number of scans would be 240 ms
divided by the dwell time that the beam actually spends on each
pixel. The average number of photons emitted by a fluorophore
before it bleaches is the ratio of emission quantum efficiency to
bleaching quantum efficiency, or Qe/Qb; this is generally true
regardless of whether the illumination is steady or pulsed. 
For fluorescein under ideal conditions, the above Qe/Qb works out
to 30,000 to 40,000 photons ultimately emitted/dye molecule
(Hirschfeld, 1976; Mathies and Stryer, 1986). The number of
photons detected from each molecule will, of course, be consider-
ably less.

Thus, in obtaining an image at a single plane by averaging say
16 scans, one would expect from 6% to 50% bleaching of a fluo-
rescein signal (in the absence of antifade reagents), resulting from
exp[–(16 sweeps) ¥ (1–10 ms dwell time/sweep)/(240ms lifetime)].
In an optical sectioning experiment, the cone of light illuminating
the sample above and below each plane of data being acquired is
causing photobleaching even though under confocal conditions no
signal is being recorded from these regions. This means that if 16
optical sections are obtained with only one sweep each, the last
image will have been bleached 10% to 50% by the preceding
sweeps. If the signals are large, it may be possible for software to
adjust the intensities of sequential images to compensate for
bleaching. Of course, for quantitative fluorescence measurements
it would be most desirable to use the most bleach-resistant fluo-
rophores available.

Dependency on Intensity or Its Time Integral?

Theory
One major uncertainty is whether the bleaching quantum efficiency
Qb really does remain constant even at such high instantaneous
excitation intensities. Theoretically, Qb could rise at high intensi-
ties due to multi-photon absorptions. For example, the normal
excited singlet or triplet state could itself absorb one or more addi-
tional photons to extra-high energy states, which will probably
have picosecond lifetimes. If their main reaction pathway were
back to the lowest excited state, then such higher-order states
would be innocuous, but if bond dissociation competes with decay
to the lowest excited state, then photodestruction will rise steeply
as intensities reach levels that significantly deplete the ground state
(as in the previous example).

One can also imagine the opposite dependency: bleaching
mechanisms whose quantum efficiency might decrease when the
excitation was bunched into brief intense pulses. For example,
suppose the dye is bleached by a 1 :1 reaction of its excited state
with a molecule of oxygen, and that the overall dye concentration
exceeds the oxygen concentration. Then within the zone of intense
illumination, the first few excited dye molecules might react with
all the locally available O2, and the resulting anoxic environment
would protect the rest of the excited molecules. Oxygen would be
diffusing in from the surrounding non-illuminated environment, but
the time required would be on the order of the spot radius squared
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divided by the diffusion constant, that is, (0.25 ¥ 10-4 cm)2/(3 ¥
10-5 cm2 · s-1) or 20ms, that is, considerably longer than the time for
the beam to move to the next pixel. By contrast, with low-intensity
illumination, no local anoxia would develop, and each fluorophore
would take its chances with the full ambient oxygen concentration.
Such a mechanism would be the photochemical equivalent of 
predator–prey interactions in ecology, where it is often advanta-
geous for the prey to school together or breed in synchrony in order
to minimize losses to predation (Wilson, 1975).

Experiment
Theory is all well and good, but empirically how does the photo-
destruction quantum yield depend on intensity? White and Stryer
(1987) tested R-phycoerythrin in a flow system and found that the
rate of photodestruction was indeed directly proportional to laser
power so that the quantum yield was constant. Unfortunately, the
range of intensities tested only went up to about 1020 photons ·
cm-2·s-1, so that they were still 3 orders of magnitude below 
saturation of the phycoerythrin. Peck and colleagues (1989) exam-
ined B-phycoerythrin and found that photodestruction saturated
with increasing input intensity in just the same way as fluorescence
emission, so that the photodestruction quantum yield was roughly
constant even when the phycobiliproteins were heavily driven into
saturation. However, there was some indirect evidence that simpler
fluorophores may undergo a nonlinear acceleration of bleaching
under such conditions. White et al. (1987) reported that bleaching
by their scanning confocal microscope seemed to be greatest at the
plane of focus. Because the plane of focus receives about the same
time-averaged photon flux but much higher peak intensities than
out-of-focus planes do, preferential bleaching at the plane of focus
would imply that a given number of photons are more injurious
when they are bunched, that is, that the photodestruction quantum
yield increases at high intensities. Obviously, further testing of this
possibility and improvement in photon collection efficiency will
be of great importance in confocal microscopy.

A number of workers have reported that damage to biological
structures (as distinct from bleaching of the fluorophore) can some-
times be reduced if the given total number of photons is delivered
with high intensities for short times rather than low intensities for
long times. An early report of the advantage of pulsed illumina-
tion was by Sheetz and Koppel (1979) studying the crosslinkage
of spectrin by illumination of fluoresceinated concanavalin A on
erythrocyte membranes. Bloom and Webb (1984) found similar
results for lysis of XRITC-labeled air-equilibrated erythrocytes,
whereas well-deoxygenated cells were much more resistant but
lysed after a constant total photon dose regardless of whether
delivered quickly or slowly. Recently Vigers and colleagues (1988)
showed that increasing the illumination intensity up to about 
103 W/cm2 decreased the time required for fluorescein-labeled
microtubules to dissolve, as one might expect. Surprisingly, inten-
sities above this threshold actually stabilized the microtubules 
against dissolution, so that the dissolution time became a linearly
increasing function of intensity. This paradoxical stabilization at
high intensities was attributed to local heating based on the
assumption that diffusion of heat was negligible. Because this
assumption needs to be checked (see Axelrod, 1977; Bloom and
Webb, 1984) and because microtubule stabilization and dissolu-
tion are not well-defined molecular events, the local heating
hypothesis should be viewed with caution. Bonhoeffer and Staiger
(1988) have reported that photodynamic damage to rat hippocam-
pal cells was reduced if the light is delivered at 100 exposures 
each 200ms long separated by 30s dark periods rather than con-
tinuously for 20s. They speculated that intermittent illumination 

was better because it allowed repair mechanisms to operate during
the dark intervals. It should be noted that in all the above biolog-
ical examples, the illumination intensity was well below that
expected to be necessary to reach saturation of excited state dye
populations (see also Chapter 38, this volume).

