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Figure 23.34. Polarization properties of a single fluorophore with perpendicular absorption (A) and emission (E) dipoles.

destroyed after a short period of observation. For these rea-
sons it is not practical to rotate an emission polarizer to sep-
arately measure the two polarized components of the emis-
sion. These polarized components are easily separated with
a polarizing beamsplitter (Figure 23.35). With this device
the p-component relative to the reflective surface of the
beamsplitter is p-polarized. The s-polarized component is
not reflected and passes through the device.%? See Chapter
2 for a definition of p and s polarization. One can see that
the p-polarized intensity (/p) corresponds to the parallel
intensity (/,), and the s-polarized component (I5) corre-
sponds to the perpendicular intensity (/). The relative
detection efficiencies of the two channels (G-factor) can be
measured with solution of fluorophores which displays an
anisotropy of zero. It is important to remember that the
objective will depolarize the emission to some extent due to
its large collection angle.61.63

In this discussion of single-molecule polarization we
assumed that the dipoles were perpendicular to the optical
axis. In reality the transition moments will also have com-

ponents along the optical axis that are out of the sample
plane. Rather than present the somewhat complex mathe-
matical expression to describe these cases, then intuitive
concepts in Figures 23.33 and 23.34 will provide an under-
standing of the experimental results for singe molecules.

23.8.1. Orientation Imaging of R6G and GFP

The optical configuration shown in Figure 23.35 was used
to study R6G molecules in a polymer.4%5 A number of
R6G molecules were imaged by scanning the sample stage.
The images (Figure 23.36) were obtained by simultaneous
measurement of the s and p components. The left and mid-
dle images show these polarized components. During the
scan the signal in each image transiently disappears which
looks like blinking. However, the summed image (right)
does not show the dark vertical line which indicates the flu-
orophores are not blinking under these experimental condi-
tions. These results indicate that the R6G molecules dis-
played rotational diffusion or jumps in the polymer. This is
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Figure 23.35. Typical configuration for single-molecule polarization
measurements.

reasonable when one recalls it takes considerable time to
scan the sample stage, so the molecule can rotate before the
stage returns to that molecule for a second illumination.
Another approach to single-molecule orientation imag-
ing is to use polarized excitation. As shown in Figure 23.33
the emission will show the same polarization independent
of the polarization of the incident light. Polarized excitation
was used with NSOM to image GFP in poly(acrylamide)
(Figure 23.37). Excitation was accomplished with an alu-
minum-coated fiber optic with a 70-nm aperture using 488-
nm laser light.%¢ The relative intensities in the two polarized
channels were used to calculate the orientation of the tran-

SINGLE-MOLECULE DETECTION

sition dipoles on the slide. Since the emission remained
polarized during the scan, the GFP molecules were immo-
bilized by the poly(acrylamide) gel. The images show that
the individual GFP molecules each have different photosta-
bilities. Molecules 2 and 3 are stable and did not blink.
Molecules 4 and 5 displayed blinking. Molecule 1 appears
to have been photobleached during the scan.

Single-molecule orientations can also be determined
using NSOM and the shape of the single-molecule
image.7-% Figure 23.38 shows a focused-ion-beam (FIB)
image of the NSOM probe. The probe is coated with alu-
minum, except for the small dark ring in the center (a). The
sample was DiIC;, in PMMA. Image b shows the NSOM
images when the excitation is circularly polarized. The
images are not simple circles because of the sharp electric-
field gradients that exist near the tip of the metal-coated
fiber. Because of these field gradients the interactions of the
fluorophore with the NSOM tip depend on its location and
the orientation of the transition moments.

The orientation of the fluorophore can be determined
from the shapes, but the theory is rather complex. The lower
two images were obtained using linearly polarized light, as
shown by the arrows. All the images are color coded
according to the detected polarization. One of the circular
images in panel b becomes a double-labeled image with lin-
early polarized excitation in panels ¢ and d. These polarized
NSOM images provide remarkable detail on fluorophore
orientation.

23.8.2. Imaging of Dipole Radiation Patterns
Advanced Topic

The previous results on single-molecule polarization imag-
ing were obtained using point-by-point measurements and a

Figure 23.36. Polarized emission images of R6G molecules in poly(methylmethacrylate). The PMMA had a glass temperature of 8°C. The two orthog-
onal polarization images (left and center) were used to construct the summed image (right). The white bar is 1 um. Reprinted with permission from

[64].
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Figure 23.37. NSOM orientation imaging of GFP in poly(acry-
lamide). Image size 1.8 x 1.8 um. Reprinted with permission from
[66].

Figure 23.38. Imaging of dipole orientation using NSOM. The sam-
ple was DilC,, in PMMA. The circle and arrows represent the incident
polarization. The green-to-red scale indicates the polarization of the
emission. Reprinted with permission from [68].

scanning sample stage. It is also possible to determine flu-
orophore orientations by a direct imaging method.”0-7 The
theory is rather complex, but the result is intuitively simple.
If the light collection optics are perfect each fluorophore
will appear as a diffraction limited spot, irrespective of its
orientation. However, if there is a slight mismatch in the
immersion fluid then light entering the objective at different
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Figure 23.39. Imaging of single molecule DiIC,, in PMMA. Upper
panel shows radiation pattern for a dipole near a dielectric interface.
Reprinted with permission from [70].

angles is not focused at the same point. Figure 23.39 shows
such images. The spatial emission patterns are dots, circles,
or a more complex distorted circle with a central dot. These
images can be understood by the angle-dependent radiation
patterns for a dipole near a dielectric interface (top
schematic). These patterns can be calculated from classical
electrodynamics. The image on the left was obtained with
the fluorophores in the focal plane and the image on the
right was obtained with slight defocusing. In this latter
image the transition moments perpendicular to the interface
(p) result in a doughnut-like image. This can be understood
from the strong angular dependence of the p-dipole cou-
pling into the glass substrate. Transition moments paral-
leled to the interface (s) yield filled circles. If the image is
slightly defocused (right) additional information becomes
available. The images become distorted along the direction
of the dipole orientation. Remarkably, it is now possible to
image not only single molecules, but to image their orienta-
tions as well.

23.9. TIME-RESOLVED STUDIES OF
SINGLE MOLECULES

Time-resolved ensemble measurements frequently reveal
multi-exponential decays for seemingly homogeneous sam-
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Figure 23.40. Single-molecule intensities (left) and lifetimes (right)
for Cy5 (top) and JF9 (bottom) on a glass surface. Images were
obtained using confocal laser scanning microscopy. The lifetimes of
Cy5 and JF9 are near 2 and 4 ns, respectively. Reprinted with permis-
sion from [78].

ples, particularly for biomolecules. Such results are fre-
quently explained as the result of some underlying hetero-
geneity, such as the rotamer conformations for tryptophan
(Chapter 16). Hence it is natural to use time-resolved detec-
tion with single molecules to observe the properties of each
subspecies. Several reports have appeared on time-resolved
SMD. To date essentially all such studies have been per-
formed using TCSPC at a defined position in the sam-
ple.’>-78 Typically the sample is raster scanned to find the
locations of the molecules. The stage is then repositioned
on the molecule of interest, which is excited with a pulsed
laser. The repetition rate of the laser is typically 1 MHz or
higher and the dwell time at each location is about 1 ms.

SINGLE-MOLECULE DETECTION

There is time for a number of pulses to arrive at the sample
during the dwell time. The time intervals between the start
and stop pulses are recorded along with an identifier for the
location of the molecule on the slide.

An example of single-molecule lifetime imaging is
shown in Figure 23.40 for Cy5 and JF9. The two left panels
are the intensity images. The dyes cannot be distinguished
based on the intensities. The two right images show the life-
time for Cy5 (top) and JF9 (bottom). The two fluorophores
can be distinguished from the lifetimes, even at the single-
molecule level. The measurements were then extended to a
mixture of Cy5 and JF9 (Figure 23.41). The two fluo-
rophores cannot be distinguished in the intensity image
(left). However, the individual fluorophores can be identi-
fied from the fluorescence lifetime (right). Since lifetimes
are independent of the total intensity, and since the fluo-
rophores photobleach, we can expect to see more uses of
single-molecule lifetime imaging. These applications will
be facilitated by the increasing ease of lifetime measure-
ments using pulsed laser diodes and modern electronics.

23.10. BIOCHEMICAL APPLICATIONS
23.10.1. Turnover of Single Enzyme Molecules

Single-molecule detection has been used to image the activ-
ity of individual enzyme molecules. The protein cholesterol
oxidase (Cox) was immobilized in an agarose gel.”® Polar-
ization studies showed that the protein displayed rotational
diffusion, but the gel prevented translational diffusion. Cox
catalyzes the oxidation of cholesterol, as shown in the top
panel of Figure 23.42. The cofactor FAD is tightly bound to
the enzyme and is not expected to dissociate. The slide con-
taining immobilized enzyme was imaged by scanning a
442-nm HeCd laser beam across the sample. Recall that the
oxidized form of FAD is fluorescent (Chapter 3). Hence the
reaction results in transient emission from the FAD until it
is reduced by the enzymatic reaction. The on—off fluores-
cence from the protein results in bright spots due to single
Cox molecules (Figure 23.43). The spots display a range of
intensities. This is because photon counts are accumulated
for the entire time the oxidized form is present on the pro-
tein. FAD itself did not display blinking under these condi-
tions. If a single spot is examined with higher time resolu-
tion it displays a blinking intensity, which indicates reduc-
tion or oxidation of the cofactor (Figure 23.42, lower
panel). Accumulation of a longer time trace and examina-
tion of multiple enzyme molecules allowed the Michaelis-
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Figure 23.41. Single-molecule intensity and lifetime images for a mixture of Cy5 and JF9 on a glass surface. Reprinted with permission from [78].

Copyright © 2002, American Chemical Society.

Menten rate constants to be determined from the reaction-
induced blinking.”®

Another example of single-molecule enzyme Kkinetics
is shown in Figure 23.44. The enzyme dihydroorotate dehy-
drogenase (DHOD) catalyses a reaction in the first step of
de-novo pyrimidine synthesis. In this reaction cycle FMN is
reduced and oxidized. Unfortunately, the flavin is quenched
by a tyrosine residue in the wild-type E. coli protein (Fig-

Wl

E-FAD E-FADH2
{ Fluorescent ) { Nonfluorescent)
H20; 0,

160
g @20
g E 80
© 40
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TIME [s)

Figure 23.42. Blinking of FAD emission during oxidation of choles-
terol by Cox. The top panel shows the chemical reaction. Revised
from [79].

ure 23.44). To obtain a useful signal the nearby tyrosine
residue responsible for the quenching was mutated to a
leucine.3° The enzyme molecules were immobilized in a 1%
agarose gel and localized by the flavin emission. However,
the emission quickly disappeared (Figure 23.45), and the
disappearing signal was due to dissociation of FMN from
the protein and not photobleaching. Because the rate of dis-
appearance was not dependent on incident power, in the
presence of substrates the FMN displayed rapid blinking in
addition to disappearance that was the result of the oxida-
tion—reduction cycles occurring prior to dissociation (Fig-
ure 23.45). The distribution of on and off times could be
used to determine kinetic constants for the reaction.

Figure 23.43. Single-molecule images of cholesterol oxidase as seen
from the emission of FAD. Reprinted from [79].
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Figure 23.44. Top: Structure of wild-type DHOD from E. coli.
Bottom: Environment of FMN in the catalytic site. Reprinted with
permission from [80]. Copyright © 2004, American Chemical
Society.

23.10.2. Single-Molecule Molecular Beacons

We started this chapter with a schematic of a single-mole-
cule molecular beacon (Figure 23.1). In fact, such an exper-
iment has been reported.®! Figure 23.46 shows a surface-
bound molecular beacon. This sequence has a biotin on one
end and the fluorophore MR121 at the opposite end. The
sequence is designed so that a guanine residue is next to
MRI121 when the beacon is in the hairpin conformation. In
solution this beacon displays a sixfold increase in intensity
when hybridized with the complementary oligo.

The lower panels in Figure 23.46 show confocal im-
ages of surface-bound beacons in the absence (left) and
presence (right) of the complementary oligo. Hybridization
with the complementary oligo results in an increase in the
number of observable spots. The actual increase in intensi-
ty is larger than it appears because the scale on the left
image is four times smaller than the right image. This
approach allows detection of single hybridization events.

SINGLE-MOLECULE DETECTION

w
o

DHOD + FMN

No substrate

N
o

fary
o

COUNTS /BIN

o
o

1 2 3
TIME (s)

20
DHOD
with

substrate

10

COUNTS/BIN

TIME (s)

Figure 23.45. Emission intensities of FMN bound to dihydroorotate
dehydrogenase in the absence (top) and presence (bottom) of sub-
strates. The top panel shows traces for three different molecules. The
protein was immobilized in an agarose gel. Reprinted with permission
from [80]. Copyright © 2004, American Chemical Society.

23.10.3. Conformational Dynamics of a
Holliday Junction

Single-molecule FRET has been extensively useful in stud-
ies of the conformational dynamics of DNA and RNA 82-88
One example is a study of the structural dynamics of a Hol-
liday junction.®3 Genetic recombination is an important
component of genetic diversity and evolution. Recombina-
tion occurs when sections of DNA are exchanged between
chromosomes. This recombination occurs at sites that are
called Holliday junctions. These junctions or sections of
DNA form a four-way cross (Figure 23.47). These junctions
are formed and break when DNA strands are exchanged.
The Holliday junction in Figure 24.47 contains four
DNA oligomers. One oligomer was synthesized with a do-
nor (Cy3) and a second oligomer was synthesized with an
acceptor (Cy5) both on the 5' ends of the DNA strands. A
third strand was labeled with biotin for surface immobiliza-
tion. The four-way junction was expected to change its con-
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Figure 23.46. Confocal images of an immobilized beacon, with and
without the complementary oligo, respectively. The left and right
intensity scales are 0—4 and 0-16, respectively. Reprinted with per-
mission from [81]. Copyright © 2003, American Chemical Society.

formation to position the Cy3 and CyS5 close to each other,
or more distant, resulting in changes in energy transfer.
Figure 23.48 shows the single-molecule time traces of
two different junctions, each with a different sequence. In
both junctions the donor and acceptor intensities fluctuate.
The intensity changes are anticorrelated, showing that the
fluctuations are due to energy transfer between Cy3 and
CyS5. In single-molecule studies the extent of energy trans-
fer is presented as Epgpr = [2/(I5 + Ip), rather than an actu-
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Figure 23.47. Structural flexibility in a DNA four-way Holliday junc-
tion. Reproduced with permission from [82]. Copyright © 2003,
American Chemical Society.

Figure 23.48. Single-molecule conformational changes in two
Holliday junctions. Junctions 3 and 7 refer to different sequences;
Eer = 14/, + Iy). Reprinted with permission from [83].

al transfer efficiency. The extent of energy transfer fluctu-
ates between two levels. This indicates that there is no sig-
nificant population of the intermediate state shown in the
center of Figure 23.47. These junctions exist in only two
conformations. The single-molecule RET data also show
that the sequence affects the preferred conformation. Junc-
tion 3 remains mostly in the form with high-energy transfer.
Junction 7 is equally distributed between the two states
(Figure 23.48).
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Figure 23.49. Calcium sensor based on a GFP donor—acceptor pair
linked by calmodulin (CaM) and the M 13 peptide. The panels show
the single-molecule RET efficiency. Reprinted with permission from
[10, 89].

23.10.4. Single-Molecule Calcium Sensor

Single-molecule detection has been extended to single-mol-
ecule sensors.? A single-molecule sensor was designed ac-
cording using two GFPs as a donor—acceptor pair, linked by
calcium-sensitive proteins (Figure 23.49). The linker con-
sisted of calmodulin (CaM) and the M13 peptide. In the
presence of calcium CaM expresses a hydrophobic region
that binds the M13 peptide, bringing the GFPs closer
together.?® Single molecules of a similar sensor were ob-

SINGLE-MOLECULE DETECTION

served using a confocal scanning microscope. The individ-
ual molecules were examined at various concentrations of
calcium. Histograms were constructed showing the number
of times a particular transfer efficiency was observed. These
histograms show the closer average distance of the donor
and acceptor in the presence of calcium. In this case the dis-
tributions are rather wide, with overlap of the high- and
low-calcium histograms. This suggests that this sensor
adopts more than two conformations in the presence of cal-
cium.

23.10.5. Motions of Molecular Motors

Motion occurs constantly in cells and tissues, and are due to
a variety of proteins. Intracellular transport of organelles,
mRNA, and other molecules is due in part to kinesin.
Kinesin is a dimeric protein that moves along actin fila-
ments while it consumes ATP. Single-molecule imaging has
been used to follow the motion of kinesin®! and other pro-
teins.2% For kinesin there were two possible modes of
motion: hand-over-hand and inchworm motion (Figure
23.50). Previous studies had shown that the central stalk in
kinesin does not rotate during motion, so this mechanism
was not considered.

To study kinesin motions one of the actin-binding
domains was labeled with Cy3 and the other left unla-
beled.?! Actin filaments were immobilized on the slides to
provide a binding site for kinesin. Upon addition of ATP the
Cy3 spot was found to move in discrete steps (Figure 23.50,
lower panel). Several different kinesin mutants were labeled
and studied, and all displayed similar step sizes. The size of
the steps allowed selection of the hand-over-hand model for
kinesin motion. The average step size of 17 nm was consis-
tent with the size of two actin molecules. The inchworm
mode of motion would have resulted in a smaller 8.3-nm
step size.

23.11. ADVANCED TOPICS IN SMD

23.11.1. Signal-to-Noise Ratio in
Single-Molecule Detection

We have now seen examples of SMD. These experiments
all had one feature in common, which is careful design of
the sample and optical system to achieve an adequate S/N
ratio. In order to detect a single molecule the signal from
the molecule must be larger than the fluctuations in the
background signal. Additionally, all single-molecule exper-
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Figure 23.50. Possible mechanisms for movement of kinesin on actin
filaments. The lower panel shows the time-dependent motion and the
distance for each step. Reprinted with permission from [91].
Copyright © 2000, American Chemical Society.

iments are performed over a limited range of incident inten-
sities, concentrations, and dye characteristics. At present it
is only possible to observe single molecules above the back-
ground under certain conditions. For SMD the S/N ratio is
given by!6

po (%) ()7

SIN =
\/( DOG,P,T

(23.6)

o ) + CyP,T + NpT
A%

In this expression D is the instrument detection efficiency,
Q is the quantum yield of the fluorophore, o is its absorp-
tion cross-section, A is the illuminated area, Py/hv is the
number of incident photons per second, and 7 is the data
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collection time. In the denominator Cy is the number of
background counts per watt of incident power and Ny the
number of dark counts per second. At first glance this
expression appears complex but its meaning becomes clear
upon examination. The term in the numerator represents the
signal from the fluorophore. The three terms in the denom-
inator are the signals from the fluorophore, autofluores-
cence from the sample and instrument, and the number of
dark counts recorded by the detector. The denominator is
raised to one-half power because it represents the fluctua-
tions or noise in the intensity rather than the intensity itself.

Figure 23.51 shows calculations of the S/N ratio for
assumed parameter values that roughly describe R6G in
water. The surfaces show the dependence of S/N on the
incident power and observed area. The middle panel
assumes there is no photobleaching, and the lower panel
assumes a photobleaching quantum yield of 10-5. This sur-
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Figure 23.51. Calculations of the signal-to-noise (S/N) ratio in single-
molecule detection using eq. 23.6; 532 nm, 5.6 x 103 W/cm?, Q =0.28,
6 =4x 109 cm? D =0.072, N, = 100 cts/s, Cy = 2 x 108 counts/W.
T = 0.1 s. For the lower panel the photobleaching quantum yield was
taken as 10-. Revised and reprinted with permission from [16],
Copyright © 2003, American Institute of Physics.
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face shows that even under good conditions S/N is unlikely
to exceed 100. Also, S/N is adequate over a limited range of
incident intensities and sample sizes. S/N initially increases
with incident power, but decreases at higher power due to
increased contributions from the background. The useful
range of conditions is even more limited if photobleaching
is considered (lower panel) because the fluorophore disap-
pears after emitting some average number of photons. The
surfaces in Figure 23.51 shows that SMD is possible
because of several favorable conditions, including high
photon detection efficiency, high photostability, and low
dark counts. An unfavorable change in any of these param-
eters can make it impossible to detect the emission from a
single fluorophore.

23.11.2. Polarization of Single Immobilized
Fluorophores

In Figures 23.33 and 23.34 we described the polarization of
single molecules when excited with polarized light. These
concepts are clarified by a mathematical description of this
system. Consider a fluorophore on a glass slide, with colin-
ear absorption and emission dipoles (Figure 23.52). The

Emission

€

Ip=1y

p- Detector

Is = Ix
<. s-Detector

Figure 23.52. Polarized intensities for a single immobilized fluo-
rophore.
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transition moment is oriented at an angle 6 from the x-axis
and an angle ¢ from the optical z-axis. The polarized com-
ponents of the emission are separated with a polarizing
beamsplitter. The intensity of each polarized component is
given by the square of the electric field projected onto the
axis. Hence,

I, = I, = k sin’$ cos’0 (23.7)
I, = I, = k sin’$ sin’0 (23.8)

where k is an instrument constant assumed to be the same
for both channels. Notice that it was not necessary to con-
sider the polarization of the incident light. The intensity a
fluorophore emits along the x- and y-axes depends only on
the orientation of the emission dipole, regardless of how the
molecule was excited. The polarization of the emission is
given by

Ip_Is
P= =1 — 2 cos’0
I, + I

(23.9)

Perhaps surprisingly, the polarization does not depend on
the angle ¢ because the intensity is proportional to the same
factor sin? ¢ in both channels.

23.11.3. Polarization Measurements and Mobility
of Surface-Bound Fluorophores

The ability to measure the polarization of single molecules
makes it possible to measure their mobility. Because only a
limited number of photons per fluorophore can be detected
it may be difficult to determine the correlation time from
the polarized intensity decays. An alternative approach to
mobility measurements is to measure the polarized emis-
sion interaction when the excitation polarization is rotat-
ed.% Figure 23.53 shows such measurements of Texas Red
using an electrooptic device to repetitively rotate the excita-
tion polarization. The intensity of this single Texas Red
molecule changes from nearly zero to a maximum value
with rotation of the polarization. The insert shows the aver-
aged intensities at various angles of incident polarization.
There is an angle near 60° where the intensity is near zero.
Recall that excitation of a single molecule is proportional to
cos? 0, so that the intensity minimum occurs where the
absorption transition is perpendicular to the excitation
polarization. Such a high contrast ratio is not seen for
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Figure 23.53. Single-molecule emission intensity of Texas Red on
glass using a confocal microscope. The excitation polarization was
rotated as shown. The insert shows the intensity for different excita-
tion polarizing angles, averaged from the first four cycles. Reprinted
with permission from [96].

ensemble measurements in random media because some of
the fluorophores are always aligned with the incident polar-
ization.

Single-molecule polarization measurements can pro-
vide a direct measurement of the angle between the absorp-
tion and emission dipoles.>8 Figure 23.54 shows the inten-
sities of an immobilized Cy5 molecule. For rotation of the
excitation or emission polarizer. As described in Figure
23.33 and 23.34, the angle-dependent intensities will over-
lap for parallel transitions and be shifted when the absorp-
tion and emission dipoles are displaced by an angle 3. In the
case of Cy5 the angle-dependent intensities nearly overlap.
The small offset is consistent with a small angle of B = 5°.

The concepts shown in Figures 23.53 and 23.54 were
applied to a labeled DNA oligomer that was bound to APS-
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Figure 23.54. Dependence of the emission intensity of an immobi-
lized Cy5 molecule on the angle of the excitation (®) and emission (O)
polarization. The data represent an average from 15 molecules.
Reprinted with permission from [58].
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treated glass.’ The sample was immersed in water to allow
the possibility of probe rotation, but the oligomers did not
migrate on the slide. The intensities of the polarized com-
ponents of a single molecule were excited with different
polarizations (Figure 23.55). The polarized components are
completely out of phase. This is because when the fluo-
rophore is parallel to one detection channel it is perpendi-
cular to the other detection channel. Additionally, the corre-
lation time of the probe must be much longer than the excit-
ed-state lifetime. Otherwise the emission in both channels
would be the same. Using these considerations, molecules
a, b, and e in Figure 23.55 are mobile. Molecule ¢ must be
immobilized because the intensities are in phase. The pat-
tern seen for molecule d is characteristic of hindered rota-
tional motion.

23.11.4. Single-Molecule Lifetime Estimation

Calculation of the lifetimes using single-molecule data
requires a different algorithm from that described for

200
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Figure 23.55. Time traces of the polarized intensities of a single
labeled DNA oligomer bound to APS-treated glass. In a, b, and e the
fluorophore is freely rotating. In ¢ the fluorophore is immobile. The
data in panel b are for the same molecule observed for panel a. The
pattern in panel d is said to be characteristic of a hindered motion.
Reprinted with permission from [97].
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TCSPC. For TCSPC there is usually a large number of pho-
tons in each time interval, and the measurements are accu-
rately described as Gaussian distributions around the true
value. It should be remembered that the use of nonlinear
least squares is based on the assumption that measurements
have Gaussian properties. For the single-molecule data
there is usually a small number of counts in each time inter-
val. As a result the number of counts in each bin is distrib-
uted according to Poisson probability function. Nonlinear
least squares is not the correct approach for such data.

Methods have been developed to recover single-mole-
cule lifetimes from sparse data.®®-1% In many single-mole-
cule experiments the goal is not to resolve multi-exponen-
tial decays, but rather to obtain the best estimate of the
decay time, the decay time which has the maximum likeli-
hood of being the correct value. For this simple case there
is an analytical expression for the estimated lifetime.!%0
Assume the time width of each bin is At and that there are
m bins, so the total time width of the data is mAt = T. Then
the lifetime can be found from

L N,
A-B= 3Ny (23.10)

i
= N

where N, is the number of counts in the ith bin and N is the
total number of counts. The best estimate lifetime can be
found using

A = Atl]l — exp(—At/r)] (23.11)

B = Tllexp(T/t) — 1] (23.12)
These expressions are solved interactively to recover the
lifetime t. Different expressions are needed to estimate
multiple parameters by the maximum-likelihood method.
The important point is that nonlinear least squares should
not be used with sparse data.

23.12. ADDITIONAL LITERATURE ON SMD

The technology and applications for SMD have expanded
dramatically during the past several years. It was not prac-
tical in this chapter to describe the many elegant results
published on SMD. To assist the reader in finding reports of
interest we have included, after the main references, a com-
pilation of additional references on single-molecule detec-

SINGLE-MOLECULE DETECTION

tion that summarizes many of these reports according to
their main emphasis.

In closing, SMD is a powerful technology that bypass-
es ensemble averaging and provides direct information on
the behavior and/or kinetics of single molecules. While
many papers have been published, the majority are still
proof-of-principle experiments that are always necessary to
systematize a new technology. The reader may notice the
absence of examples on single-molecule diffusion or intra-
cellular single-molecule detection. Several reports on these
topics have appeared but were not selected as teaching
examples because the results are not as clear as those shown
above. It appears likely that there will be considerable dif-
ficulty performing SMD experiments on freely diffusing or
intracellular species.
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PROBLEMS

P23.1. Suppose you have a fluorophore with a molar extinc-
tion of 104,000 M-! cm-! at 600 nm, and a lifetime of
4 ns. Assume there is no intersystem crossing or blink-
ing. Calculate the light intensity in watts/cm? needed to
result in half of the molecule in the excited state. If the
illuminated is 1 pm? what is the needed power?
Assume the objective transmits 100% of the light.

BIO-RAD EX.1006.806



In the previous chapter we described fluorescence imaging
and spectroscopy on single molecules. Individual fluo-
rophores can be studied if the observed volume is restricted
and the fluorophores are immobilized on a surface. With
present technology it is difficult to track freely diffusing
single molecules. Single-molecule detection (SMD) on sur-
faces is a powerful technique because it avoids ensemble
averaging and allows single events to be observed. If a
dynamic process such as a chemical reaction is being stud-
ied, there is no need to synchronize the population because
the individual kinetic events can be observed. However,
SMD has its limitations. The most stable fluorophores typ-
ically emit 105 to 10¢ photons prior to irreversible photode-
struction. Because of the modest detection efficiency of
optical systems, and the need for high emissive rates for
detection of the emission over background, single mole-
cules can only be observed for a brief period of time—1
second or less—which may be too short to observe many
biochemical processes. When the fluorophore is bleached
the experiment must be started again with a different mole-
cule. Additionally, SMD requires immobilization on a sur-
face, which can affect the functioning of the molecule and
slow its access to substrates and/or ligands because of
unstirred boundary layers near the surface.

Fluorescence correlation spectroscopy (FCS) is also a
method based on observation of a single molecule or sever-
al molecules. In contrast to SMD, FCS does not require sur-
face immobilization and can be performed on molecules in
solution. The observed molecules are continuously replen-
ished by diffusion into a small observed volume. FCS thus
allows continuous observation for longer periods of time
and does not require selection of specific molecules for
observation. FCS is based on the analysis of time-depend-
ent intensity fluctuations that are the result of some dynam-
ic process, typically translation diffusion into and out of a
small volume defined by a focused laser beam and a confo-
cal aperture. When the fluorophore diffuses into a focused

Fluorescence
Correlation
Spectroscopy

light beam, there is a burst of emitted photons due to multi-
ple excitation-emission cycles from the same fluorophore.
If the fluorophore diffuses rapidly out of the volume the
photon burst is short lived. If the fluorophore diffuses more
slowly the photon burst displays a longer duration. Under
typical conditions the fluorophore does not undergo photo-
bleaching during the time it remains in the illuminated vol-
ume, but transitions to the triplet state frequently occur. By
correlation analysis of the time-dependent emission, one
can determine the diffusion coefficient of the fluorophore.
In this case "time-dependent" refers to the actual time and
not to a time delay or time-dependent decay following
pulsed excitation.

FCS has many applications because a wide variety of
processes can result in intensity fluctuations. In addition
to translation diffusion, intensity fluctuations can occur due
to ligand—macromolecule binding, rotational diffusion,
internal macromolecule dynamics, intersystem crossing,
and excited-state reactions. The data are interpreted in
terms of correlation functions. Different equations are need-
ed to describe each process, and usually two or more
processes affect the data at the same time. It is also neces-
sary to account for the size and shape of the observed vol-
ume. As a result the theory and equations for FCS are rather
complex.

FCS was first described in the early 1970s in a series of
classic papers.'* An extensive description of FCS and its
applications can be found in a recent monograph.> These
papers describe the theory for FCS and recognize its poten-
tial for measurement of diffusion and reaction kinetics. The
theory showed that FCS would allow measurement of kinet-
ic constants even when the system was in equilibrium, if the
reversible process caused spectral changes. The FCS data
will contain information on the reaction rates because a
reaction at equilibrium still proceeds in both directions, so
that the spectral properties will continue to fluctuate. How-
ever, the early FCS measurements were plagued by low sig-
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nal-to-noise (S/N) ratios for a variety of reasons, including
a large number of observed molecules, intensity changes in
the laser light sources, low-quantum-yield fluorophores,
and low-efficiency detectors.® In contrast to fluorescence
intensity measurements, where it is easier to measure solu-
tions with higher fluorophore concentrations, FCS meas-
urements are best performed when observing a small num-
ber of fluorophores (<10). In order to detect a small number
of fluorophores with a focused laser beam the sample need-
ed to be dilute, typically near 1 nM. Since the samples are
diluted, the unwanted background due to fluorescent impu-
rities and scatter needed to be suppressed by confocal optics
and effective filtering. Because of all these requirements
FCS was not widely used for 20 years. By the early 1990s
a number of technical advances made FCS a practical tech-
nology, including confocal optics, high-efficiency ava-
lanche photodiode (APD) detectors, stable lasers, and mul-
tiphoton excitation and commercially available instru-
ments.® As a result there has been a rapid increase in the
applications of FCS to biochemical analysis.”'® FCS is now
being used to detect protein association reactions, DNA
hybridization, immunoassays, binding to membrane recep-
tors, gene expression, and diffusion of labeled intracellular
proteins, to name a few.

24.1. PRINCIPLES OF FLUORESCENCE
CORRELATION SPECTROSCOPY

FCS is typically performed using freely diffusing mole-
cules. Excitation is usually accomplished with a laser
focused to a diffraction-limited spot. A confocal pinhole is
used to reject signal from outside the desired volume. Using
these optical conditions, the observed volume is an ellipsoid
that is elongated along the optical axis. The concentration
of the fluorophores needs to be in a range where just a few
molecules are present in the observed volume.