STRATEGIES FOR SIGNAL OPTIMIZATION IN
THE FACE OF PHOTOBLEACHING

Light Collection Efficiency
The above discussion has shown that to increase signal amplitude
and S/N in laser-scanning confocal microscopy, increasing laser
power helps only until the onset of saturation, and increasing
observation time is limited by photodestruction. What other mea-
sures can be tried? Obviously any increase in light-collection 
efficiency (i.e., higher numerical aperture of the objective), 
transmission efficiency through the scanner and l filters, and
quantum efficiency of photodetection is extremely valuable.
Despite the importance of these factors, newcomers to low-light-
level microscopy often use low numerical aperture (NA) objec-
tives, excessively narrow emission bandpass filters, inefficient
optical couplings, and photomultipliers of less-than-optimal
quantum efficiencies. Nearly all the fluorophores that fluoresce
strongly in aqueous solution with visible ls of excitation are char-
acterized by small Stokes shifts, or difference between absorption
and emission peak ls. It may then be difficult to find or fabricate
filters and dichroic mirrors that efficiently separate the two l
bands. In that case, it would usually be preferable to displace the
excitation l to shorter ls away from the peak of the excitation
spectrum, so that the emission filters can accept as much of the
entire output as possible. Although the excitation is less efficient,
this can be made up by increased laser power as long as the pho-
tobleaching is reduced by the same factor. By contrast, if the exci-
tation is at the peak l and the emission acceptance band is pushed
to longer ls that exclude much of the emission spectrum, then
emitted photons are wasted, while excess scattered photons are
collected. The S/N ratio is thus lowered. This is often a severe
problem with rhodamine excited using the 514nm line of the
argon-ion laser.

Spatial Resolution
Another tactic to increase signal is to increase the effective size of
the confocal apertures, that is, decrease the spatial resolution. If
the illuminating and detecting aperture diameters are doubled, the
pixel area quadruples and the volume sampled will increase 8-fold.
Assuming the total laser power is increased to maintain the same
intensity in photons · cm-1·s-1 and that the fluorophore concentra-
tion is uniform in the increased volume (as might be true for an
ion indicator distributed in the cytosol), the signal should increase
8-fold, though at the price of degraded spatial resolution.

Protective Agents
As mentioned above, light-induced damage to both the fluorophore
and to the biological specimen is often dependent on the presence
of molecular oxygen, which reacts with the triplet excited states
of many dyes to produce highly reactive singlet oxygen. Reduc-
tion of the partial pressure or concentration of oxygen often greatly
increases the longevity of both the fluorophore and the specimen.
In dead, fixed samples, it has become common to add antioxidants



342 Chapter 16 • R.Y. Tsien et al.

such as propyl gallate (Giloh and Sedat, 1982), hydroquinone, p-
phenylenediamine, etc., to the mounting medium. The preserva-
tive effects of these agents may go beyond removing oxygen
because White and Stryer (1987) found propyl gallate to be more
effective than thorough deoxygenation at protecting phycoerythrin
in vitro. One might speculate that polyphenols like propyl gallate
might quench dye triplet states and other free radicals, which could
prevent forms of photodegradation other than singlet oxygen for-
mation. Protection of GFP and fluorophores from photobleaching
in fixed cells has been discussed recently by Bernas and colleagues
(2004).

The problem of protecting living cells from oxygen-dependent
photodynamic damage is more difficult. The above antioxidants
would not be attractive because they would be expected to have
strong pharmacological effects at the high concentrations gener-
ally employed on fixed tissue. If the tissue can tolerate hypoxia or
anoxia, one would probably prefer to remove O2 by bubbling the
medium with N2 or Ar rather than using chemical reductants. Bio-
logical oxygen-scavenging systems such as submitochondrial 
particles or glucose oxidase + glucose are often helpful (Bloom
and Webb, 1984).

If one cannot reduce the O2 concentration, the next best tactic
may be to use singlet oxygen quenchers. The most attractive here
are those already chosen by natural selection, namely carotenoids.
Their effectiveness is shown by classic experiments in which
carotenoid biosynthesis was blocked by mutation; the resulting
mutants were rapidly killed by normal illumination levels at which
the wild type thrived (Matthews and Sistrom, 1959). A water-
soluble carotenoid would be easier to administer acutely than the
usual extremely hydrophobic carotenoids such as carotene itself.
The most accessible and promising candidate is crocetin, which is
the chromophore that gives saffron its color, and which consists of
seven conjugated C = C units with a carboxylate at each end. Cro-
cetin quenches aqueous singlet oxygen with a bimolecular rate
constant of 5.5 ¥ 109 M-1·s-1, which is almost diffusion controlled;
of this rate, about 95% represents catalytic quenching and about
5% represents bleaching or consumption of the crocetin (Manitto
et al., 1987; somewhat more pessimistic rate constants are reported
by Matheson and Rodgers, 1982). Longer-chain carotenoids are
supposed to be even more efficient at destroying singlet oxygen
without damage to themselves, but have not yet been tested in
aqueous media. There is some evidence that 50 mM of either 
crocetin or etretinate (a synthetic aromatic retinoid) can protect
cultured cells (L cells and WI-38 fibroblasts) from hematopor-
phyrin-induced photodynamic damage (Reyftmann et al., 1986).
Other water-soluble agents that might be considered as sacrificial
reactants with reactive oxygen metabolites include ascorbate (e.g.,
Vigers et al., 1988), imidazole, histidine, cysteamine, reduced 
glutathione (Sheetz and Koppel, 1979), uric acid, and Trolox, a
vitamin E analog (Glazer, 1988); these would have the advantage
over carotenoids of being colorless and non-fluorescent, but would
have to be used in much higher concentrations (probably many
millimolar) because their bimolecular reaction rates with oxygen
metabolites are not as high and they are consumed by the reaction
rather than being catalytic. It should also be remembered that thor-
ough deoxygenation may increase the triplet state lifetime, tT and
worsen the problem of excited-state saturation.

Fluorophore Concentration
Increasing the concentration of fluorophore molecules will only
increase the signal as long as they do not get too close together.
When multiple fluorophores are attached within a few nanometers

of each other on a macromolecule, they usually begin to quench
each other. For example, the relatively high quantum yield for free
fluorescein in aqueous solution at pH 7 is reduced to near 0.25
when an average of 5 fluorophores are bound to each IgG antibody
(Southwick et al., 1990). Charge–transfer interactions with tryp-
tophanes are yet another mechanism for quenching fluoresceins
bound to a protein, for example, anti-fluorescein antibody (Watt
and Voss, 1977). Most rhodamines and certain cyanines also show
a striking reduction in average quantum yield on conjugation,
which appears to arise from dye interactions on the protein surface.
Absorption spectra of labeled antibodies clearly show evidence of
dimers, and fluorescence excitation spectra demonstrate that these
dimers are not fluorescent. The propensity of relatively nonpolar,
planar rhodamines to interact with one another is not surprising.
Even if the fluorophores do not form ground-state dimers, they can
also rapidly transfer energy from one to another until a quencher
such as O2 is encountered. In other words, proximity-induced
energy transfer between fluorophores multiplies the efficacy of
quenchers. Perhaps fortunately it also shortens the excited-state
lifetime, so that a higher intensity of laser excitation can be applied
for a given degree of saturation (Hirschfeld, 1976). If such
increased intensity is available, much of the emission intensity lost
by fluorophore proximity can be regained, but at the cost of
increased background signal from Rayleigh and Raman scattering
and other non-saturated fluorophores.