To illustrate the principle of FCS consider a cylindrical
volume 0.08 pm in diameter and 2 pm in length (Figure
24.1) that is slightly larger than for a typical FCS instru-
ment. The volume of this cylinder is 1 fl = 10-13 liters. If the
fluorophore concentration is 1 nM, then the observed vol-
ume contains an average of 0.6 molecules. The average
number of fluorophores in the volume is determined by the
bulk concentration and remains constant in a stationary
experiment. However, random diffusion of the fluorophores
results in time-dependent changes, called fluctuations, in
the number of fluorophores in the volume. Fluctuations in
occupancy number in this small volume result in intensity

FLUORESCENCE CORRELATION SPECTROSCOPY
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Figure 24.1. Typical volume in an FCS experiment.

fluctuations in the fluorescence intensity. The theory for
FCS provides the basis for extracting molecular informa-
tion from the molecules by analysis of the rates and ampli-
tudes of the intensity fluctuations.

The theory of FCS is based on Poisson statistics. For
random discrete events the number of fluorophores in the
volume can be described by the Poisson distribution

N'
P(n,N) = Fe*N (24.1)

In this expression P(n,N) is the probability of n fluoro-
phores being present in the volume when the average num-
ber of molecules in the volume is N. Using eq. 24.1 one can
calculate that for N = 0.6 there is a 55% probability that the
volume contains no fluorophores, a 33% probability that the
volume contains 1 fluorophore, and a 10% probability that
the volume contains 2 fluorophores (Figure 24.2). The flu-
orescence intensity from this volume will fluctuate as the
fluorophores diffuse into and out of the volume.

The changes in occupation number of the volume will
result in changes in the intensity (Figure 24.3). If the diffu-
sion is slow the fluorophores will move slowly into and out
of the volume. If the diffusion is faster the occupation num-
ber and intensity will change more rapidly. This time-
dependent intensity is analyzed statistically to determine
the amplitude and frequency distribution of fluctuations.
The intensity at a given time F(f) is compared with the
intensity at a slightly later time F(¢ + t). If diffusion is slow,
F(#) and F(t +t) are likely to be similar (top panel). If diffu-
sion is fast, F(¢) and F(r + 1) are likely to be different (lower
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P(0)=0.55 P(1)=0.33

P(2)=0.10

Figure 24.2. Poisson distribution of a 1-nM fluorophore solution in a
1-fl volume, N = 0.6.

panel). In an FCS instrument a dedicated correlation board
is usually used to calculate the correlation between F(¢) and
F(t + 7) for a range of delay times 1. This results in an auto-
correlation function G(t) that contains information on the
diffusion coefficient and occupation number of the
observed volume. The dependence of the correlation func-
tion on the rate of diffusion makes FCS valuable for meas-
uring a wide range of binding interactions, such as
protein—ligand binding and DNA hybridization. Note that
the correlation time t in an FCS measurement is not related
to the lifetime of the fluorophore.

An important feature of FCS is a measurement of the
number of diffusing species in the observed volume. In
principle, this measurement does not rely on an external
calibration or the quantum yields of the fluorophores. In
practice, calibrations are performed using known solutions.
The important point is the amplitude of the autocorrelation
function at t = 0 reveals the average number of molecules
being observed. Sometimes a proportionality constant is
used to adjust this number. FCS can thus be used to detect
changes in particle density due to association or cleavage
reactions. In contrast to single molecule detection, the
observed molecules are continually replaced by diffusion,
so that photobleaching is less of a problem. Additionally,
since only a few molecules are observed, FCS provides
high sensitivity. Intensity fluctuations can also occur due to
blinking of the fluorophores upon transition to the triplet
state, structural changes in biomolecules, and the rate of lat-
eral translation in flowing samples. There are also more
advanced types of FCS, such as dual-color cross-correlation
FCS, which selectively detects species that contain two flu-
orophores, such as DNA oligomers labeled with two differ-
ent fluorophores.

799
Flt+7)
2 F Slow 10%
diffusion
N = s fasss 33 %
| |
0 - | Sr— L-‘._-.J - 55 0')'0
TIME (ms)
Flt)_T (Flt+z)
2F --’« = Fast 10 %
| diffusion
N afrme— | || ~ 33%
D l_ - i | IV e —— | IS 55 0/0
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Figure 24.3. Fluctuations in the number of fluorophores (N) in the
observed volume of 1 fl with ¢ = 1 nM. The intensity axis is in units
of the intensity from a single fluorophore.

FCS can provide information about reaction kinetics
even when the reaction is in equilibrium. Consider a simple
reaction F + M = F*M, where F is a fluorophore that is
nonfluorescent in solution but fluorescent (F*) when bound
to a macromolecule (M). The reaction kinetics would usu-
ally be studied by starting the reaction from a nonequilibri-
um condition, such as mixing separate solutions of F and M
in a stopped-flow instrument. Upon mixing the intensity
would change as the reaction approached equilibrium.
When the reaction reaches equilibrium the fluorescence
intensity will remain constant and no additional information
is obtained by continuing to measure the intensity. In con-
trast, FCS can measure the reaction kinetics under equilib-
rium conditions. If a small number of molecules are
observed the intensity will fluctuate as the fluorophore
binds to and dissociates from the macromolecules. The rate
of intensity fluctuations contains information on the sum of
the forward and reverse reaction rates.

Because of the ability of FCS to determine the number
of observed particles, and to determine the rates of diffu-
sion, and other dynamic processes, there has been a rapid
expansion of FCS technology into a wide range of applica-
tions, including high-throughput screening, DNA analysis,
and detection of small numbers of intracellular species. In
the following section we describe the theory and practice of
FCS with examples to illustrate the potential of this tech-
nology.
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24.2. THEORY OF FCS

The equations for FCS are moderately complex, and
there are many subtle points that result from the unique
aspects of the measurements. Different authors use slightly
different terminology for FCS. Hence it is valuable to
review the theory to provide a basis for understanding
the data and the factors that influence the measured correla-
tion functions.

The autocorrelation function of the fluorescence inten-
sity is given by the product of the intensity at time ¢, F(f),
with the intensity after a delay time t, F(¢ + t), averaged
over a large number of measurements.!7-2! The time ¢ refers
to the actual time as the intensities are observed. Data col-
lection times range from seconds to minutes. The delay
time 1 is the difference in real time between measurement
of F(t) and F(t+ 1), typically in the range from 10-2 to 102
ms. If the intensity fluctuations are slow compared to T,
then F(r) and F(t+ 1) will be similar in magnitude. That is,
if F(¢) is larger than the average intensity <F>, then F(f + 1)
is likely to be larger than <F>. If the intensity fluctuations
are fast relative to t, then the value of F(¢) and F(z + t) will
not be related. The value of the autocorrelation for a time
delay 7 is given by the average value of the products

R(t) = <F()F(t + 1)>

1
= - JJ FOF( + v

(24.2)
where T is the data accumulation time. The factor 1/7 nor-
malizes the value of the products F(t)F(t + t) for the data
accumulation time. This mathematical process is typically
performed using dedicated correlation boards that perform
the needed operations in real time as the fluctuating inten-
sity is observed. With modern electronics it is now also pos-
sible to record the time (7)-dependent intensities for the
duration of the data collection (7) and then perform the cal-
culations. Additional information can be obtained from the
complete list of time-dependent intensities, so it seems like-
ly that this approach will eventually be standard in FCS
experiments.

The quantities of interest are the fluctuations in F(7)
around the mean value

8F(t) = <F> — F(1) (24.3)

FLUORESCENCE CORRELATION SPECTROSCOPY

The autocorrelation function for the fluorescence intensi-
ties, normalized by average intensity squared, is given by

<F(t)F(t + 1)>

G’ =
() <F><F>

_ ., SBF0)3F(1)>

- 2

24 .4
<F> ( )

In this expression we have replaced ¢ with 0. The delay time
T is always relative to a datapoint at an earlier time so that
only the difference 7 is relevant. It is important to remem-
ber the meaning of 7 and t in FCS, which is different from
their meaning in time-resolved fluorescence. In time-
resolved fluorescence ¢ refers to the time after the excitation
pulse and t refers to the decay time. In FCS ¢ refers to real
time and 7 refers to a time difference between two intensity
measurements. In the FCS literature there are occasional
inaccuracies in the words used to describe the correlation
functions in eqs. 24.2 and 24.4. Equation 24.2 is the auto-
correlation function of the fluorescence intensities. The
term SF(f) in eq. 24.3 is the variance, so that the last term
on the right side of eq. 24.4 is actually the autocovariance
of F(?), but is conventionally referred to as the "autocorre-
lation function." A more accurate term is "the autocorrela-
tion function of the fluorescence fluctuations."!” Another
confusing point is the definition of the autocorrelation func-
tion. Some authors use eq. 24.4 and other authors use

<SF(0)3F(t)>

2

G(t) = (24.5)

<F>

which is the autocorrelation function of fluorescence fluc-
tuations. We will use eq. 24.5 since this avoids inclusion of
one (1) in all the subsequent equations. For simplicity we
will refer to eq. 24.5 as the correlation or autocorrelation
function.

In order to interpret the FCS data we need a theoretical
model to describe the fluctuations. The data are typically
the number of photon counts in a given time interval, typi-
cally about a microsecond, which are due to a small num-
ber of fluorophores. The intensity is dependent on the num-
ber of photons detected from each fluorophore in a given
period of time. For FCS it is convenient to use a parameter
called the brightness, which is given by

B = ¢cQ (24.6)
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where ¢ is the quantum efficiency for detection of the emit-
ted photons, ¢ is the cross-section for absorption, and Q is
the quantum yield for emission of the fluorophore. The
brightness is the number of photons per second for a single
fluorophore observed for a given set of optical conditions.
Unlike the quantum yield, the brightness is not a molecular
property of the fluorophore, but depends on the precise
optical conditions including the light intensity, light collec-
tion efficiency of the instrument, and the counting efficien-
cy of the detector. The measured intensity from the sample,
typically in kHz, is given by the integral of the fluorophore
concentration over the observed volume:

F(t) = B [ CEF(r)I(r)C(r,t)dV (24.7)
In this expression CEF(r) is the collection efficiency func-
tion of the instrument as a function of position (7). The inte-
gral extends over the entire observed space. The position r
is more properly described as a vector () but for simplicity
we assume r is a vector. The excited fluorophores will be
distributed in a three-dimensional volume, in the x-y plane
and along the optical z-axis. I(r) is the excitation intensity
at each position r, and C(r,f) is the distribution of fluo-
rophores. Equation 24.7 looks complex, but it has a simple
meaning. The intensity depends on the concentration and
spatial distribution of the excitation and detection efficien-
cy, and the brightness of the fluorophores. The observed
intensity also depends on the excited and observed vol-
umes, which is accounted for by the integral. It is usually
not necessary to consider these factors separately, so that
the instrument is described as having a detection profile:

p(r) = CEF(r)I(r) = MDE(r) (24.8)
which is also referred to as the molecular detection efficien-
cy MDE(r).

Figure 24.4 shows a typical FCS instrument. A laser is
focused on the sample. The emission is selected with a
dichroic filter. The out-of-focus light is rejected with a pin-
hole, which is typically large enough to pass all light from
a region slightly larger than the illuminated spot.!® The
intensity profile of the focused laser is assumed to be
Gaussian. For this configuration, the brightness profile can

be approximated by a three-dimensional Gaussian (Figure
24.5):

p(r) =1, exp[—Z(x2 + yz)/szJexp( —27°/u?) (24.9)
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Figure 24.4. Typical instrumentation for FCS. Revised from [17].

The surface of the volume is not sharply defined. The radius
s and half-length u refer to distances at which the profile
decreases to e~? of its maximal value /.

Equation 24.7 gives the time-dependent intensity. We
now need to calculate the autocorrelation function due to
concentration fluctuations throughout the observed volume.
This function is more complex than for a fluorophore dif-
fusing in and out of a volume with a sharp boundary (Fig-
ure 24.1). As the fluorophore diffuses it enters regions
where the count rate per fluorophore is higher or lower

Observed
volume

Cone of illumination

Figure 24.5. Ellipsoidal observed volume with focused single photon
excitation and confocal detection.
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based on the detection profile p(r). The autocorrelation

function for the intensity fluctuation is given by

B[ [p(r)p(r)<8C(r,0)8C(r,t)>dVd’V
G =
) |BC[p(r)dV]

(24.10)

where r is the position of the fluorophore at # = 0 and ' is
its position at ¢+ = t. This formidable expression can be
understood as follows. The denominator contains the aver-
age intensity, which is given by the product of the bright-
ness B, mean concentration C, and the detection profile of
the instrument integrated over the observed volume. The
concentration term and brightness appear outside the inte-
gral because Q is independent of position, and only the
average concentration is needed to calculate the average
intensity. The detection profile p(r) accounts for the excita-
tion and detection efficiency. The numerator calculates the
intensity fluctuations from the concentration fluctuations at
each point in the sample, which is then integrated over the
observed volume. When the fluorophore moves from r to a
new location 7', its brightness becomes proportional to the
detection profile at this position p(r'). The integral extends
over the observed volume for all the fluorophores present in
the volume. The term B? is again outside the integral
because the intrinsic brightness of the fluorophore does not
depend on position. Remarkably, the correlation function
(but not the S/N ratio) is independent of fluorophore bright-
ness, which cancels in eq. 24.10. This makes sense because
we are measuring the correlation between fluorophore loca-
tions, which should not depend on the brightness of the flu-
orophore.

It is instructive to consider the number of fluorophores
in a typical FCS experiment. A diffraction-limited volume
will typically have a diameter of 0.5 um and a total length
of 2 pm. For this size and shape the effective volume is 0.35
fl. The effective volume is not equal to the geometric vol-
ume of an ellipsoid because the detection profile does not
have sharp boundaries. Figure 24.6 shows calculations of
the number of fluorophores in this volume. Occupation
numbers of 2 to 20 are expected for fluorophore concentra-
tions from 9.6 to 96 nM. The width of the distribution is
given by VN and increases with the occupation number, as
characteristic for a Poisson distribution.

Equation 24.10 is not limited to diffusion and can be
used to derive a correlation function for any process that
results in the intensity fluctuations. Chemical or photo-
chemical processes that change the brightness of a fluo-
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Figure 24.6. Poisson distribution in an ellipsoidal volume for various
fluorophore concentrations. The volume of a geometric ellipsoid with
s=0.25pm and u = 1.0 pm is 0.26 fl.

rophore can also be studied. In place of dC(r,t) eq. 24.10 is
then used with a different ' model to derive the expected
autocorrelation function.

24.2.1. Translational Diffusion and FCS

Perhaps the most common application of FCS is to measure
translational diffusion. The rate of diffusion depends on the
size of the molecule and its interactions with other mole-
cules. The correlation function for diffusion in three dimen-
sions is given by!8

<8C(r0)8C(r,t)>

= C(4nDv)exp|—Ir — rP/4Dt|  (24.11)
where D is the diffusion coefficient. Insertion of eq. 24.11
in 24.10, using the Gaussian detection profile (eq. 24.9) and
some complex mathematics, yields the correlation function
for three-dimensional diffusion:

G(r) = G(O)(l + 4?'5)1(1 N 4521)1/2

= G(0)D(1) (24.12)

where G(0) is the amplitude at T = 0. For future convenience
we define D(t) as the portion of the correlation function
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which contains the diffusion coefficient. This expression is
also written as

G(r) = G(O)(l +i)_1(1 . (§>2i)_1/2

) Tp

= G(0)D(7) (24.13)
where the diffusion time is
Ty = sY4D (24.14)

The origin of eq. 24.14 is understood by recalling that the
mean distance a molecule diffuses in a time t is proportion-
alto VDt . The form of eq. 24.12 is a result of the shape of
the detection profile (eq. 24.9) being integrated with the
concentration correlation function. Different detection pro-
files will result in different forms of eq. 24.12.

Figure 24.7 shows the correlation functions expected
for a single freely diffusing species, that is, a homogeneous
population, with diffusion coefficients ranging from 10-3 to
107 cm?/s. We assumed the observed volume was an ellip-
soid with radius s = 0.25 pm and half-length u = 1 pm. The
correlation function G(t) is usually plotted using a logarith-
mic t axis. The amplitude of G(t) decreases as T increases.
G(t) approaches zero because at long times the fluo-
rophores have no memory of their initial position. The value
of 1y is usually determined by least-squares fitting of the
simulated curve with the measured data. A diffusion coeffi-
cient of 10-° cm?/s results in T, = 0.156 ms. As the diffusion
coefficient decreases the correlation function shifts to
longer t values, which reflects slower intensity fluctuations
as the fluorophores diffuse more slowly into and out of the
observed volume. As we will discuss below, a 100-fold
change in diffusion coefficient would require a 10,000-fold
change in molecular weight, so that the curves in Figure
24.7 are more shifted than is typical in an FCS experiment.
The autocorrelation function is also expected to depend on
the fluorophore concentration.