Choice of Fluorophore
Perhaps the most drastic alteration is to change to a different flu-
orophore altogether. Unfortunately, there is not a wide selection of
fluorescent physiological indicator probes that respond selectively
to a cellular parameter and can be excited at appropriate ls.
However, with fluorescent labeling reagents, it is sometimes pos-
sible to choose an optimal fluorophore within a defined l range.
A selection of fluorescent labels for confocal microscopy is
described below.

FLUORESCENT LABELS FOR ANTIBODIES,
OTHER PROTEINS, AND DNA PROBES

Fluorescent Organic Dyes
Certain fluorescent reagents carry reactive groups for covalent
attachment to target biomolecules and show minimal spectral sen-
sitivity to environmental changes (Table 16.1). These reagents are
primarily used to quantify the presence and distribution of probes
and targets. The most well-known dyes of this type are derivatives
of fluorescein and rhodamine (e.g., tetramethyl rhodamine, lis-
samine rhodamine, and sulforhodamine 101). A variety of reactive
groups have been incorporated into these dyes permitting coupling
of the dyes to different functionalities. Isothiocyanates, succin-
imidyl esters, and pentafluorophenyl esters couple with amino
groups of target molecules, while haloacetamides, maleimides, and
vinyl sulfones react with sulfhydryl groups. Dichlorotriazinyl
(DCT) groups can couple effectively with both amines and alco-
hols, depending upon reaction pH and temperature. Reactivity and
selectivity of the conjugation reactions can be manipulated by the
reactive groups chosen and the conditions of the coupling reaction
(e.g., reaction pH, solvent polarity, and temperature).

The cyanine dyes (Mujumdar et al., 1993), the borate–
dipyrromethene (BODIPY) complexes (Wories et al., 1985; 
Kang et al., 1988), and the AlexaFluor dyes (Panchuk–Voloshina
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et al., 1999) have been developed to complement the traditional
fluorescein and rhodamine reagents. The sensitivity of detecting
fluorescent conjugates is determined by the spectral properties of
the fluorescent dye (its molar extinction coefficient and fluores-
cence quantum yield) and the quality of the dye–target conjugate
(i.e., its tendency to precipitate and its degree of fluorescence
quenching). The cyanine reagents, and later the AlexaFluor dyes,
were engineered to have very high water solubility as well as
excellent spectral properties. Galbraith and colleagues (1989) and
Mujumdar and colleagues (1993) have shown that, at least in the
case of cyanine dye labeling agents, appropriate placement of
charged sulfonate groups on the fluorophore can reduce dye inter-
actions and increase the brightness of relatively heavily labeled
antibodies. Particularly useful in this regard are the indopentame-
thine–cyanines, CY5 dyes (excitation, 630–650nm; emission 
670nm) and indotrimethine–cyanines, CY3 dyes (excitation,
530–550nm; emission 575nm). Antibodies labeled with these dyes
have a brightness comparable to or brighter than fluorescein-
labeled antibodies and have little tendency to precipitate from solu-
tion even when labeled with as many as 10 dye molecules/antibody
(Wessendorf and Brelje, 1992). CY5 is somewhat more photo-
stable than fluorescein, and CY3 is significantly more stable. CY5
can be optimally excited with a red He/Ne laser, whereas CY3 can
be excited fairly efficiently with the 514nm line and marginally
well with the 488nm line of the argon-ion laser. These fluo-
rophores are useful for nucleic acid labeling and have found wide
use in in situ hybridization and gene expression assays. Fluores-
cent reagents, structurally related to the cyanines, with a squaric
acid group replacing part of the polymethine chain have been
described (Oswald et al., 1999). Also, novel polymethine dyes
developed by Czerney’s group were introduced recently as fluo-
rescent reagents (Czerney et al., 2001). These new fluorescent
reagents in combination with fluorescein, the phycobiliproteins, or
other fluorophores make it possible to do multi-color fluorescence
imaging with laser-scanner microscopes equipped with an argon
and a He/Ne laser or with the argon/krypton “white light” laser,
which has lines at 488, 568, and 647nm. Brelje and colleagues
(1993) have described the use of the Ar/Kr laser to excite samples
stained with fluorescein (488 excitation); Texas Red, Lissamine,
or CY3 (568nm); and CY5 (647). Fluorescent labeling reagents
available commercially are described on the following Web sites:
http://www.amershambiosciences.com; http://www.probes.com;
http://www.dyomics.com; and http://www.mobitec.de.

Phycobiliproteins
Phycobiliproteins (Oi et al., 1982) currently hold the record for the
highest extinction coefficients and largest number of photons
emitted before bleaching (Qe/Qb; Mathies and Stryer, 1986), partly
because each macromolecule simply contains a large number of
component fluorophores, partly because the proteins have been
engineered by natural selection to protect the tetrapyrrole fluo-
rophores from quenching processes (Glazer, 1989; Sun et al.,
2003). Suitable optimization of laser power, optics, flow rate, and
detection permits the detection of fluorescence pulses from single
phycobiliprotein molecules in flowing systems (Peck et al., 1989;
see also Nguyen et al., 1987). Phycoerythrin (PE) in combination
with fluorescein has been valuable for immunofluorescence deter-
mination of cell-surface markers by single laser (488nm excitation)
flow cytometry. This approach can also be useful in confocal
microscopy, provided that the emission signal is split into a 530nm
(fluorescein) and a 575nm component (PE) and two photomulti-
pliers are used for detection. Detection of a third color is possible

using another photosynthetic protein, PerCP (Rechtenwald, 1989),
or the PE tandem conjugates formed by coupling energy acceptor
fluorophores that emit at long ls to PE. PE conjugates with Texas
Red or to CY5 (Waggoner et al., 1993) have become popular for
cell surface measurements with flow cytometers using a 488nm
laser. Phycobiliproteins have also been coupled with CY7 dyes 
providing additional choices of fluorescence colors (Gerstner et al.,
2002; Roederer et al., 1996; Beavis and Pennline, 1996). The use
of phycobiliproteins is likely to prove less useful for intracellular
antigens because the size of a PE–antibody conjugate, around 
410kD, restricts penetration into denser regions of fixed cells 
and tissues. Efforts to develop low-molecular-weight analogs of PE
that have similarly large Stokes shifts and excitation ls have not
yet been successful, but work in this area continues. If fluorophores
with large Stokes shifts could be found for both 488nm and 
633nm excitation, a two-laser microscope could obtain four-
color immunofluorescence images. Other probes are listed in 
Table 16.1.