The autocorrelation function is that it provides a meas-
urement of the average number of molecules N in the
observed volume, even if the bulk concentration is not
known. The number of molecules is given by the inverse of
the intercept at T = 0, G(0) = 1/N. Hence the amplitude of
the correlation function is larger for a smaller number of
molecules. This is the reason why FCS was relatively
unused in the 1970s and 1980s. Without confocal optics to
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Figure 24.7. Simulated autocorrelation functions for diffusion in three
dimensions (eq. 24.12) for diffusion coefficients of 10-5 to 10-7 cm?/s
(top) and for a mixture of two diffusing species (bottom). The
observed volume was assumed to be an ellipsoid with s = 0.25 um and
u=1pm.

reduce the observed volume the number of molecules was
large and the amplitudes of the correlation functions were
too small for reliable measurements, even with long data
acquisition times. Another important feature of G(t) for a
single species is that G(t) does not depend on the brightness
of the fluorophore. The brightness B affects the S/N of the
measurement and the ability to see the fluorophore over the
background. However, the correlation function itself is
independent of the brightness and G(0) depends only on the
average number of observed fluorophores.

At first glance it is difficult to see from eqs. 24.5 and
24.10 why the value of G(0) is equal to 1/N. Since N is pro-
portional to ¢ the denominator contains a factor N2. The
numerator also has two concentration terms as a product,
suggesting a factor of N2 in the numerator. However, for a
Poisson distribution the variance is proportional to the
square root of the mean, so that 3C is proportional to VN .
Hence the numerator contains a factor &V, and the ratio gives
G(0) = 1/N.

One might think that if G(t) reveals the number of flu-
orophores then it should be possible to determine the fluo-
rophore concentration. This is only partially correct. The
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number of fluorophores in the effective volume observed by
the instrument is given by

N = CVg (24.15)
If V. was precisely known then ¢ could be calculated. In
FCS we have an estimate of V4, but we do not know an
exact volume. The effective volume is dependent on the

exact shape of the detection function p(r). If the observed
volume is described by 24.9 then

Veff = Tf3lzszu

(24.16)

This effective volume is different from the geometric vol-
ume of an ellipsoid, which is given by (4/3)ns2u. For the
ellipsoid shown in Figure 24.7 the effective volume is V,; =
0.35 {1 and the geometric volume is 0.26 fl. The effective
volume is different for other shapes, such as for a flat cylin-
der, a highly elongated volume, or when using two-photon
excitation. While the shape of Vg is not known precisely
the number of observed fluorophores is known. For this rea-
son volume is defined in an unusual way. The value of V4
is that volume which contains N fluorophores at a known
concentration.

It is also important to understand the meaning of T
obtained from the autocorrelation function. The diffusion
coefficient D is a molecular property with a defined value
that is independent of any instrumental parameters. Since
T depends on D one is inclined to think that tj, is also a
molecular parameter and independent of the instrument.
However, 1, depends on the radius of the observed volume.
This means that the recovered value of D depends on accu-
rate knowledge of the shape of V. For this reason FCS
instruments are frequently calibrated with fluorophores
with known diffusion coefficients. The width and length of
the volume are adjusted until the known diffusion coeffi-
cient is recovered and the measured correlation function
matches the calculated correlation function. In principle,
there is no need to calibrate the concentration or instrument
sensitivity because the value of N = G(0)-! is determined
without any assumptions, except that the solution contains
only a single type of fluorophore with the same spectral and
diffusive properties. Solutions with known concentrations
are used for calibration procedures. Since FCS measure-
ments are often used to measure relative diffusion coeffi-
cients of two species, the results can be useful even if the
absolute values of the diffusion coefficients are somewhat
inaccurate.
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24.2.2. Occupation Numbers and Volumes
in FCS Advanced Topic

There are some differences in how authors use the G(0)
intercept to calculate N. Instead of G(0) = 1/N, some au-
thors use G(0) = y/N, where v is a geometric factor that de-
pends on the detection profile. For a Gaussian volume, y is
sometimes set equal to 1/\8 = 0.35. For a volume with a
Gaussian profile for the width and a Lorentzian profile for
the length, the factor is y = 0.076. This difference arises
from how the sample volume is defined. The volume of a
Gaussian-shaped sample is obtained by integration of eq.
24.9 to yield V; = n*?s>u/8 . The v factor for a Gaussian-
Lorentzian shape is obtained in a similar way. The y factor
is used if the sample volume is taken as the integrated vol-
ume. If the effective volume of a Gaussian shape is defined
by eqs. 24.15 and 24.16 then G(0) = 1/N. For this chapter
we will use Vg = m32s2u and G(0) = 1/N.

24.2.3. FCS for Multiple Diffusing Species

The use of FCS to measure binding reactions depends on
the shape of the autocorrelation function for a sample with
two diffusion coefficients. Assume the ligand is labeled
with the fluorophore and that the labeled ligand binds to a
protein. In solution the ligand has a diffusion coefficient D,
and the protein-bound ligand has a diffusion coefficient D,.
If the free and bound fluorophores have equal brightness,
that is, the absorption spectra and quantum yield of the
labeled ligand do not change upon binding, the autocorrela-
tion function is given by

G(t) = —|N\D\(t) + N.Dy(t)|  (24.17)

1
2l
where N, and N, are the number of free and bound fluo-
rophores and N = N, + N, is the total number of fluo-
rophores. The diffusive parts of the autocorrelation function
are given by eq. 24.12 with diffusion coefficients D, and D,.
Note that D; refers to a diffusion coefficient and D(t) refers
to the part of the autocorrelation function that contains the
diffusion coefficients.

The lower panel in Figure 24.7 shows simulated auto-
correlation functions for a mixture of diffusing fluo-
rophores with D; = 10-> cm?/s and D, = 107 cm?/s. In this
case we assumed the total number of diffusing fluorophores
to be N = 2. When both species are present the heterogene-
ity in the diffusion coefficients can be seen in the shape of
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the autocorrelation function (dashed line). This change in
shape serves as the basis for measuring association reac-
tions between biomolecules. Autocorrelation functions are
calculated for various assumed diffusion coefficients and
functional amplitudes until the calculated function matches
the measured function. This procedure is analogous to that
used to resolve multi-exponential decays from time-
resolved measurements. Note that the value of G(0) is 0.5
because we assumed an average of two fluorophores are in
the effective volume for these simulations. Equation 24.17
only applies if the two species do not exchange between the
free and bound forms during the timescale of the experi-
ment, which is the diffusion time t,. If the ligand binds and
dissociates within the time it is in the observed volume,
only a single diffusion coefficient will be observed. If the
ligand moves from the free to bound form on a timescale
comparable to the diffusion time, the correlation function
cannot be written as a sum of two correlation functions with
different diffusion coefficients.

Fluorophores frequently display changes in quantum
yield or brightness (eq. 24.6) upon binding to a biomole-
cule. In this case the two species still contribute to the auto-
correlation function, but do not contribute in direct propor-
tion to their relative concentrations or quantum yields. For
a sample with two different quantum yields, O, and Q,,
with brightness B, and B,, and diffusion coefficients D, and
D,, the correlation function is given by

_ NIB%DI(T) + NzB%Dz(T)
(N\B, + N,B,)*

G(1) (24.18)

with D(t) defined as in eq. 24.12. For several different
species this expression becomes

_ ZN,BZZDI(T)

G(1) (SN.B)? (24.19)
Notice that each species contributes to the autocorrelation
function proportional to the square of its quantum yield or
brightness. This means that the autocorrelation function is
strongly weighted by the brightest species in the sample.
For instance, suppose the sample contains one molecule
with Q; = 1.0 and one molecule with Q, = 0.1. The fraction
of the signal due to Q, will be about 99%.

The presence of two or more species with different
brightness complicates interpretation of G(0). The t = 0
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intercept reflects an apparent number of observed mole-
cules according to

_(INB)

I 24.20

®  ENB} (2420
For the sample containing one molecule with Q, = 1 and
one molecule with O, = 0.1, the apparent number of mole-
cules will not be 2, but will be 1.20.

24.3. EXAMPLES OF FCS EXPERIMENTS
24.3.1. Effect of Fluorophore Concentration

Figure 24.8 shows autocorrelation functions for rhodamine
6G (R6G) in 70% sucrose.?? The sucrose was used to de-
crease the diffusion coefficient of R6G and shift the curves
to longer values of t. The amplitudes of G(t) are strongly
dependent on the concentration of R6G. These data illus-
trate the effect of occupation number on the autocorrelation
functions. As the R6G concentration increases the G(t)
amplitude decreases. At an R6G concentration of 0.62 nM
the G(0) intercept shows there are an average of 5 mole-
cules in the observed volume. At an R6G concentration of
20 nM about 150 molecules contribute to the autocorrela-
tion function, which results in the low amplitude. Notice
that the number of R6G molecules is known even if the
effective volume is not known. By comparison with Figure

0.25 i
' [R6G] i‘“‘“‘
0.20 . 1 oy

5 10 15 20
0.15 [R6G] (nM)
0.10

0.05

AUTOCORRELATION Gl7)

Y Smese——
10 1072 107! 10° 10' 10® 10°

7 [(ms)

Figure 24.8. Fluorescence autocorrelation function for rhodamine 6G
(R6G) in 70% sucrose. From top to bottom the R6G concentrations
were 0.62, 1.25, 2.5, 5, 10, and 20 nM. The insert shows the measured
average number of molecules. Redrawn from [22].
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24.6 one can determine that the effective volume was prob-
ably larger than 0.35 fl.

While the amplitude of G(t) depends on the R6G con-
centration, the curves all display the same correlation time.
This is expected because the diffusion coefficient of R6G
should not depend on its concentration, at least at low con-
centrations used for FCS. By fitting these curves to eq.
24.12 one can recover the diffusion time without any as-
sumptions. The diffusion time can be used to calculate the
R6G diffusion coefficient (eq. 24.14), but this requires
knowledge of the dimensions of the ellipsoid. This depend-
ence shows that the value of 1, is not a molecular parame-
ter and that assumptions are needed to calculate the diffu-
sion coefficient.

24.3.2. Effect of Molecular Weight on
Diffusion Coefficients

Since the autocorrelation function depends on the rate of
diffusion, it seems natural to use FCS to determine molec-
ular weights. It is known that the translational diffusion
coefficient of a molecule is related to its size by

kT
6mnr

(24.21)

where k is Boltzmann's constant, 7 is the temperature, 1| is
the viscosity of the solvent, and R is the hydrodynamic
radius. The radius is related to the molecular weight MW of
the molecule with a specific gravity v by

4
V =MWy = gnR3 (24.22)
3MWv \ 13
= ( . ) (24.23)
T

where Vis the volume. These equations show that the radius
and diffusion coefficient are weakly dependent on the
molecular weight. For instance, a 10-fold increase in the
molecular weight will only result in a (10)3 = 2.15-fold
change in the diffusion coefficient. The association of two
proteins of equal size will double the molecular weight and
cause only a 1.26-fold or 26% increase in the diffusion
coefficient. For this reason it is difficult to measure the
association of two similar size proteins by FCS. In many
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Figure 24.9. Effect of molecular weight on the autocorrelation func-
tions of proteins labeled with tetramethylrhodamine-5-isothiocyanate
(TRITC). The effective volume was determined by assuming the dif-
fusion coefficient of R6G was 2.8 x 10-° cm?/s. Revised from [23].

applications of FCS a system is selected because it provides
a large change in effective molecular weight of the diffus-
ing species.

Figure 24.9 shows experimental curves for R6G and
three proteins with very different molecular weights.2? This
figure also contains the autocorrelation function for R6G.
The data for R6G were used to determine the effective vol-
ume using a known diffusion coefficient of 2.8 x 10-° cm?/s
for R6G (MW = 479). Autocorrelation functions are shown
for three proteins: o-lactalbumin (MW = 14,000), dena-
tured pepsin (MW = 35,000), and the chaperonin GroEL
(MW = 840,000). The midpoint of the curves shifts 2.5-fold
from 0.08 to 0.2 ms. The molecular weight increases from
14,000 to 840,000, which predicts a (60)!/3-, or approxi-
mately fourfold increase in the diffusion coefficient. These
curves show that the autocorrelation functions are depend-
ent on molecular weight, but that substantial changes in
molecular weight are needed to result in detectable changes
in the diffusion time. In the case of binding interactions it is
possible to couple one of the reactants to polymeric
nanoparticles so as to increase the change in molecular
weight upon binding, as has been done for FCS immunoas-
says.2

It is interesting to recall that the rotational correlation
time (0) of a molecule is directly proportional to the volume
(V) or molecular weight of a molecule:

_nV _ nMWv 1

=T kT = (24.24)

0 -
6Dy
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where Dy, is the rotational diffusion coefficient. Anisotropy
measurements are preferred when the binding reaction
results in a modest change in molecular weight.

24.4. APPLICATIONS OF FCSTO
BIOAFFINITY REACTIONS

The dependence of the autocorrelation functions on the dif-
fusion coefficients has resulted in the use of FCS to meas-
ure binding reactions, including binding of small ligands to
proteins, -2 protein—protein interactions,?’-28 DNA
hybridization,2°-30 polymerase chain reactions,31-33 DNA—
protein interactions,’-35 and interactions with recep-
tors.30-38 Additional references are listed following the main
reference section.

24.4.1. Protein Binding to the Chaperonin GroEL

The use of FCS to measure binding reactions is illustrated
by studies of protein binding to GroEL. Chaperonin GroEL
is a large multi-subunit protein (MW = 840,000) that pro-
motes folding of denatured proteins or folding of peptide
chains as they are extended during protein synthesis. The
subunits form a cylindrical cavity that appears to interact
with the hydrophobic regions of unfolded proteins. FCS
was used to study the interactions of partially denatured o.-
lactalbumin (o.-LA) with GroEL.2 The partially denatured
protein was obtained by reducing the four disulfide bonds
of a-LA, followed by labeling with TRITC. Upon addition
of GroEL the autocorrelation functions of labeled a-LA
shifted to longer times (Figure 24.10). This shift is readily
detectable because of the relative sizes of a-LA (14,000)
and GroEL (840,000). Titration of o-LA with GroEL
resulted in dilution of the sample, which caused an increase
in amplitude for the more dilute solutions of a-LA (insert).
For these experiments the concentration of o.-LA was about
100 nM, which resulted in the low amplitudes of the auto-
correlation curves (not shown).

Data of the type shown in Figure 24.10 can be used to
recover the fractional binding of a-LA to GroEL. If the
brightness of labeled a.-LA does not change upon binding
to GroEL the autocorrelation function is given by

1
G(r) = /(1 = »)De(x) +yDy(t)|  (24.25)

where the subscripts refer to a-LA free (F) in solution or
bound (B) to GroEL. Dg(t) and Dg(t) are diffusive parts of
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Figure 24.10. Normalized autocorrelation curves for reduced TRITC-
labeled a-lactalbumin (a-LA) upon titration with GroEL. The insert
shows the un-normalized curves. Revised from [23].

the autocorrelation function (eq. 24.12) with diffusion coef-
ficients Dy and Dy. The fraction of total a-LA bound to
GroEL is given by y. This fraction can be used to calculate
the binding constant for the reaction. However, there are
several parameters to be recovered from the data: the two
diffusion times, the fraction bound, and possibly the T = 0
intercept. For this analysis the diffusion times of the indi-
vidual proteins were measured for a.-LA or GroEL (Figure
24.9), and these values used as fixed parameters. This
allowed analysis of the data in terms of just two parameters:
the fraction bound and the total number of diffusing mole-
cules (eq. 24.17).