DNA Probes
An application of fluorescent labels that has attracted a number of
investigators is fluorescence in situ hybridization, or FISH (Trask,
1991). Initially, DNA to be used to probe genetic sequences in chro-
mosomes and interphase nuclei was labeled by nick translation
using biotin or digoxigenin-tagged deoxynucleotide triphosphates
(dNTPs). Fluorescent secondary reagents were applied after
hybridization to detect the binding of the DNA probe. The use of
dNTPs attached by linker arms to fluorophores to form directly
labeled fluorescent DNA probes is replacing methods involving
fluorescent secondary reagents. Directly labeled DNA probes are
simpler to use, often give less background and provide easier access
to multi-color–multi-sequence detection (Ballard and Ward, 1993).
However, for detection of short genetic sequences, use of multiple
fluorescent secondary reagents may be required for sufficient 
sensitivity. Directly labeled oligonucleotides provide alternatives
when there are numerous copies of the target sequence, as in the
case of histone mRNA (Yu et al., 1992). For non-specific, but stable
labeling of DNA, the bis-intercalating reagents, TOTO, YOYO,
DRAQ5, etc., provide an attractive solution, and the reagents are
available in several fluorescent colors (Rye et al., 1992). The
anthraquinone derivative, DRAQ5, is membrane permeant, is
highly selective for nuclear DNA, and can be used with two-photon
excitation from 800 nm to beyond 1000 nm. Studies of living cells
with DRAQ5 must be done with care because of its high cytotoxic-
ity (Smith et al., 2000; Errington et al., 2005). Snyder (2003) sug-
gests that some caution may be needed when combining DRAQ5
with other probes. There appears to be decreased uptake of bodipy-
labelled compounds in the presence of the nuclear stain, DRAQ5.

Luminescent Nanocrystals
Fluorescent nanocrystals, or quantum dots, exhibit interesting 
properties for biological labeling reagents. These nanometer-sized
inorganic crystalloid structures have broad absorption (and excita-
tion) spectra with molar absorptivities of more than six million at
450nm. The emission band, determined by particle composition and
dimensions, can be very narrow (ca. 25nm FWHM) with quantum
yields approaching unity. Also, quantum dot luminescence is very
resistant to photobleaching. Selection of uniformly sized quantum
dots gives preparations with very sharp fluorescence bands. The
challenge for biological applications is to provide biocompatible
surfaces for the nanocrystals that maintain their fluorescence in
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TABLE 16.1. Spectroscopic Properties of Selected Probes

Absorption Extinction Emission Quantum Measurement
Parameter Probea Maximumb Maximumc Maximumb Yield Conditions Referencesd

Covalent Fluorescein-amines, sulfhydryl 490 67 520 0.71 pH 7, PBS Haugland (1983), W, MP
labeling Tetramethylrhodamine-amines 554 85 573 0.28 pH 7, PBS Haugland (1983), MP
reagents X-rhodamine-amines 582 79 601 0.26 pH 7, PBS W

Texas Red®-amines 596 85 620 0.51 pH 7, PBS Titus et al. (1982), W, MP
CY3 554 130 568 0.14f pH 7, PBS Mujumdar et al. (1993)
CY5 652 200 672 0.18f pH 7, PBS Mujumdar et al. (1993)
CY7 755 200 778 0.02f pH 7, PBS Mujumdar et al. (1993)
BODIPY® FL 502 80 510 MeOH MP
BODIPY 581/591 581 136 591 MeOH MP
BODIPY 630/650 625 101 640 MeOH MP
Cascade Blue® 378, 399 26 423 Water MP
AlexaFluor® 430 430 15 545 pH 7 MP
AlexaFluor 488 494 73 517 pH 7 MP
AlexaFluor 532 530 81 555 pH 7 MP
AlexaFluor 594 590 92 617 pH 7 MP
NBD-amine 478 24.6 520–550 0.36/0.21 EtOH/MeOH Kenner & Aboderin (1971),

Allen & Lowe (1973),
Bratcher (1979)

NBD-S-CH2CH2OH 425 12.1 531 0.002 pH 7.5, 10%
glycerol

Coumarin-phalloidin 387 470 Water MP
DY-555 555 100 580 MoBiTec GmbH

(http://www.mobitec.com)
DY-631 637 185 658 MoBiTec GmbH

(http://www.mobitec.com)
Phycoerythrin-R 480–565 1960 578 0.68 pH 7, PBS Oi et al. (1982)
Allophycocyanine 650 700 660 0.68 pH 7, PBS Oi et al. (1982)
PerCP 488 680 pH 7, PBS Rechtenwald (1989)

Nanocrystals (quantum dots) 365 & higher ~6000@400nm 400–850+ PBS
Lanthanide Europium chelate 340 Determined 615 See FN i Water Paul (2002)

chelates Terbium chelate 340 by ligand 545 See FN j Paul (2002)
Expressible EBFP 383 31 445 0.25 pH 7, PBS Patterson et al. (2001)

labels ECFP 434 26 477 0.40 pH 7, PBS Patterson et al. (2001)
EGFP 489 55 508 0.60 pH 7, PBS Patterson et al. (2001)
EYFP 514 84 527 0.61 pH 7, PBS Patterson et al. (2001)
DsRed 558 72.5 583 0.68 pH 7, PBS Patterson et al. (2001)

DNA–RNA Hoechst 33342 340 120 450 0.83 +DNA (excess) W
contente DAPI 350 470 +DNA (excess) W

DRAQ5 646 21 681 PBS Smith, PJ et al. (2000)
Ethidium Bromide 510 3.2 595 +DNA (excess) Pohl et al. (1972)
Propidium Iodide 536 6.4 623 0.09 +DNA (excess) W
Acridine Orange 480 520 +DNA Kapuscinski et al.

(1982), Shapiro (1985)
440–470 650 +RNA

Pyronine Y 549–561 67–84 567–574 0.04–0.26 +ds DNAf Darzynkiewicz et al.
(1987), Kapuscinski &
Darzynkriwicz (1987)

560–562 70–90 565–574 0.05–0.21 +ds RNAf

497 42 563 Low +ss RNA
Thiazole Orange 453 26 480 0.08 RNA Lee et al. (1986)
TOTO-1 514 112 533 MeOH MP, Rye et al. (1992)
YOYO-3 612 115 631 MeOH MP, Rye et al. (1992)

Membrane diO-Cn-(3) 485 149 505 0.05 MeOH Sims et al. (1974), W
potential diI-Cn-(5) 646 200 668 0.4 MeOH Sims et al. (1974), W

diBA-Isopr-(3) 493 130 517 0.03 MeOH Sims et al. (1974), W
diBA-C4-(5) 590 176 620 EtOH W
Rhodamine 123 511 85 534 0.9 EtOH EK, Kubin &

Fletcher (1983)
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aqueous media. Promising results have been obtained using
quantum dots (Jaiswal et al., 2003; Hoshino et al., 2004; Voura 
et al., 2004). However, there is ample opportunity for significant
improvements before these reagents can be used routinely for fluo-
rescent labeling. Their relatively large size and high mass limit their
use in applications requiring high diffusional mobility.

Fluorescent Lanthanide Chelates
Lanthanide chelates are another group of fluorescent reagents with
special spectral properties. These reagents have microsecond 
fluorescence lifetimes that are readily distinguished from typical
nanosecond autofluorescence background (Soini et al., 1988;
Seveus et al., 1994; Vereb et al., 1998). Temporal separation of

probe fluorescence from background signal can give a very high
S/N and highly sensitive probe detection even though the bright-
ness of these reagents is only modest. The main advantage of these
compounds is that, as their fluorescent properties are dependent on
electron energy levels in an atom rather than those of a molecule,
they are very resistant to photodamage (and perhaps also to pho-
totoxicity). On the other hand, it is possible that the excitation light
may break the bond with the chelator causing the “dye atom” to
become a non-specific stain.

The current versions of these reagents require enhanced anten-
nary ligands for more efficient lanthanide excitation and improved
biological stability and compatibility. On the other hand, the long
decay times give rise to problems when they are used in scanning
microscopes. When the decay time is equal to the pixel dwell time,

TABLE 16.1. (Continued)

Absorption Extinction Emission Quantum Measurement
Parameter Probea Maximumb Maximumc Maximumb Yield Conditions Referencesd

pH BCECF 505 530 High pH MP
460 Low pH MP

SNARF-1 (pKa = 7.5) 518–548 587 pH 5.5 MP
574 636 pH 10.0 MP

DCDHB 340–360 500–580 High pH Valet et al. (1981), MP
340–360 420–440 Low pH

Membrane Diphenylhexatriene (DPH) 330, 351, 370 77 (351nm) 430 Hexane MP
location diI-C18-(3) 546 126 565 0.07 MeOH W
and fluidity DiO 484 149 501 MeOH MP

DiA 491 52 613 MeOH MP
NBD phosphatidylethanolamine 450 24g 530 Lipid Struck et al. (1981)
Anthroyl stearate 361, 381 8.4, 7.5 446 MeOH Waggoner & Stryer (1970)
Pyrene-sulfonamidoalkyls 350 30 380–400 MP

Calciumh Fura 2 335 33 512–518 0.23 Low calcium Grynkiewicz et al. (1985)
360 27 505–510 0.49 High calcium

Indo 1 330 34 390–410 0.56 High calcium Grynkiewicz et al. (1985)
350 34 482–485 0.38 Low calcium

Fluo-3 506 83 526 0.183 High calcium Minata et al. (1989)
& Mukkala et al.
(1993), MP

506 78 526 0.0051 Low calcium
O2 sensor Ru[dpp(SO3Na)2]3 365/450 590 t = 3.7ms No oxygen Castellano &

Lakowicz (1981)
t = 0.93ms Air

cAMP FIERhR 490 70 520, 573 — pH 7, cAMP Adams et al. (1991)
Enzyme Rhodamine-di-arg-CBZ 495 — 532 0.09 Hepes pH 7.5 Leytus et al. (1983)

substrates Product of rxn. (rhodamine) 495 67 523 0.91 +15% EtOH
Coumarin-glucoside substr. 316 13 395 pH 5.5 + 1% W

Lubrol
Rxn. product (hydroxy 370 17 450 pH10 + 1% W

coumarin) Lubrol
Fluorescein digalactosidase 490 67 520 0.71 pH 7, PBS MP

product
Resorufin galactosidase product 571 58 585 pH 9 MP
ELF97 phosphatase product 345 Precipitate 530 pH 8 MP

a Abbreviations: NBD, 7-nitrobenz-2-oxa-1,3-diazole; DAPI, 4¢,6-diamidino-2-phenylindole; DCDHB, dicyano-dihydroxybenzene.
b Measured in nanometers.
c Multiply value listed by 1000 to get liters/mol.cm.
d EK, Eastman Kodak Chemical Catalog; MP, Molecular Probes, Inc catalog; W, Waggoner laboratory determination.
e See Table III in Arndt-Jovin & Jovin (1989) for additional DNA content probes.
f Base-pair dependent.
g Value for NBD-ethanolamine in MeOH which has an abs.max at 470 nm and an emission max at 550 nm [Barak & Yocum (1981)].
h See Tsien (1989) for additional details and other ion indicators.
i See corporate Web sites: Quanturm Dot Corp. (www.qdots.com), Evident Technologies (www.evidenttech.com), BioCrystal, Ltd. (www.biocrystal.com) and Crystalplex
Corp. (www.crystalplex.com).
j Time resolved detection. Extinction times quantum yield approx. 2100.
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each molecule can be excited no more than one time and signal
levels are very low. As a result, these dyes will probably only be
used with widefield imaging where the exposure time seen by each
molecule is long compared to its fluorescent lifetime and discrim-
ination from the fast decay of the autofluorescence is still useful.

FLUORESCENT INDICATORS FOR DYNAMIC
INTRACELLULAR PARAMETERS

Membrane Potentials
The use of confocal microscopy to measure dynamic properties of
living cells such as membrane potentials (Gross and Loew, 1989)
or ion concentrations (Tsien, 1988, 1989a,b) deserves some special
comment. Preliminary attempts to use fast-responding, non-
redistributive voltage-sensitive dyes in neuronal tissues were
unsuccessful (Fine et al., 1988); the dye could be seen, but the S/N
was inadequate to observe voltage-dependent changes, which
would have been at most only a few percent of the resting inten-
sity. Lasers are inherently noisy light sources; even with optical
negative feedback, their fluctuations are greater than the stabilized
tungsten filament lamps conventionally used to see the small
changes in fluorescent output that characterize fast voltage-
sensitive dyes (Cohen and Lesher, 1986). “Slow” redistributive
dyes, which accumulate in cells according to the Nernst equilib-
rium (Ehrenberg et al., 1988), would seem to be more suitable for
present-day confocal microscopes because their signals are much
bigger and the slowness of their response (seconds to minutes) is
actually a better match to the rather slow scan times of the current
instrumentation. Confocal optical sectioning should work well
using such accumulative dyes because in principle one could
directly compare the internal concentrations of dye accumulated
without having to correct for the greater path length of a thicker
cell or for extracellular dye above and below the plane of focus.
Freely diffusing anionic oxonol dyes have been paired with dyes
anchored at the cell surface permitting fast ratiometric detection
of membrane potential changes in single cells by fluorescence 
resonance energy transfer (Gonzalez and Tsien, 1995, 1997; 
Gonzalez and Maher, 2002) (see also Figure 8.45, this volume).