24.4.2. Association of Tubulin Subunits

FCS can be used to study the self-assembly or aggregation
of proteins. One example is the association of tubulin to
form microtubules that are important components in the
mitotic machinery of cells. A variety of natural products are
known that interact with tubulin to disrupt cell division.
Such natural products apparently evolved as part of the
competition between organisms for survival. These com-
pounds are often small peptides or depsipeptides and are of
interest for use as antineoplastic drugs. These compounds
interact with the o,-dimer of tubulin, which is referred to
as tubulin. In some cases the compounds depolymerize the
microtubules, and in other cases they prevent depolymer-
ization or cause formation of unique aggregates. FCS was
used to study the sizes of tubulin aggregates induced by
these compounds.’® The TAMRA-labeled tubulin dimer
was observed upon addition of cryptophycin (Figure
24.11). This addition resulted in an approximate 2.5-fold
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Figure 24.11. Effect of cryptophycin on the normalized autocorrela-
tion function of TAMRA-labeled tubulin dimer. Revised and reprint-
ed with permission from [38]. Copyright © 2003, American Chemical
Society.

increase in the diffusion time of tubulin. Such a large
increase in Ty indicates that tubulin must aggregate into
larger particles than dimers. This increase in t, was rough-
ly consistent with the increase in hydrodynamic radius
expected for self-association to an octamer.38

24.4.3. DNA Applications of FCS

As might be expected, FCS has been applied to DNA analy-
sis. Surprisingly, a relatively small number of papers have
appeared on hybridization of oligomers of similar size.?* A
large number of papers have appeared where one of the
DNA strands was much larger than the other or using dual-
color FCS, which is discussed later in this chapter. FCS has
also been used to study the interaction of DNA with pro-
teins, 3942 DNA condensation,**-#* or binding of DNA
oligomers to larger RNA targets.®

FCS can be effectively used to monitor DNA
hybridization when there is a large change in diffusion coef-
ficient.46-48 Figure 24.12 shows the normalized autocorrela-
tion functions for a rhodamine-labeled 18-mer during
hybridization with M13 DNA, which contains about 7250
base pairs (specifically M13mp18). Because of the large
change in effective molecular weight the shift in G(t) is
dramatic. There was no change in brightness of the labeled
oligomer upon binding to M 13, so that the fractions bound
and free could be calculated using eq. 24.17.
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Figure 24.12. Hybridization of a rhodamine-labeled 18-mer to M13
DNA containing the appropriate complementary sequence. M13 DNA
has about 7250 bases. Revised from [47].

FCS has also been used to study degradation of DNA
by enzymes. One example is shown in Figure 24.13 for
double-stranded DNA with a 500-base-pair oligomer.47-48
The 500-mer was randomly labeled at low density with a
tetramethylrhodamine-labeled nucleotide, TMR-dUTP. The
oligomer was progressively digested from the 3' end by T7
exonuclease. As the reaction proceeds the amplitude of G(t)
decreases, reflecting the increased number of diffusing
species. Examination of the normalized curves (insert)
shows a progressive shift to shorter diffusion times as the
DNA is progressively degraded. This shift is expected given
the small size of a labeled nucleotide relative to a 500-base-
pair oligomer. In principle the T = O intercepts of G(t) can
be used to recover the number of diffusing species. Howev-
er, for such an analysis it is necessary to know the relative
brightness of each species (eq. 24.20). For the case shown
in Figure 24.13 there are two dominant species: free TMR-
d-UTP and the residual section of the 500-mer. The relative
brightness of the species will be approximately proportion-
al to the number of fluorophores per particle. In the initial
stages of the reaction one could probably assume just two
species: a dim monomer that contains one TMR and a
bright oligomer that contains many TMRs. As the reaction
proceeds it will become progressively more difficult to
resolve the population of the various sized DNA fragments.

FCS was also used to measure the appearance of
labeled DNA fragments during polymerase chain reaction
(PCR) and to characterize the size of the fragments.3! The
fluorophore TMR-dUTP was incorporated into the PCR
products. FCS analysis was performed following removal
of the free TMR-dUTP, which otherwise would decrease
the amplitude of G(t). Incorporation of TMR-dUTP into a
217-mer was easily observed from the shift in G(t) (Figure
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Figure 24.13. Autocorrelation functions for double-stranded DNA,
500 base pairs long, randomly labeled with tetramethyrhodamine-4-
dUTP in the presence of T7 DNA polymerase, acting as an exonucle-
ase. Revised from [47].

24.14). The PCR reaction was used to synthesize labeled
DNA with different lengths. In the case of DNA fragments
it is possible to obtain information on their length from the
diffusion times (Figure 24.15). This was possible because
increasing the molecular weight of DNA results in elongat-
ing a relatively stiff rod in one dimension, rather than fill-
ing a three-dimensional volume. For such molecules the
diffusion time increases nearly linearly with length (L)
according to*9-30

_3mns® L
™7 4T Inp +y

(24.26)

where L is the length of the rod, p is the length/diameter
ratio, and y is an end-group correction. The important point
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Figure 24.14. Normalized autocorrelation curves for TMR-dUTP and
when incorporated into a 217-mer by PCR. Revised and reprinted with
permission from [31]. Copyright © 1998, American Chemical Soci-
ety.
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Figure 24.15. Effect of DNA length on FCS diffusion times. Revised
and reprinted with permission from [31]. Copyright © 1998, Ameri-
can Chemical Society.

is that 1, should increase roughly in proportion to the num-
ber of bases in the oligomer.

DNA oligomers of known length were used to create a
calibration curve of diffusion time versus the number of
base pairs. The autocorrelation curves for the fragments
(Figure 24.14) were used to recover the distribution of dif-
fusion times for the oligomers. This was accomplished by
fitting the data to

1
G(r) = Nf(;”P(tD)G(tD) dtp (24.27)

where G(1) is given by eq. 24.12 and P(tp) is the normal-
ized probability for value of t,,. The meaning of this inte-
gral is that the observed correlation function is the sum of a
large number of such functions, weighted by the relative
probability of Ty, in the sample. This analysis is similar to
the analysis of intensity decays in terms of lifetime distribu-
tions. The recovered correlation times for these fragments
increase significantly with the number of base pairs. The
distribution (Figure 24.15, lower panel) shows good resolu-
tion of Ty, but it would be difficult to recover more than sev-
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Figure 24.16. Cleavage of rhodamine-labeled M13 DNA by four
restriction enzymes. The number of cleavage sites is shown under
each circle. Revised from [51].

eral T, values in a mixed sample if the lengths were more
similar. The distributions were obtained from measure-
ments on a single species, with a single brightness, so that
resolution of multiple 1y, values can be expected to be more
difficult for a mixture of species with different brightness.

In addition to monitoring the length of DNA oligo-
mers, FCS can be used to roughly estimate the number of
fragments formed during DNA cleavage.>! Figure 24.16
shows the G(t) curves for M13 DNA (7250 base pairs) after
cleavage by several restriction enzymes. From the known
sequence and enzyme specificity one can predict the num-
ber of fragments formed by each enzyme. The G(0) values
from autocorrelation curves are largest for BspMI, which
generates only 3 fragments, and smallest for Haelll, which
generates 15 fragments. Of course, the G(0) values give
only an apparent number of diffusing species since the frag-
ments are of unequal length and their contributions to G(t)
are weighted according to eq. 24.18.

24.5. FCS INTWO DIMENSIONS: MEMBRANES

FCS is not limited to three-dimensional samples, but can
also be used to study cell membranes.32-¢! FCS is especial-
ly useful for studies of membranes because diffusion is lim-
ited to two dimensions. Also, the typically viscous nature of
membranes result in a wide range of diffusion times for
membrane-localized fluorophores. The wide range of diffu-
sion times possible with cells or cell membranes is shown
in Figure 24.17. The correlation curves are for rhodamine
derivatives in solution (S), in the cytoplasm (C), and bound
to the membranes of a rat leukemia cell (M). Also shown is
the curve for Cy3-labeled IgE bound to the IgE receptor.
The diffusion times span four orders of magnitude. Hence

FLUORESCENCE CORRELATION SPECTROSCOPY

0.8

0.4

NORMALIZED G(T)

0 2
10° 109 10?2
7 (ms)

10¢

Figure 24.17. Autocorrelation curves for rhodamine derivatives in
solution (S), in the cytoplasm (C), and bound to the membranes (M)
of rat basophilic leukemia cells (RBL). A lipophilic rhodamine deriv-
ative was used to bind to the membranes. Also shown is the curve for
Cy3-labeled IgE bound to the IgE receptor on the membrane (R). The
pinhole was 100 pm in diameter. Revised from [62].

we expect the autocorrelation curves to contain information
about diffusive transport in membranes. To obtain a similar
change in diffusion times for a three-dimensional solution
the molecular weight would need to change by a factor of
1012.

Recall that the correlation function eq. 24.12 was
derived assuming a three-dimensional Gaussian volume
(eq. 24.9). In a membrane the fluorophores are constrained
in a two-dimensional plane. In this case the observed vol-
ume can be described by a planar two-dimensional Gauss-
ian distribution:

p(r) = I, exp|—2(x* + y*)/s?| (24.28)
For this geometry the correlation function for a freely dif-
fusing species is

B 4D7t\ !
G(t) = GO)(1 + t/1p) " = G(O)(l + —2) (24.29)
s

where s is the radius of the disk and the diffusion time is
given by 1, = s2/4D (eq. 24.14). Intuitively this expression
is similar to eq. 24.12, except that the exit pathway out of
the plane is no longer available to the molecule, and the
square-root term is no longer present.

It is informative to examine the properties of the corre-
lation function in two and three dimensions: G,y(t) and
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Figure 24.18. Simulated autocorrelation functions for a sphere in
three dimensions and a disk in two dimensions (top), and for spheri-
cal and elongated 3-dimensional shapes (bottom). D = 10-¢ cm?/s and
s =0.25 pm.

Gp(n), respectively. Figure 24.18 (top) shows the correla-
tion function for a sphere and a disk, plotted for the same
diffusion coefficient of 10-¢ cm?%/s. The disk shows a mod-
est shift to longer times due to the restricted diffusion path.
In this model it is assumed the fluorophore cannot diffuse
out of the plane. Frequently in the FCS literature one finds
that G,p(7) is used when G,p(t) seems appropriate and vice
versa. This occurs because there are only minor differences
between the correlation functions once the shape of the vol-
ume is considered. The lower panel shows simulated auto-
correlation functions for a sphere and two progressively
elongated shapes. When the ellipsoid has an aspect ratio of
4 the autocorrelation is virtually indistinguishable from
G,p(7). This result is due to the elongated volume in G5p(7)
and the modest contribution of the last term on the right in
eq. 24.12.2! Note also that these curves were drawn with a
fixed diffusion coefficient. If the value of D is allowed to
vary, as in the case when analyzing experimental data, then
the curves would shift along the t axis to the position of
maximum overlap. In this case it would become even more
difficult to distinguish between G,p(t) and G;p(1).

While the shapes of the autocorrelation functions are
not strongly dependent on two versus three dimensions, the

811

NORMALIZED G(T)

1 L
100 1000

0.01 0.1 1 10

T (ms)

Figure 24.19. Diffusion of a lipid-containing GFP at various positions
with an RBL cell as indicated on the insert. Revised from [62].

autocorrelation function for membranes can be dramatical-
ly different from free diffusion in solution. The effect of a
cell membrane on diffusion of a lipophilic GFP derivative is
shown in Figure 24.19.92 This GFP molecule contained a
bound palmitoyl chain to provide binding affinity for the
membranes. As the focal volume was moved up from the
cytoplasm to the cell membrane the autocorrelation func-
tion showed increased amplitude at long times. The G(t)
curves could be modeled using two diffusion times accord-
ing to

62DD2D(T) + 63DD3DT

G(t) = SR (24.30)
Ty (Co + C)?
4Dg(t)\ !
Dyp(t) = (1 + %) (24.31)
4Dgt\ ! 4Dpt\ ~12
Dyp(t) = (1 + S: ) ( uf ) (24.32)

where Dy and Dy are the diffusion coefficients of mem-
brane-bound and free GFP, respectively. Equation 24.30 can
be obtained from eq. 24.18 by noting N, = C,V,. Notice that
this expression has different diffusion coefficients for the
free and bound forms of the fluorophore. These different
diffusion coefficients account for the shape of G(t) in Fig-
ure 24.19 as compared to the simulations in Figure 24.18,
where the shapes of G,(t) and G5, (1) are similar. The long
timescale of FCS measurements, extending to seconds, has
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Figure 24.20. Confocal fluorescence images of giant unilamellar vesicles (GUVs) labeled with a cyanine (Dil-C,) or a Bodipy (Bodipy-PC)-labeled
lipid. The lipid compositions are shown under the images. In the upper black and white images Dil-C,, is on the left and Bodipy-PC on the right. The

bars indicate 10 pm. Revised from [67].

revealed the phenomenon of anomalous subdiffusion of
membrane-bound proteins where the G(t) curve is spread
out over a larger range of t values.63-6¢

24.5.1. Biophysical Studies of Lateral Diffusion
in Membranes

The ability of FCS to measure widely different diffusion
coefficients has been useful in studies of lateral diffusion in
membranes. Giant unilamellar vesicles (GUVs) about 35
pM in diameter were used to allow observation of specific
regions of the membranes. Figure 24.20 shows confocal
fluorescence microscopy images of GUVs that were labeled
with two lipophilic dyes: Dil-C,, and Bodipy-PC.%7 For
these images the GUVs were composed of two phospho-
lipids: dilauroyl phosphatidylcholine (DLPC) and dipalmi-
toyl phosphatidylcholine (DPPC). At room temperature
DLPC bilayers are in the fluid state and DPPC bilayers in
the solid state. Because of the difference in length of the
acyl side chain, C12 for lauroyl and C16 for palmitoyl,
bilayers containing both lipids show lateral phase separa-
tion. This does not mean that each phase is composed only
of DLPC or DPPC but rather that two phases exist: a fluid
phase rich in DLPC and a solid phase rich in DPPC.

The images in Figure 24.20 were taken through two
different emission filters to select for the shorter-wave-
length emission of Bodipy-PC (shown as green) or the

longer-wavelength emission of Dil-C,, (shown as red). To
obtain the confocal images the GUVs were labeled with
both probes at relatively high concentrations. When the
GUV contains only DLPC both probes are distributed
homogeneously (left). When the GUVs contain a mixture of
DLPC and DPPC one finds liquid domains rich in Bodipy-
PC and solid domains rich in Dil-C,,. As the mole fraction
of DPPC increases the extent of the solid phase containing
Dil-C,, increases (middle and right). GUVs similar to those
shown in Figure 24.20 were studied by FCS. For FCS the
GUVs were labeled with only one probe Dil-C,, at a lower
concentration to allow observation of only a few probe mol-
ecules. For this system we expect the diffusion to be two
dimensional with different diffusion coefficients in each
phase. Assuming the probe brightness is the same in both
phases the autocorrelation function becomes

CeDi(t) + CsDy(1)

G(r) = —
Veir( Ce + C)?

(24.33)

where F and S refer to the fluid and solid phases, respective-
ly, and the diffusion correlation function in each phase is
given by

4

Dy(1) = (1 + ls)f)_l (24.34)
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Figure 24.21. Autocorrelation functions of Dil-C,, in GUVs with the
indicated molar ratios of DLPC to DPPC (top) and phospholipid
(DLPC + DPPC) to cholesterol (bottom). The observed volume is
about 1 um in diameter. Revised from [67].

Figure 24.21 (top) shows the autocorrelation function for
Dil-C,, in GUVs with different amounts of DLPC and
DPPC. In GUVs containing only DLPC, fitting to eq. 24.23
yielded a single diffusion coefficient of 3 x 10-8 cm?/s.
The autocorrelation functions become more complex
for GUVs containing both DLPC and DPPC. For a DLPC/
DPPC ratio between 0.6 to 0.4 it is easy to see the contribu-
tion of more than one diffusion coefficient to the shape of
the autocorrelation function. As the amount of DPPC
increases the diffusion appears to be more homogeneous,
but fitting the data still required two diffusion coefficients.
The measurements on GUVs containing both DLPC and
DPPC were repeated several times and averaged, so that the
correlation function contains contributions from both phas-
es. If the observation volume is focused on one phase then
one expects to see only the diffusion coefficient(s) charac-
teristic of that phase. The effect of cholesterol on the GUV's
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is shown in the lower panel. As the mole fraction of choles-
terol increases the diffusion coefficient decreases (Figure
24.21, bottom). The autocorrelation function shifts aggres-
sively to longer diffusion times without a dramatic change
in shape. This result indicates that only a single phase state
is present in the bilayers that contain cholesterol.

24.5.2. Binding to Membrane-Bound Receptors

Cell membranes contain receptors for a wide variety of
molecules. Since FCS provides information on long
timescales, it is logical to use FCS to measure the slow dif-
fusion of membrane-bound proteins. One example is the
receptor for the C-peptide of insulin, which is now known
to have physiological activity. Insulin is composed of two
peptide chains that are linked by two disulfide bonds. When
insulin is first synthesized it appears as a single longer inac-
tive peptide called proinsulin.®® Insulin is activated by
cleaving off a small peptide called the C-peptide. The
released C-peptide is physiologically active and causes
increased glomerular filtration rates.®-79 This suggests
there is a cell surface receptor for the C-peptide.

FCS was used to detect specific binding of the C-pep-
tide to human renal tubular cells.”-73> This was accom-
plished using rhodamine-labeled C-peptide and by focusing
the observed volume on the cell membrane (Figure 24.22,
insert). The upper panel shows the intensity fluctuations for
the labeled peptide when free in solution (left) and when
bound to the cell membrane (right). The rate of fluctuation
is much faster for the free as compared to the membrane-
bound peptide. The autocorrelation functions show that the
diffusion time increased nearly 1000-fold when bound to
the membranes. The specificity of binding was shown by
adding unlabeled C-peptide, which shifted the curve back to
that typical of the free peptide (dashed line).

The data can be analyzed in two ways. One approach is
to use a mixture of the correlation functions for 2D and 3D
diffusion. In this case the fitting function is

1
G(r) = (1 = y)Gap(7) + yGap(1)] (24.35)

where the G(t) function for 2D and 3D are defined in eqs.
24.31 and 24.32, respectively. The terms (1 — y) and y rep-
resent the fractions of labeled peptide that are free and
bound, respectively. Another approach is to recover the
probability distribution for the diffusion times t:
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Figure 24.22. FCS studies of insulin C-peptide binding to human renal tubular cells using rhodamine-labeled (Rh) C-peptide. The dashed lines show
G(1) and P(t) after addition of a 1000-fold excess of unlabeled C-peptide. Revised from [71].

P(tp)

1
Gt) = Nfo (1 + t/tp)

dtp (24.36)

In the absence of the receptor the diffusion time is near 0.5
ms (lower left panel). In the presence of the receptor there
is a dramatic increase in 1, to 100 ms, with some fraction
of the peptide diffusing more rapidly (lower right panel).
There is nearly complete reversal of binding upon addition
of an excess of unlabeled C-peptide, showing the specifici-
ty of C-peptide binding (dashed line, lower left).

FCS measurements of membranes provides informa-
tion that is different from fluorescence measurements in
bulk solution or fluorescence microscopy. It would not be
possible to detect lateral diffusion of the insulin receptor

using steady-state measurements because the nanosecond
decay times are short relative to the long times needed for
diffusion. Receptor diffusion would also be undetectable by
fluorescence microscopy because the system is roughly sta-
tionary. The receptors are diffusing but the average distribu-
tion is constant. FCS can detect receptor motion because
diffusion affects the number of fluorophores in the observed
volume, even under conditions when the average distribu-
tion of receptors is not changing. The results shown in Fig-
ure 24.22 also indicate that the rate at which labeled C-pep-
tide dissociates from its receptor is slow relative to the
longest time, near one second, in the autocorrelation func-
tion.

It is instructive to compare FCS and fluorescence
recovery after photobleaching (FRAP) for studies of mobil-
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ity in membranes. When performing FRAP a laser is R6G in Water
focused on the region of interest in the membrane.”7¢ The 1.0F
laser is transiently brought to high intensity to photobleach
the fluorophores in the focal region. The laser intensity is _ : 350 uW
then decreased to allow continuous monitoring of the emis- L osf \,
sion from this same region of the membrane. The intensity = Sttt \\
increases as the unbleached probes diffuse into the bleached l 255 mw\_
area, and the rate of recovery is used to determine the diffu- (1] L L -
sion coefficients. In this FRAP measurement the experi- 0.0001 0.001 0.01 0. 1 10
mental system was synchronized with the bleaching pulse ims)
and the system studied as it returned to equilibrium. The i.f REG in Water
system is not stationary during the experiment. In contrast ' ' [LKI1,(mM)
to FRAP, FCS measurements are performed under station- Power 100 uW
ary conditions. The system is hopefully not perturbed by the E 05k
illumination needed for FCS. Information about mobility in @
the membrane is obtained by diffusion of the probe mole-
cules under equilibrium conditions. oF : 5.0 : . : .
0.0001 0.001 0.01 0.1 1 10
24.6. EFFECTS OF INTERSYSTEM CROSSING © (ms)
R6Gin Water under oxygen or
In the preceding sections we described the effects of trans- L0 argon
lational diffusion on the autocorrelation functions of
labeled molecules. Diffusion is just one of several mecha- = Power 6.25mW
nisms that can cause intensity fluctuations, and such o 0.5F
processes can be studied by FCS. Because of the high illu- Argon -..0_"3’9‘-'“
mination intensities in FCS, intersystem crossing from the ol '
first excited singlet state (S,) to' th? triplet statet (T) is fre- 0.601 0.I01 071 ‘Il 1'0 16—9
quently observed. A Jablonski diagram for intersystem %Lkl
crossing is shown in Figure 24.23. The excitation intensities
used in FCS can result in a significant fraction of the fluo- Figure 24.24. Effect of illumination intensity, iodide, and oxygen on

the normalized autocorrelation function of rhodamine 6G in water.

rophores in the trlplet state. The .ﬂuorophores in the trip let Revised and reprinted with permission from [78]. Copyright © 1995,
state are not observed, resulting in an apparent decrease in American Chemical Society.
Sq

the number of fluorophores in the effective volume. If the
AN w\ fluorophores do not return to S, within the diffusion time
i )

then only the amplitude of the correlation function will be
changed. If the triplet fluorophores can return to S, within

j" & the diffusion time then this is a mechanism that can cause

© v fluctuations or blinking of the fluorophores,’”-30 as is also

“3 kts observed in single-molecule experiments.

x Prior to describing the theory for blinking in FCS it is
\ informative to examine some examples. The top panel in

Figure 24.24 shows autocorrelation functions for rho-
damine 6G (R6G) in water, using different illumination
intensities. At low incident power of 48 uW, G(t) appears
Figure 24.23. Jablonski diagram with intersystem crossing from the . . . . p H (t) app
singlet (S) to the triplet (T) state. ky, is the sum of the radiative and normal with a diffusion time near 0.03 ms (top panel). As
non-radiative decay rates. the incident power increases a new component appears in

Sp
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G(t) with a new characteristic time (t;), which, depending
on intensity, ranged from 0.5 to 1 ps. We do not call this a
diffusion time since the origin of the component is not dif-
fusion, but rather the rate of transition and return from the
triplet state. The relative amplitude of the short t compo-
nent represents the fraction of the fluorophore in the triplet
state.

24.6.1. Theory for FCS and Intersystem Crossing

The presence of an additional fluctuation mechanism re-
quires a different correlation function. In general the theory
for such systems can be complex. Some simplification is
possible if the reaction is faster than the diffusion time and
if there is no change in diffusion coefficient due to the reac-
tion.!”7 In this case the overall correlation function can be
written as the product

G(t) = Gp(1)G(7) (24.37)
where Gp(1) is the term due to translational diffusion and
GT(7) is the term due to the additional mechanism, in this
case transition to the triplet state. For the system shown in
Figure 24.23 the correlation function is given by?!

Gi(t)=|1+ exp(—1/t7) (24.38)

1-T
where T is the fraction of the molecules in the triplet state
and 7ty is the relaxation time for the singlet—triplet relax-
ation. This equation accounts for the decrease in the aver-
age number of singlet molecules in the observed volume by
increasing the amplitude of T = 0. Increased amplitudes are
not seen in Figure 24.24 because the autocorrelation func-
tions are normalized. The relaxation time for the triplet path
shown in Figure 24.23 is given by

k Olokst 2439
+ :
Tr TS ol + ki ( )

where G is the cross-section for absorption, I, is the illumi-
nation intensity, k¢ is the rate of intersystem crossing, and
ky, 1s the rate of return to the ground state from the excited
singlet state. The fraction of fluorophores present in the
triplet state is given by

T Olesksr (24.40)
ol (kst + krs) + krs(ksr + ko) -
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Fitting the data in Figure 24.24 to the full correlation func-
tion allows determination of the value of 7" and t;. These
values then need to be interpreted with consideration of the
system being studied, because other chemical mechanisms
can yield similar effects.

This theory can be used to account for the effects of
different solution conditions on the autocorrelation function
for R6G. The middle panel in Figure 24.24 shows the effect
of iodide on the autocorrelation. As the iodide concentra-
tion increases the amplitude of the triplet portion of G(t)
increases. This is the result of iodide increasing the rate of
intersystem crossing so that kg becomes

ksr = ki3 + KKI| (24.41)
where kg0 is the rate in the absence of iodide and k is the
bimolecular rate constant for intersystem crossing due to
iodide. By examination of eq. 24.40 one can see that an
increase in kg will result in an increase in the fraction of
fluorophores in the triplet state.

It is surprising to find that the effect of oxygen was
opposite of the effect of iodide. To study this effect the sam-
ple was strongly illuminated to obtain a large fractional
population in the triplet state (Figure 24.24, lower panel).
For this 6.25-mW intensity, in the absence of oxygen, most
of the fluorophores are in the triplet state. Equilibration of
the water solution with oxygen resulted in almost complete
recovery of the correlation function due to diffusion alone.
This effect occurred because oxygen increased the rate of
return to the singlet state (kq) more than it increased the
rate of crossing to the triplet (kgp). The net result was a
decrease in the triplet population.

24.7. EFFECTS OF CHEMICAL REACTIONS

Kinetics processes other than intersystem crossing can be
detectable by FCS. FCS has been used to study conforma-
tional transitions of fluorophores,32 association reactions of
fluorescent indicators,®3 and kinetic processes in GFP.84-86
One example is shown in Figure 24.25 for EGFP. In this
case the G(t) function shows an increasing amplitude of a
short-time component as the pH is decreased.¢ The longer
characteristic time is due to translational diffusion of EGFP.
It is known that the emission intensity of EGFP is strongly
quenched at low pH (insert). This quenching is due to pro-
tonation of an ionized hydroxyl group, because EGFP is
only fluorescent when the tyrosine is ionized. As the pH is
decreased a new short-time component appears in G(1),
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Figure 24.25. Normalized autocorrelation function for EGFP at vari-
ous pH values. Revised from [86].

which is assigned to pH-dependent protonation of the tyro-
sine residue. The rate of protonation increases at lower pH
values, resulting in the increased amplitude at short times.
The proton may come from the bulk solution or from the
protein itself.

24.8. FLUORESCENCE INTENSITY
DISTRIBUTION ANALYSIS

In the preceding sections we considered processes that
result in intensity and/or concentration fluctuations in the
observed volume. The relative contributions of different
brightness fluorophores to the correlation function was
given in eq. 24.19, but we did not describe any approach to
resolve the different fluorophores from each other. The
presence of different brightness fluorophores changes the
apparent number of observed molecules (eq. 24.20), but the
information about their individual brightness values is lost
during collection of G(t), as can be seen by examining eq.
24.10. The amplitude of the correlation function is due to
the same fluorophore emitting more than a single photon
during the binning time. During a particular time interval
the signal from the same dim fluorophores correlate with
each other, as will the signal from the bright fluorophores.
When the diffusion coefficients are the same the brightness
of each fluorophore cannot be resolved and the correlation
function will have the usual shape for a single diffusion
species.
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Figure 24.26. Comparison of correlation function and photon-count
histogram for a mixture of dim and bright particles.

Suppose the sample contains two types of molecules
with the same diffusion coefficient (Figure 24.26). This
could be the same protein labeled with one or several fluo-
rophores. If G(t) were measured for this mixture one would
see the usual correlation function for a single diffusion
coefficient (lower left). Suppose now that the entire time
course of intensities was available instead of the correlation
functions. There would be lower and higher intensity fluc-
tuations due to the dimmer and brighter particles, respec-
tively. One can count the number of times a fluctuation has
a dim or bright amplitude, and create a histogram of the
results (lower right). For the mixture there will be two pop-
ulations of fluorophores, which will be seen from the inten-
sity distributions. If the particles display very different
brightness it is possible to count the number of times dim
and bright particles pass through the observed volume. One
example is shown in Figure 24.27 for coumarin-labeled

g 0.03F ﬂ Coumarin-labeled Beads
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Figure 24.27. Photon-count histogram for a mixture of 0.05 and 0.115
pm coumarin-labeled beads. Revised from [87].
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Figure 24.28. Photon counting histogram for three fluorophores (top)
and for a fluorophore mixture. Also shown as a dashed line is the dis-
tribution for fluorescein at a lower concentration. Revised from [91].

beads with radii of 0.05 and 0.115 pm.%” Two populations
are already visible in the photon-count histogram.

Until recently the correlation functions were obtained
with dedicated circuit boards that calculate G(t) in real
time. This was necessary because of the need to rapidly
sample the fluctuating signal on a timescale short enough to
characterize the process of interest. With modern electron-
ics and computers it is possible to record the intensities for
each time interval during the measurement. This allows the
data to be analyzed in a different way, which is called fluo-
rescence intensity distribution analysis (FIDA) or photon-
counting histograms (PCH) by different authors.88-97

Unfortunately, actual use of this concept with fluo-
rophores rather than beads is not as clear as in Figures 24.26

FLUORESCENCE CORRELATION SPECTROSCOPY

and 24.27. This is because there are multiple Poisson distri-
butions that need to be considered.!-92 The number of pho-
tons observed during a given time interval shows a Poisson
distribution, as does the number of fluorophores in the vol-
ume. Additionally, a given fluorophore will display a differ-
ent brightness in each region of the observed volume. As a
result the distribution of the number of photon counts is
broad even for a single fluorophore. These effects were less
important in Figure 24.27 because of the brightness of the
labeled beads and/or the mutual exclusion of the beads from
being in the laser beams at the same time. The theory of
FIDA/PCH is complex and not yet used in a standardized
way. Hence we will present just a few examples to illustrate
the nature of the data and the possible resolution.

Figure 24.28 (top) shows an example of FIDA data.®!
The top panel shows the photon-count histograms for three
individual fluorophores. The data represent the probability
a bin contained k photon counts. A different distribution
was observed for each fluorophore. While the histograms
appear distinct for each fluorophore this appearance is
somewhat misleading because the shapes of the distribu-
tions depend on fluorophore concentration, as shown for a
lower concentration of fluorescein (dashed line). The lower
panel shows the use of these histograms to resolve a mix-
ture of fluorophores. Curves are shown for fluorescein, a
coumarin derivative, and a mixture of both fluorophores,
1.2 nM each. The PCH for the mixture was different from
each fluorophore alone, but the difference is due in part to
the overall higher photon counts when the two fluorophores
are present in the solution. The relative concentration and
brightness of each fluorophore to the PCH are determined
by fitting the data to simulated histograms. In this example
the difference in brightness was about twofold. It may be
difficult to use this approach if there is only a modest dif-
ference in fluorophore brightness.

The resolution of FIDA increases as the fluorophores
display larger differences in brightness. Figure 24.29 shows
the photon-count histograms for TMR and R6G, and for a
mixture (top).8 These data were used to recover two popu-
lations of particles: one with a brightness of 36.6 kHz per
molecule (TMR) and the second about threefold brighter—
107 kHz per molecule (R6G). In this case the two popula-
tions are well resolved. The dashed lines show the distribu-
tions observed for the individual fluorophores, which are
already wide. This intrinsic width must be taken into
account when using the measured distributions to resolve
the underlying populations.
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Figure 24.29. Fluorescence-intensity distribution and analysis for a
mixture of TMR and R6G. The dashed line shows the results for sep-
arate solutions of each fluorophore. Revised from [89].

24.9. TIME-RESOLVED FCS Advanced Topic

Nanosecond time-resolved measurements are now being
combined with FCS.%8-100 This is accomplished using high-
repetition-rate pulse lasers and time-domain detection. It is
possible to recover correlation data using a pulse train be-
cause the fluorophore in the observed volume can be excit-
ed by many light pulses during the millisecond timescale
diffusion times. Lifetimes on the nanosecond timescale are
also shorter than the diffusion time. For example, suppose
the laser repetition rate is 40 MHz, so the pulses are 25 ns
apart. This time interval is 4 x 103-fold shorter than a diffu-
sion time of 0.1 ms. Hence there is time for the same fluo-
rophore to be excited many times while in the laser beam,
which allows the correlation curves to be measured.
Time-resolved methods can use off gating at short
times to suppress unwanted autofluorescence from the sam-
ples.?8 Figure 24.30 shows the correlation curves for a pure
solution of 10-nM TMR (top curve) and for 10-nM TMR
containing ANS as the mock impurity (lower 3 curves). The
presence of ANS decreases the amplitude of the autocorre-
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Figure 24.30. Background suppression in FCS using gated detection.
The top line shows 10-nM TMR with no ANS. Two-photon excitation
at 790 nm. Revised from [98].

lation curves and increases the apparent number of
observed molecules. The lifetimes of TMR and ANS were
2.2 ns and less than 100 ps, respectively. Because of the
short lifetimes the emission from ANS could be suppressed
by off gating the detection during the excitation pulse and
turning the detector on after a time delay. The correlation
curves were measured with three delay times: 0.0, 0.3, and
0.9 ns. As the delay time increased the amplitude of the
curves increased, demonstrating a decreased contribution
from the short-lived ANS impurity. For a delay time of 1.4
ns the correlation curves become almost the same as for
TMR alone (not shown). Gating is likely to become useful
for FCS because the small number of observed molecules
makes FCS sensitive to impurities, particularly in studies of
intracellular fluorophores.