Ion Concentrations

Wavelength Ratioing
Some indicators of ion concentrations respond not just with
changes in fluorescence amplitude but also with l shifts of the
excitation or emission spectrum or both. Such shifts permit ratio-
ing between signals obtained at two or more ls (Tsien, 1989a,b).
Ratioing is highly valuable because it cancels out differences in
dye concentration and path length as well as fluctuations in overall
illumination intensity (Tsien and Poenie, 1986; Bright et al., 1987).
Emission ratioing is the most valuable because, with a single exci-
tation l, the emission can be passed through a dichroic mirror to
split it into two bands that can be monitored absolutely simulta-
neously. Such ratioing would give the best possible cancellation of
laser noise or specimen movement. Emission ratioing is particu-
larly easy to do with a laser-scanning system, because one can
simply add a dichroic mirror and an extra photodetector after the
scanning system. Whereas geometrical registration of all the cor-
responding pixels in two separate low-light-level video cameras 
is quite difficult (Jericevic et al., 1989), the registration problem
is trivial in a laser-scanning system assuming that the deflection is

achromatic, which it must be in order to get excitation and even
one emission in register. Disk-scanning confocal microscopes use
charge-coupled device (CCD) or electron multiplying CCD (EM-
CCD) cameras as detectors and often lack this elegant compati-
bility with emission ratio scanning.

Excitation ratioing of images requires sequential illumination
with the two excitation ls. Intensity fluctuations of the source and
movement of the specimen are canceled out only if they are much
slower than the rate of alternation. Excitation ratioing is most
applicable to tandem-scanning systems where conventional
systems for alternating two grating monochromators or interfer-
ence filters could be used. Alternating between two laser lines is
more convenient now that acousto-optical deflectors are common,
but it is still less flexible in choice of l pairs.

pH Indicators
A number of ratiometric pH indicators were reviewed by Tsien
(1989b) and more recently by Yip and Kurtz (2002). The most
popular excitation-ratioing indicator is probably the modified 
fluorescein, BCECF, whose pH-sensitive and insensitive ls are
around 490nm and 439nm, respectively. Several emission-
shifting probes, 3,6-dihydroxyphthalonitrile (also known as 
2,3-dicyanohydroquinone; Kurtz and Balaban, 1985; Kurtz and
Emmons, 1993), and various naphthofluorescein derivatives
(SNAFs and SNARFs; Haugland, 1989) are also available.

Ca2+ Indicators
Three currently available Ca2+ indicators have different sets of
advantages and disadvantages for confocal microscopy (Tsien,
1988, 1989a,b). Fura-2, the dye most used in conventional micro-
scopic imaging, shows a good excitation shift with Ca2+, typically
ratioed between 340 to 350nm and 380 to 385nm, but hardly any
emission shift, so it would be most effectively used with a UV-
enhanced disk-scanning instrument. Considerable re-engineering
would be necessary for those early designs of tandem-scanning
confocal microscope designed mainly for reflectance rather than
fluorescence. The beam-splitting pellicles used are inefficient
because they are partially reflective but not dichroic; also, they are
sometimes made from UV-blocking material in which the excita-
tion has to pass through the pellicle whereas the emission would
have to reflect off the pellicle. Even if the pellicle were replaced
by a dichroic, this choice of beam geometry is unfortunate, as it is
much easier to make good broadband dichroics in which the
shorter l reflects and the longer l transmits than vice versa. 
Disk systems in which the same area of the disk is used for both
source and detector may be more flexible (see Chapter 10, this
volume).

Indo-1, the dye most used in laser flow cytometry for [Ca++]
determination, shows a fine emission shift from 485 to 405nm with
increasing Ca2+ and is preferred for ratiometric laser scanning.
However, either a UV laser (e.g., a high-power argon-ion or
krypton-ion system) or a titanium–sapphire two-photon system 
is required for excitation in the 350 to 365nm region. Also, 
Indo-1 fluorescence has ls similar to those of reduced pyridine
nucleotides, so autofluorescence could be a problem, and Indo-1
also bleaches much more quickly than Fura-2.

Fluo-3 and its less-tested rhodamine analogs are the only Ca2+

indicators currently available with visible ls suitable for low-
power visible lasers (Minta et al., 1989; Kao et al., 1989). There-
fore, it has been the first to be exploited in confocal microscopy
(e.g., Hernandez-Cruz et al., 1989), even though it lacks either an



excitation or emission shift and is restricted to simple intensity
measurements that are relatively difficult to calibrate in terms of
absolute [Ca2+]i units.

Of course, the ideal would be an indicator excitable at 488nm
with a large emission shift, high quantum efficiency, and strong
resistance to bleaching, but this goal is a difficult challenge in mo-
lecular engineering. In general, strong fluorescence in aqueous
media is much easier to obtain using shorter excitation ls because
fluorescence demands planarity and molecular rigidity, which is
obviously easier to achieve in small molecules that absorb short
ls than in the larger molecules with longer chromophores. Most
of the known chromophores that combine large size, long ls, and
rigidity are essentially insoluble in water. Even if solubilizing
groups are added on the periphery, the huge expanse of hydropho-
bic surface still promotes the formation of non-fluorescent 
aggregates. Finally, the quantum mechanics of absorption and 
fluorescence predict that the intrinsic radiative lifetime of a chro-
mophore is proportional to the cube of the l if other factors remain
constant (Strickler and Berg, 1962). Short radiative lifetimes mean
that fluorescence emission competes more successfully with non-
productive forms of deactivation and, therefore, correlates with
high quantum yields of fluorescence.