As described above, FIDA can be used to determine the
presence and brightness of two or more species in an FCS
sample. Another approach is to resolve the FCS data from a
mixture using the decay times of the two species.!? Figure
24.31 (top) shows autocorrelation curves for pure Cy5, pure
FR662, and a mixture of both fluorophores. Apparently
these fluorophores have somewhat different diffusion coef-
ficients even though their molecular weights are similar.
The lifetime of FR662 near 3.5 ns is almost threefold longer
than that of Cy5, which is near 1 ns. This difference was
used with a fast-fitting algorithm!%! to determine the ampli-
tude of each decay time and to resolve the autocorrelation
function for each fluorophore (lower panel). Since probe
lifetimes frequently change upon binding to macromole-
cules it seems likely that time-resolved measurements will
become widely used in FCS.
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Figure 24.31. Top: Autocorrelation curves for pure CyS5, pure FR662,
and a mixture. Bottom: G(t) resolved from the mixture using the
time-resolved decays. Revised from [100].

24.10. DETECTION OF CONFORMATIONAL
DYNAMICS IN MACROMOLECULES

Since FCS can detect blinking and chemical reactions that
change the intensity, it seems natural to use FCS to study
the conformational dynamics of macromolecules.!02-108
Given the ms timescale of FCS, and the possibility of
increasing the diffusion time by increasing the size of the
volume, FCS should be able to detect conformational
changes that occur during the diffusion time. Since the
observed volume is limited by background emission, the
observed volume cannot be made too large, so the events
will probably need to occur on the microsecond timescale
or faster to be detectable by FCS. One example of measur-
ing macromolecular dynamics is shown in Figure 24.32.
This shows a molecular beacon that is opening and closing
with rate constants k, and k,. The open state is fluorescent
and the closed state quenched.

The correlation functions were measured for the bea-
con Gg(t) and for a control oligonucleotide G(t) that did
not have the quencher (Figure 24.32, middle panel). While
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Figure 24.32. Folding kinetics of a molecular beacon at 45°C.
Revised from [108].

the difference between Gg(t) and G(t) seems substantial,
the difference in amplitude may be the result of about 65%
the beacon being in the closed state at the experimental
temperature of 45°C, thus reducing the effective fluo-
rophore concentration. If the timescales are very different,
the overall correlation function is the product of the func-
tions due to the different processes. In this case the control
molecule reveals the portion of G(t) due to translational dif-
fusion:

1 -1
Ge(t) = —(1 + i) (24.42)
N b
The overall correlation function is given by
1—p T
Gg(t) = Gc(r)[l + » exp( _7)] (24.43)
TR
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where p is the fraction of the beacons in the open conforma-
tion and 1/tg = k, + k, is the relaxation time for the reaction.
The functional form of eq. 24.43 is the same as eq. 24.38
because both equations account for fluorophore blinking,
but due to different mechanisms. Division of Gg(t) by
G(7) reveals the part of the correlation function that is due
to opening and closing of the molecular beacon (lower
panel). Note the time axes on the panels are different, and
the ratio is greater than unity only for delay times less than
0.1 ms. This ratio of correlation function is consistent with
a relaxation time near 24 ps. By examination of a range of
DNA sequences the authors were able to show that the
opening rate k; was mostly independent of sequence, but
the closing rate k, was strongly dependent on sequence.!08

The FCS measurements provided a measure of the sum
of the forward and reverse reaction rates for the molecular
beacon. Additional information is needed to determine both
rates individually. The equilibrium constant K for folding of
the beacon is given by K = k,/k, and can be measured in a
steady-state experiment. One can show that the forward and
reverse reaction rates are related to the equilibrium constant
by

k=L K (24.44)
Dol + K ’

o= 1 24.45
7l + K (24.45)

The FCS measurements only provide information on
the reaction rates if the relaxation time is comparable to
the correlation time, irrespective of the fraction of the fluo-
rophore in either form. This can be seen by examination
of eq. 24.43. The exponential term approaches unity when
TR > T.

24.11. FCSWITHTOTAL INTERNAL REFLECTION

Measurement of the correlation functions requires observa-
tion of a small number of fluorophores in a restricted vol-
ume. This can be accomplished by focused illumination and
confocal detection. Another approach to FCS is to obtain
the small volume using total internal reflection (TIR).
Recall from Chapter 23 on Single-Molecule Fluorescence
that TIR occurs from light incident on an interface when the
index of refraction is lower in the distal region and the angle
of incidence, measured from the normal, exceeds the criti-
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cal angle 0. Under these conditions there is an evanescent
field in the distal region. The intensity of this field decays
according to

I(z) = 1(0) exp(—z/d) (24.46)
where 1(0) is the intensity at the interface and z is the dis-

tance above the interface. The decay constant for the inten-
sity of the evanescent field is given by

Ao
d=—(n}sinb. — n3) 1
4r

(24.47)
where X is the wavelength in a vacuum, and », and n, are
the refractive indices of the distal (water) and local (glass)
regions, respectively. The evanescent field typically pene-
trates a distance d = 200 nm. As a result the volume can be
restricted by localized excitation of fluorophores near the
interface.

Figure 24.33 shows a typical configuration of FCS
using TIR. The observed volume is a thin circle or elliptical
disk 100-200 nm thick and about 5 pm in diameter. In this
configuration fluorophores that are free in solution can
enter or exit the volume by diffusion to and away from the
glass surface. Diffusion out of the observed volume along

——X— Aperture

Detector

Figure 24.33. Experimental configuration for FCS using total internal
reflection.
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Figure 24.34. FCS with TIR. Top: Simulated correlation functions
near a planar surface, without (G(t)) and with (Gg(t)) binding sites
for the diffusing species. Bottom: Experimental data for labeled IgG
near a lipid surface, without and with receptors for the Fc region.
Revised from [111].

the interface is slow due to the large diameter of the spot. If
the fluorophores are bound to the surface then they can only
leave the volume by lateral diffusion along the surface or
dissociation from the surface. Because of the difference in
geometry and diffusion paths the correlation functions have
a different functional form. This theory has been devel-
oped!®-111 and TIR-FCS has been used to study diffusion
and binding near glass or membrane interfaces. The equa-
tions are rather complex and can be found elsewhere.!12-115
However, we will present an experimental example.

The correlation function for diffusion with TIR geom-
etry has a characteristic shape (Figure 24.34). The shape
depends strongly on whether the labeled molecules simply
diffuses near the surface Gp(t) or, if there are receptor sites
on the surface, Gy(t). The presence of binding sites results
in a long time component in the correlation function that
can be used to detect binding to the surface. The lower
panel in Figure 24.34 shows experimental data for Alexa
Fluor 488-labeled IgG. The correlation function was meas-

FLUORESCENCE CORRELATION SPECTROSCOPY

ured near a lipid-coated surface, or near a lipid-coated sur-
face that contained a receptor for the Fc region. The pres-
ence of binding sites results in a dramatic shift in G(t). One
can imagine such measurements being used to measure
binding to cells to screen for drug—receptor interactions.

24.12. FCSWITH TWO-PHOTON EXCITATION

Two-photon (TPE) or multiphoton excitation (MPE) is very
useful in FCS. When using MPE the excited volume is
small because of the quadratic dependence on light intensi-
ty. Importantly, the z-axis resolution is improved because
the excited volume is less elongated. Sensitivity is also
improved because the emission can be observed without a
confocal aperture. The theory for FCS using MPE is very
similar to that for one-photon excitation. The molecules can
still enter and exit the observed volume from three direc-
tions. However, the shape of the volume is changed due to
the quadratic dependence on intensity. For two-photon exci-
tation diffusion time is related to the volume diameter:

Tp = —— (24.48)

where s is the distance at which the intensity is 1/e2 of its
maximum value. Equation 24.48 for two-photon excitation
is different than eq. 24.14 because the intensity profile is
squared to provide the two-photon excitation profile.52 That
is, the dimensions of the excited volume are described in
terms of the original long-wavelength intensity profile
rather than the square of the intensity profile. For two-pho-
ton excitation the correlation function for diffusion
becomes!!6-117

Gp(1) = G(0) (1 + 8?;)| (1 + 8u;)m (24.49)

For the same diameter beam the diffusion times are smaller
with TPE even if the diffusion coefficient is not changed
because of the quadratic dependence on intensity and the
smaller excited volume. Some authors assume the excita-
tion intensity is Gaussian in the focal plane and Lorentzian
along the z-axis. This assumption results in an expression
for Gp(7) that is different from eq. 24.49 and more complex,
but the visual shape of Gp(t) is similar. A significant frac-
tion of the publications on FCS!18-121 yse two-photon exci-
tation because of its experimental advantages. When using
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two-photon excitation there is no need for a confocal aper-
ture and the beam profile is shorter along the z-axis.

24.12.1. Diffusion of an Intracellular Kinase Using
FCS with Two-Photon Excitation

Localized excitation using TPE has made it possible to
study labeled intracellular proteins in selected regions of a
cell. One example is studies of the ubiquitous enzyme
adenylate kinase in HeLa cells.!22 Adenylate kinase (AK)
occurs in two forms: a cytoplasmic form AKC and a mem-
brane-bound form AKM. The membrane-bound form con-
tains an additional 18-amino-acid chain that appears to bind
AKM to membranes. These two forms of AK from murine
cells were fused with EGFP and expressed in HeLa cells.
Figure 24.35 shows a microscope image of cells expressing
these proteins. The cells containing AKC-EGFP are bright
in the cytoplasm and the cells containing AKM-EGFP show
a line of fluorescence at the plasma membrane, showing
that the two forms of AK are localized differently in the
cells. The bottom panel shows the correlation functions
recovered for both proteins. The autocorrelation functions
for the cytoplasmic form (©) shows the protein diffuses
freely, as can be seen by comparison with the autocorrela-
tion function for EGFP alone in the cells (A). The mem-
brane-bound protein shows a large long T component cen-
tered near 100 ms. The middle panel in Figure 24.35 shows
the diffusion coefficients of AKM-EGFP on or near the
plasma membrane. At the plasma membrane two diffusion
coefficients are found, one being about tenfold smaller than
in the cytoplasm. This component is thought to be due to
membrane-bound AKM. These separate measurements on
each form of AK were facilitated by the use of localized
two-photon excitation.

24.13. DUAL-COLOR FLUORESCENCE
CROSS-CORRELATION SPECTROSCOPY

We have seen that the fluorescent fluctuation autocorrela-
tion functions are sensitive to the rate of diffusion and to
chemical or photophysical processes that occur during
observation. The weak dependence of the diffusion coeffi-
cients on molecular weight makes it difficult to use FCS to
measure binding reactions unless there is a large change in
molecular weight. Formation of dimers is near the resolu-
tion limit for FCS using the diffusion time to distinguish
two species. The addition of two-color excitation and detec-
tion to FCS changes the form of the correlation functions
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Figure 24.35. Top: Image of an HeLa cell containing AKC-EGFP
(left) or AKM-EGFP (right). Middle: Image of the cell membrane
with AKM-EGFP with the recovered diffusion coefficients. Bottom:
Normalized autocorrelation function for cytoplasmic AKC-EGFP (0),
membrane-bound AKM-EGFP (@), and EGFP in the cytoplasm (A).
The solid lines in the insert show the components due to each diffu-
sion coefficient. Revised from [122].

and provides new applications of FCS. Figure 24.36 shows
a schematic of a dual-color FCS experiment. Suppose the
sample contains three types of molecules, labeled with
green (G), red (R), or both green and red (RG) fluo-
rophores. Such a sample could be observed with an FCS
instrument configured for two-color measurements and sep-
arate detectors for the R and G signals. Different time-
dependent fluctuations will be observed in each channel
(Figure 24.36). If a G fluorophore diffuses into the volume
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Figure 24.36. Dual-color fluorescence cross-correlation spectroscopy.

there is a burst of photons in the G channel, and similarly
for an R fluorophore. If the RG fluorophore diffuses into
the volume then a burst of photons is observed in both chan-
nels. This shows that doubly labeled molecule can be
detected by cross-correlation between the two channels.
The method is called fluorescence cross-correlation spec-
troscopy (FCCS).

24.13.1. Instrumentation for Dual-Color FCCS

Before describing the theory for FCCS it is instructive to
examine the instrumentation (Figure 24.37). We have
assumed a red and a green channel since these wavelengths
have been used in FCCS.!23-131 Two lasers are used typical-
ly: an argon laser for 488 nm and an HeNe laser for 633 nm.
Additionally, a single laser has been used with two-photon
excitation to excite two fluorophores.!32 In order to obtain a
cross-correlation signal the observed volumes for both col-
ors must overlap in space. For this reason it is convenient to
bring the excitation to the microscope using an optical fiber,
which provides the same point source for both wavelengths
and overlap the excitation volumes, assuming the objective

FLUORESCENCE CORRELATION SPECTROSCOPY

is corrected for color aberration. The emission wavelengths
are separated by a dichroic filter and sent to separate detec-
tors.

The optics used to separate the green and red signals
are sophisticated. The emission spectra of rhodamine green
(RhG) and Cy5 are shown in Figure 24.38. It is necessary
to excite both fluorophores and to separate their emissions.
The double dichroic filter is a specialized component. It
reflects both 488 and 633 nm and transmits the emission
from both RhG and Cy5. The emission from these fluo-
rophores is then sent to different detectors using additional
dichroic filters. There is always some overlap or crosstalk
between the channels. Excitation at 488 nm excites mostly
RhG but will weakly excite CyS. The emission of RhG
extends to the region of Cy5 emission. Excitation at 633 nm
excites only Cy5. Analysis of the cross-correlation signals
requires correction for crosstalk. The actual equation
becomes complex, so we will only describe the theory
assuming no crosstalk between the channels.

24.13.2. Theory of Dual-Color FCCS

The theory of dual-color FCCS has been described in
detail.!23-124 The sample will contain some average concen-
trations of each species— Cy, Cy, and Cggr —and each
species will have an autocorrelation function—Gg(7),
Gg(1), and Ggg(t). The observed autocorrelation or cross-
correlation function will depend on which detector is
observed and the crosstalk between the detectors, which we
assume to be zero. The green fluorophore is excited with
the green excitation source, and the red fluorophore with
the red source. For simplicity we assume the brightness of
all species are the same. In this case the correlation func-
tions for the three species are given by

6GDG(T) + EvGRDGR(T)

Go(1) = e 24.50
o(®) Vel Co + Co)’ (2450
ZRDR(T) + 6GRDGR(T)
Gu(t) = J TR 2451
<) Ve Ce + Cor)? (2450
CsrD
Gap(t) = axDax(?) (24.52)

Veff(EG + E’GR)(zvR + EGR)

where D,(t) are the portion of the correlation functions that
contain the diffusion coefficients. These expressions can be
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understood as each autocorrelation function being the
weighted sum for each species (G and R) as seen through
one of the channels. For instance, the G fluorophore is
detected in the G channel if it is present on the G or GR par-
ticle. It is important to notice that the amplitude of the
cross-correlation function is proportional to the concentra-
tion of the doubly labeled species Cgy -

Because of the different excitation wavelengths the
dimension of the observed volume will be different for each
color, and different for the cross-correlation function. For
each channel

2
SG
VG = n3%2ug, 0=_—— 24.53
eff — T SgUg Tp 4D ( )
VR 32,2 R 512{ 24 54
= SxlUR, = — .
eff = T SRUR,  Tp 4D ( )
For the cross-correlation measurement
3/2
&= 73,2{@% +sp)(ug + up)["? (24.55)
2 2
sg T SR
= 24.56
TGor 8D ( )
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cleaving of labeled DNA. Revised from [125].

It is informative to visualize how the cross-correlation
function is different from autocorrelation functions.
Assume a DNA strand is labeled and cleaved by an enzyme
(Figure 24.39). If the strand contains one green fluorophore
and the strand is cut in half, then G;(t) shifts slightly to
shorter diffusion times due to slightly faster diffusion: 213 =
1.26-fold. The intercept G(0) is not changed because the
number of diffusing fluorophores remains the same. Now
assume the DNA contains two green fluorophores, one on
each end. Cleavage of the strand again results in an increase
in the diffusion coefficient, but also a decrease in G;(0)
because the number of independent diffusing species is
doubled. In practice it may be difficult to quantify the G(0)
value since it depends on the bulk concentration and the
extent of triplet formation.