Oxygen Sensor
Much effort has been spent developing ruthenium chelates as lumi-
nescent reagents. Common ligands for the central ruthenium ion
include substituted bipyridines and 1,10-phenanthrolines. Cur-
rently, the most promising applications for these complexes are 
for monitoring the oxygen tension of solutions (Li et al., 1997;
Castellano and Lakowicz, 1998; Ji et al., 2002). As with the lan-
thanide complexes, the modest excitation efficiencies are depen-
dent on energy transfer from the ligands to the metal ion. The
emission spectra are relatively weak and broad. However, time-
resolved detection of the long-lived ruthenium fluorescence yields
excellent S/N even from these low intensities. The presence of
oxygen, even at the levels found in air, decreases the fluorescence
lifetimes of ruthenium chelates by a factor of 4, a factor that should
make them suitable for fluorescence lifetime imaging (FLIM; see
Chapter 27, this volume), now that the equipment is commercially
available. Improved ligands with enhanced absorbance at visible
wavelengths, more efficient energy transfer to the metal, and better
biocompatibility are needed before these reagents find broader
applications.

cAMP Indicators
The important intracellular messenger cAMP (cyclic adenosine
3,5-monophosphate) can now be imaged with a fluorescent indi-
cator made from cAMP-dependent protein kinase labeled on its C
and R subunits with fluorescein and tetramethylrhodamine respec-
tively (Adams et al., 1991). In the holoenzyme complex, the fluo-
rescein and rhodamine are close enough for moderately efficient
fluorescence resonance energy transfer, so that excitation of the
fluorescein with blue-green light gives a significant amount of
orange emission from the rhodamine. Binding of cAMP dissoci-
ates the subunits and eliminates energy transfer, increasing the
emission of green light directly from the fluorescein and decreas-
ing the amplitude in the rhodamine band. This change in emission
ratio and the ls employed are ideal for dual-channel detection by
confocal microscopy (Bacskai et al., 1993). The strategy of label-
ing an important endogenous sensor protein gives both advantages
and potential problems. Because careful derivatization of the

kinase does not change its cAMP affinity and phosphorylating
activity, the indicator is inherently tuned to the physiologically rel-
evant concentration range (a few nanomoles to a few examoles),
and molecules of cAMP that bind to the indicator can still have a
biological effect. An indicator that was not a physiological effec-
tor molecule would have a greater tendency to competitively
inhibit or buffer the pathway under study. Furthermore, after ele-
vation of cAMP, the interesting trafficking of the R and C subunits
can be separately observed by standard dual-label imaging (e.g.
Harootunian et al., 1993). However, scrambling of subunits with
unlabeled endogenous kinase is a potential problem, so far rarely
serious (for discussion of this point and a more extensive review
of the entire technique, see Adams et al., 1993).

Fatty Acid Indicator
Fatty acids are of considerable importance in nutrition, membrane
structure, protein modification, eicosanoid formation, and modu-
lation of cell signaling. Recently a group led by Alan Kleinfeld has
developed an emission-ratioing fluorescent probe for free fatty
acid levels (Richieri et al., 1992) by labeling recombinant intesti-
nal fatty-acid-binding protein with acrylodan, an environmentally
sensitive fluorophore. The acrylodan reacts with surprising speci-
ficity for Lys27 of the protein and probably resides in the fatty-
acid binding pocket. Binding of fatty acids shifts the emission peak
from 432nm to 505nm, probably by displacing the acrylodan 
into an aqueous environment. The 505nm/432nm ratio thereby
increases by up to 25-fold, which would be an ideal signal for con-
focal microscopy if the necessary excitation at 386nm or 400nm
were available. The labeled protein (dubbed ADIFAB) binds all
common long-chain fatty acids with approximately micromolar
dissociation constants. In a cuvet, ADIFAB can detect free fatty
acid concentrations as low as a few nanomolar. It has already
proven highly useful in measuring the release of free fatty acids
from stimulated rat basophilic leukemia (RBL) cells (Richieri 
et al., 1992) and the binding constants of fatty acids to albumin
(Richieri et al., 1993) and to cells (Anel et al., 1993).

Other Forms of Ratioing
Because ratioing is so desirable for quantitative measurements, but
appropriate l shifts are often unavailable, several alternatives to 
l ratioing have been proposed. The easiest is simply to ratio 
poststimulus image intensities against a prestimulus image. An
example is shown by Smith and Augustine (1988). This method
has the advantage of minimal hardware requirements and high time
resolution, though it only cancels out variations in dye loading and
path length, not shape change or dye bleaching, and by itself
cannot yield an absolute calibration of the analyte, for example,
[Ca2+]i. Another approach would be to link the fluorescent indica-
tor covalently to a separate reference fluorophore. This approach
would ideally generate a composite molecule in which the ratio of
the indicator fluorescence to the reference fluorescence would
signal the analyte concentration. Potential disadvantages would be
the requirement for significant skill in organic synthesis, the like-
lihood that the conjugate would be too large for loading by ester
hydrolysis, and the possibility that the two fluorophores would
bleach at different rates, so that the operation of ratioing would fail
to correct for bleaching. Yet a third mode of ratioing could be based
on temporal dissection of excited-state lifetimes, as first shown for
quin-2 by Wages and colleagues (1987). If the free and bound
forms of the indicator have sufficiently different fluorescence life-
times, their relative contributions to the (ideally) biexponential
decay might be separated by nanosecond or high frequency mod-
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ulation techniques (see Chapter 27, this volume). However, even
when the instrumentation challenge of combining lifetime kinet-
ics with imaging has been solved, the problem remains that probes
like fura-2 and Indo-1, which are fairly strongly fluorescent both
when free and when bound to Ca2+, have almost the same lifetimes
in those two states. For example, fura-2 with and without Ca2+ has
lifetimes of 1.8ns and 1.3ns, respectively, at 25°C; for Indo-1 the
corresponding numbers are 1.7ns and 1.3ns at 20°C (Wages et al.,
1987). In order to have a significant difference in lifetimes between
Ca2+-bound and free indicator, as in quin-2 (10.1ns and 1.3ns,
respectively, at 25°C), one of the species has to be much more
dimly fluorescent than the other. As a result, the weaker and faster
component will be hard to measure accurately and to distinguish
from autofluorescence background.

Ratiometric measurements can also be applied to other param-
eters such as probe polarization and local viscosity (Tinoco et 
al., 1987; Axelrod, 1989; Dix and Verkman, 1989), proximity
between macromolecules by fluorescence energy transfer (Uster
and Pagano, 1986; Herman, 1989), and even water permeability
(Kuwahara and Verkman, 1988; Kuwahara et al., 1988).

GENETICALLY EXPRESSED INTRACELLULAR
FLUORESCENT INDICATORS

Green Fluorescent Protein
Fluorescent proteins from jellyfish and corals have revolutionized
biological optical microscopy because they provide genetic encod-
ing of strong visible fluorescence of a wide range of colors. Entire
books (Chalfie and Kain, 1998; Sullivan and Kay, 1999; Hicks,
2002) have been devoted to many aspects of the prototypical 
fluorescent protein, the green fluorescent protein (GFP) from the
jellyfish Aequorea victoria. A shorter, relatively self-contained
introduction to GFP may be found in Tsien (1998). Other general
reviews on applications of GFP and other members of the fluores-
cent protein superfamily include (Cubitt et al., 1995, 1999;
Hassler, 1995; Niswender et al., 1995; Rizzuto et al., 1995;
Stearns, 1995; Kahana and Silver, 1996; Misteli and Spector, 1997;
Patterson et al., 1997; Tsien and Miyawaki, 1998; Ellenberg et al.,
1999; Heim, 1999; Lippincott-Schwartz et al., 1999; Phillips,
1999; Piston et al., 1999; Chamberlain and Hahn, 2000; Miyawaki
and Tsien, 2000; Sacchetti et al., 2000; Zaccolo and Pozzan, 2000;
Zacharias et al., 2000; Blab et al., 2001; Chiesa et al., 2001; Harms
et al., 2001; Lippincott-Schwartz et al., 2001; Patterson et al.,
2001; Reits and Neefjes, 2001; Wahlfors et al., 2001; Labas et al.,
2002; Matz et al., 2002; Miyawaki, 2002; van Roessel and Brand,
2002; Zacharias, 2002; Zhang et al., 2002; Zimmer, 2002; Choy
et al., 2003; Ehrhardt, 2003; Hadjantonakis et al., 2003; 
Lippincott-Schwartz and Patterson, 2003; Lippincott-Schwartz 
et al., 2003; March et al., 2003; Meyer and Teruel, 2003;
Miyawaki, 2003; Tsien, 2003; Viallet and Vo-Dinh, 2003; Weijer,
2003; Verkhusha and Lukyanov, 2004). Space does not permit
listing the huge number of reviews and primary papers describing
more specialized uses of fluorescent proteins.

Ligand-Binding Modules
Genetic manipulations have also been used to incorporate into cells
expressible modules that bind fluorescent ligands. One type of
module contains a tetracysteine motif, which binds biarsenical
ligands (Griffin et al., 1998; Adams et al., 2002; Nakanishi et al.,
2004). These small, membrane-permeant ligands bind with high

affinity and specificity to the four sulfhydryls arranged in an alpha
helix domain. Biarsenical fluorescein (FlAsH), tetramethyl rho-
damine (TrAsH), and a few additional dyes have been reported. In
a different approach, cells transfected with the sequence encoding
a single-chain antibody (scFv) expressed a module that tightly
bound cell-permeant hapten–fluorophore conjugates (Farinas and
Verkman, 1999). Incorporation of several scFvs would enable mul-
tiple ligands to be detected simultaneously. Like the expressible
GFPs, these modules can be directed to specific intracellular com-
partments by including the appropriate localization sequences.

Ion Indicators
Mutants of GFP have been identified that show pH-dependent 
fluorescence properties (Kneen et al., 1998; Llopis et al., 1998).
Reversible absorbance and fluorescence emission changes were
observed with apparent pKa values ranging from 4.8 to 7.1. Com-
bining the GFP sequences with specific targeting signals permit-
ted the acidification of specific organelles to be followed
noninvasively. Genetically encoded Ca2+ indicators, dubbed
“chameleons,” utilize fluorescence resonance energy transfer
(FRET) between different emitting GFPs attached to calmodulin
and a calmodulin-binding peptide, M13 (Miyawaki et al., 1997,
1999). Binding of Ca2+ to calmodulin increases the interaction
between the GFPs. Optimization of the relative orientation of the
two GFPs in the chimeras has expanded the dynamic range of Ca2+

detection (Nagai et al., 2001, 2004).

FUTURE DEVELOPMENTS

Speculation on future directions in fluorophore designs is difficult
because the small number of laboratories working on fluorophore
chemistry makes progress a much noisier function of time than
advances in instrumentation or computers. One major advance
seen since publication of the previous edition of this book is a
recognition of the optimal characteristics for fluorescent reagents
used in biology. A thought prompted by preparation of this review
is that, for present purposes, the excited triplet state of the fluo-
rophore is a major villain without any redeeming virtues. It is
responsible for a pernicious form of output saturation, for singlet
oxygen production, and for nearly all covalent photochemistry
such as bleaching. Similar problems have been encountered in
laser dyes; a proposed solution (Liphardt et al., 1982, 1983;
Schäfer, 1983) is to attach triplet-state quenchers to each fluo-
rophore. Such a construction is reminiscent of the way that evolu-
tion has assembled photosynthetic complexes and may be an area
where biology can repay its debt to synthetic chemistry. Little
progress has been reported in this area during the two decades
since these approaches were proposed, but the potential gains from
triplet-state relaxation maintain this as an attractive area for study.
The development of fluorescent inorganic nanocrystals and
chelates may provide the needed photostable biological tagging
reagents, however.

Another area ripe for development is signal amplification
schemes for detecting low copy numbers of cell receptors and
genetic sequences. Use of enzymes that produce fluorescent pre-
cipitates in a localized area offers promise (Haugland, 1989); again
reported progress is limited.

Finally, there is always need for additional sensitivity. Time-
resolved fluorescence detection, where the fluorescence signal is
collected against a dark background after pulse excitation, offers
a method to circumvent autofluorescence and Raman light scat-
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tering that is becoming much more widely available (Lakowicz 
et al., 1983; Marriott et al., 1991; Chapters 27 and 31, this 
volume). This approach is now realized with sophisticated excita-
tion/detection components and will work with any fluorophore
with an excited state lifetime in the nanosecond time range.
Quantum dots, with fluorescence lifetimes in the range of 20ns,
may prove particularly useful, but their early-stage development
as biological labeling reagents has not provided sufficient incen-
tives for the required detection system modifications. Another
ingenious approach would involve excitation of an extended life-
time fluorophore with a scanning laser followed by detection of
the signal with an array detector, such as a cooled EM-CCD
camera, instead of a single photomultiplier tube. The signal could
be integrated on the cleared pixels of the CCD chip, even mil-
liseconds after the excitation beam has passed the corresponding
region of the sample. The extended lifetime labels could be lan-
thanide complexes with millisecond lifetimes that have been
developed as protein-labeling reagents by Hemmila and others
(Soini et al., 1988; Mukkala, 1993). In situations with heavy 
autofluorescence, the lanthanide complex labels have demon-
strated sensitivity over fluorescein labels by factors of hundreds
(Seveus et al., 1994). Phosphor particles developed by Beverloo
and colleagues (1992) could be used in a similar fashion. Surface
chemistries used to improve the biocompatibility of quantum dots
may also be effective in enhancing the fluorescence properties of
these phosphors in biological applications. Chemistry will con-
tinue to play a major role in furthering the power of confocal
microscopy.
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