A remarkably different and useful result is obtained if
the fluorophore is labeled on each end, but with a different-

FLUORESCENCE CORRELATION SPECTROSCOPY

color fluorophore (Figure 24.39 bottom). In the intact
strand the G and R fluorophores diffuse together and yield
a cross-correlation function Ggg(t) that is proportional to
the concentration of the intact strand. As the DNA is
cleaved the amplitude of the cross-correlation function
decreases dramatically to zero when all the DNA is cleaved.
The cross-correlation measurement detects only the doubly
labeled species. Notice that the amplitude of Gg(t) is pro-
portional to Cgy , rather than the inverse, C;! or Cy!, as
for the autocorrelation functions.

While dual-color FCCS is very powerful it does have
some intrinsic limitations. Examination of eq. 24.52 reveals
that the cross-correlation amplitude is inversely proportion-
al to the concentration of the singly labeled species. Hence
FCCS is not useful for detection of trace amounts of doubly
labeled species in the presence of excess amounts of singly
labeled species.

24.13.3. DNA Cleavage by a Restriction Enzyme

The unique information provided by FCCS is illustrated by
the cleavage of a 66-bp long double-stranded DNA
oligomer.'? This DNA is labeled on one end with rho-
damine green (RhG) and on the other end Cy5. The cleav-
age site for the restrictive enzyme EcoRI is near the middle
of the strand (Figure 24.40). The cross-correlation was
measured for various times following addition of EcoRlI,
and its amplitude decreased progressively to near zero. The
residual amplitude at long times is probably due to crosstalk
between the channels.

At first glance one may think that the cross-correlation
signal is dependent on RET between RhG and Cy5 (Figure
24.38), since these probes would be a good donor—acceptor
pair for Forster transfer. However, the distance between
RhG and Cy5 in the 66-mer is too long for RET. The
appearance of cross-correlation does not depend on energy
transfer, but instead on the two probes being linked so both
appear in the observed volume at the same time.

24.13.4. Applications of Dual-Color FCCS

Applications of FCCS have already been published.!33-142
One example is the stoichiometry of binding of RNA
oligomers to transcription activator protein NtrC.!13¢ This
protein controls part of the nitrogen metabolism pathway in
bacteria. It was thought that the octameric NtrC complex
may bind two DNA oligomers, which could be tested by
dual-color FCS. The oligomers were labeled with either
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Figure 24.40. Sequence of DNA labeled with both RhG and Cy5. The lower panel shows the cross-correlation function during incubation of the

labeled DNA with the restriction enzyme EcoRI. Revised from [125].

FAM or ROX (Figure 24.41). Detection of binding of both
labeled oligomers was demonstrated by the cross-correla-
tion signal. If NtrC bound only one oligomer then the cross-
correlation amplitude would be zero.

Dual-color FCCS is likely to find widespread use in
studies of gene expression. This can be accomplished by
synthesis of two oligonucleotides, each labeled with a dif-
ferent fluorophore and each specific for a different region of
the same gene. The concept of the experiment is shown in
Figure 24.42.137 The RNA from the cells of interest is
extracted and converted to cDNA using reverse transcrip-
tase. The cDNA is then mixed with the two labeled probes,

which are specific for nearby regions of the same gene. If
the gene is present the G and R probes bind near to each
other and create a cross-correlation signal. If the probes are
mixed with cDNA that was depleted of this gene the cross-
correlation signal is near zero.

Dual-color FCS can be used to measure protein associ-
ation. Aggregation of amyloid proteins appears to be an
important component of Alzheimer's disease, and aggrega-
tion of prion proteins occurs in bovine spongiform
encephalopathy and Creutzfeldt-Jakob disease.!?® Dual-
color FCS has been used to study aggregation of prion pro-
teins (PrP). The isolated proteins were labeled either with
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Figure 24.41. Detection of binding of two DNA oligomers to the regulatory protein NtrC by dual-color FCCS. Revised and reprinted with permission

from [136]. Copyright © 2000, American Chemical Society.
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Figure 24.42. Detection of gene expression using dual-color FCCS.

Revised from [137].

Cy5 or Oregon Green.'? A cross-correlation signal
appeared immediately upon mixing (Figure 24.43), show-
ing the formation of aggregates. The use of FCCS allows
kinetics to be studied, and to see if aggregate formation is
spontaneous or requires seeds of aggregated proteins.

In the previous examples the needed information was
contained in the amplitude of the cross-correlation function.
The diffusion coefficients were not needed, and hence there
was no need to calculate the cross-correlation function.
Instead, the data can be analyzed by coincidence analy-
sis.!43-147 The oligonucleotides with the desired require-
ments are labeled with two different probes (Figure 24.44).
Instead of the correlation function one records the time-
dependent intensities from each channel. The data are ana-
lyzed to count the number of events where signals appear in
both channels.

24.14. ROTATIONAL DIFFUSION AND PHOTON
ANTIBUNCHING Advanced Topic

Since FCS is sensitive to translational diffusion it seems
logical to use FCS to measure rotational diffusion. Such
measurements would be useful because rotational correla-
tion times are directly proportional to the molecular weight,
but translational diffusion coefficients are proportional to
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Figure 24.43. Association of prion proteins (PrP) by dual wavelength
cross-correlation FCS. PrP were labeled with either Cy5 or Oregon
Green (OG). Revised from [139].

(MW)!3. The use of FCS to measure the hydrodynamics
and internal dynamics of macromolecules is promising
because the timescale is not limited by fluorescence life-
times. However, there have been relatively few publications
on rotational diffusion!48-152 because there are a number of
physical limitations and technical challenges. To measure
rotational motions using FCS it is necessary to account for
photon antibunching and triplet formation, which can occur
on the same timescale as rotational diffusion.

In a typical FCS experiment the timescale of interest is
the diffusion time t, which is usually much longer than the
fluorescence lifetime t.. Hence there is time for the fluo-
rophore to return to the ground state to be excited again
while still in the observed volume. However, rotational cor-
relation times 0 are usually comparable to the lifetimes and
much shorter than the diffusion times. In order to observe a
correlation it is necessary to detect more than a single pho-
ton from the molecule before its orientation is randomized
by rotational diffusion. While the fluorophore is in the
excited state it cannot be excited again. As a result there is
always some time delay, comparable to the fluorescence
lifetime, between detection of two photons from the same
fluorophore. This delay is called photon antibunching, to
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reprinted with permission from [143]. Copyright © 1997, American
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indicate that detection of a second photon is statistically
less probably as the time delay becomes smaller.!33-155

An optical configuration for anisotropy FCS (AFCS) is
shown in Figure 24.45. The sample is excited with polar-
ized light. The emission is observed using two detectors.
The emission is split by a beamsplitter that randomly trans-
mits or reflects the photons. The detection electronics is
similar to that used for TCSPC. The difference in arrival
times of the emitted photons is measured with the time-
domain electronics. Because the photons are randomly dis-
tributed the first photon can arrive in either channel, so the
correlation function will appear to be symmetrical around t
= 0. Figure 24.45 shows polarizers in the emission light
paths, but they are not necessary because photoselection
occurs upon excitation.

The theory for AFCS can be complex, 48149 so we will
present the simplest case. Assume that the lifetime T is
much shorter than the rotational correlation time 0, and that
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Figure 24.45. Measurement of photon antibunching and rotational
diffusion by FCS. CFD, constant fraction discriminator. TAC, time-to-
amplitude converter. MCA, multichannel analyses. Revised from
[150].

both of these are shorter than the diffusion time. Also
assume that the absorption and emission dipoles are paral-
lel, and that the excitation is polarized in the z direction and
the emission is observed without polarizers, the observed
volume is long along the z-axis. The correlation function is
then given by

1
1+ 1/7p

el )= 2ol )]

F

G(1) = G(O)[

(24.57)

The correlation time information is available without polar-
izers because the probability of excitation depends on the
orientation of the fluorophore relative to the incident polar-
ization. This separation of correlation time from lifetime
can be seen in the middle term of eq. 24.57, where the expo-
nential relationship depends on the ratio of the experimen-
tal correlation time t to the rotational correlation time 0.
This is different from time-resolved anisotropy decays,
where the lifetime must be comparable to the rotational cor-
relation time to obtain useful information. The last term in
eq. 24.57 represents the photon antibunching, which
decreases exponentially with the ratio of the experimental
correlation time to the lifetime tp.
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Figure 24.46. Measurement of rotational diffusion of Texas Red-
labeled pancreatic lipase using FCS. Revised from [151].

It is interesting to notice that eq. 24.57 contains two
exponential terms plus the diffusion term. Recall that the
concentration autocorrelation function is also exponential
in T (eq. 24.11). The averaging over a Gaussian volume
results in the dependence shown in eq. 24.57. The photon
antibunching term and the rotational diffusion terms still
show the exponential dependence because they do not
depend on the position of the fluorophore in the volume.

Figure 24.46 shows an AFCS experiment, in this case
for pancreatic lipase labeled with Texas Red.!5! The data
were collected using three parallel polarizers (Figure
24.45), so that eq. 24.57 is not appropriate for these data but
requires additional geometric factors. G(t) is symmetrical
because of the random distribution of photons by the beam-
splitter. Notice that the timescale is ns rather than ms
because rotational diffusion occurs on this timescale. The
dip in the middle is due to photon antibunching and is sev-
eral ns wide, comparable to the lifetime 1. The decays on
either side are due, at least in part, to rotational diffusion of
the protein.

24.15. FLOW MEASUREMENTS USING FCS

As a final application of FCS we will describe how it can be
used to detect the velocity in flowing samples. This is not a
trivial problem, especially in microfluidic structures where
the velocity will vary across the channel and will be differ-
ent in branches of a channel. The theory of FCS with flow
has been described,!>¢ and the interest in such measure-
ments appears to be growing rapidly.!>7-162 A typical
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Figure 24.47. Flow velocity measurements using FCS.

arrangement for flow measurements is shown in Figure
24.47. The flowing sample is illuminated with one laser
beam or with two spatially separated laser beams. Flow
velocities can be measured using either the autocorrelation
function from one volume or the cross-correlation signal
from two spatially separated volumes.

When a single volume is observed the time a fluo-
rophore remains in the laser beam is reduced in a flowing
sample. G(t) is expected to decay more quickly as the
velocity increases. In the presence of flow, if diffusion can
be neglected, the single volume autocorrelation function is
given by

(24.58)
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Figure 24.48. Normalized autocorrelation curves for 5-nM rhodamine

green flowing in a capillary. Revised and reprinted with permission
from [161]. Copyright © 2002, American Chemical Society.
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where 1y, is the time for a fluorophore to be swept through
the volume at a velocity V:
Ty =s/V (24.59)

The effect of flow is shown in Figure 24.48 for rhodamine
green in water.!o! In the absence of flow the usual autocor-
relation function is observed. As the flow rate increases the
curves shift progressively to shorter times, and begin to take
on the exponential shape given by eq. 24.58. This shift is
the result of the fluorophores being removed from the
observed volume prior to being excited multiple times.

Another approach to measuring flow is to use cross-
correlation between two spatially separate volumes (Figure
24.49). In this case the cross-correlation curves show a peak
at the time needed for a fluorophore to flow from one vol-
ume to the next volume.!62 The increased amplitude below
0.1 ms is due to crosstalk between the channels. The expres-
sion for cross-correlation due to flow, neglecting diffusion,
is given by

F1-2" cosa)] (24.60)
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where 1, = R/V. This last expression is complex, but the
result is simple. The cross-correlation curves show a peak at
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Figure 24.49. Measurement of the flow of TMR in water using cross-
correlation between spatially separated channels. Revised and reprint-
ed with permission from [162]. Copyright © 2002, American
Chemical Society.
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a time that corresponds to the transit time between the two
volumes.

24.16. ADDITIONAL REFERENCES ON FCS

FCS is in a stage of rapid development. Additional refer-
ences on various aspects of FCS are listed after the main
reference section.
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PROBLEMS

P24.1.

P24.2.

P24.3.

P24.4.

P24.5.

Figure 24.8 shows autocorrelation curves for several
concentrations of R6G. Assume these concentrations
are correct. What is the effective volume (V) of the
sample? Assume the ratio for the ellipsoidal volume is
p/s = 4.0. What are the dimensions of the ellipsoid?

Figure 24.10 shows the autocorrelation function for
labeled a-lactalbumin (14,000 daltons) in the
absence and presence of GroEL (840,000 daltons).
Is the change in diffusion time consistent with com-
plete binding of a-lactalbumin to GroEL?

Figure 24.21 shows autocorrelation functions for
GUVs composed of DLPC or DLPC/DPFC (0.2/
0.8). Assume the laser beam diameter is 1 pum.
Using the same diffusion coefficient, calculate the
time it takes a Dil-C,, molecule to diffuse 10 pm.
Suppose the beam diameter is increased to 2 pum.
How long does it take the molecule to diffuse 10
pm?

Figure 24.32 shows a correlation function for the
opening and closing of a molecular beacon. Assume
you have access to a steady-state fluorometer with
control of the sample temperature. Suggest a way to
separately determine the values of k, and k,.

Figure 24.33 shows a typical configuration for FCS
using TIR. Suppose you wanted to measure diffu-
sion coefficients near the interface, and the illumi-
nated spot had a diameter of 5.0 um. Calculate the
volume of the observed solution assuming d = 100
nm. What concentration of fluorophore is needed to

P24.6.

FLUORESCENCE CORRELATION SPECTROSCOPY

obtain approximately 10 fluorophores in the vol-
ume?

Assume the volume contains a single phospholipid
bilayer that contains all the probe molecules. What
fraction of the lipids need to be labeled to obtain 10
fluorophores in the volume? The area occupied by a
single phospholipid molecule is about 70 A2,

Figure 24.50 shows autocorrelation curves for tubu-
lin with cryptophycin as the sample was diluted.
Explain how these data can be used to determine if
the complex dissociates upon dilution. Assume all
the tubulin substrates contain the TMR label.

1.0
Cryptophycin-Tubulin

0.8r

0.6

Gl7)

0.4F

0.2r

0.0 100 nM

10!

T (ms)

1073 107!

Figure 24.50. Effect of increasing concentrations of cryptophycin on
labeled tubulin dimers. Revised and reprinted with permission from
[38]. Copyright © 2003, American Chemical Society.
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In the preceding chapters we described the wide-ranging
applications of fluorescence. All these applications relied
upon the spontaneous emission of fluorophores in free
space. By free space we mean optically transparent noncon-
ducting media. In these final chapters we describe a new
topic called radiative decay engineering (RDE). The term
RDE is used because the environment around the fluo-
rophore is modified or engineered to change the radiative
decay rate of the fluorophore. In Chapter 1 we showed that
the radiative decay rate (I') is determined by the extinction
coefficient of the fluorophore. Extinction coefficients do
not change substantially in different environments. Similar-
ly, the radiative rates remain nearly the same under most
conditions. The changes in quantum yield or lifetime dis-
played by fluorophores in different environments are due to
changes in the non-radiative decay rates.

In this chapter we describe the effects of conducting
metallic silver particles on fluorescence. A fluorophore in
the excited state has the properties of an oscillating dipole.
The excited fluorophore can induce oscillations of the elec-
trons in the metal. The electric field created by the metal
can interact with the excited fluorophore and alter its emis-
sion. This interaction is almost certainly bidirectional so
that light-induced oscillations in the metal can affect the
fluorophore. The interactions of fluorophores with metallic
surfaces can have a number of useful effects, including in-
creased quantum yields, increased photostability, increased
distances for resonance energy transfer, and decreased life-
times. These changes can result in increased sensitivity,
increased photostability, and decreased interference from
unwanted background emission. These effects are called
metal-enhanced fluorescence (MEF).

The mechanisms of metal-enhanced fluorescence are
not yet completely understood, and the applications of MEF

Radiative Decay

Engineering:

Metal-Enhanced

Fluorescence

are just beginning. Because of the potential importance of
RDE and MEF we decided to include chapters on these top-
ics. This is a new topic and the field is changing very rapid-
ly. Hence this chapter represents a summary of the current
knowledge in this field. RDE and MEF were developed in
this laboratory, and as a result many of the examples are
from our own work.

25.1. RADIATIVE DECAY ENGINEERING

Prior to describing the unusual effects of metal surfaces on
fluorescence it is valuable to describe what we mean by
RDE and in particular spectral changes expected for
increased radiative decay rates.

25.1.1. Introduction to RDE

We typically perform fluorescence measurements in macro-
scopic solutions, or at least macroscopic in comparison
with the size of a fluorophore. The solutions are typically
transparent to the emitted radiation. There may be modest
changes in refractive index, such as for a fluorophore in a
membrane, but such changes have a relatively minor effect
on the fluorescence spectral properties.!-2 In such nearly
homogeneous solutions, the fluorophores emit into free
space and are observed in the far field. Local effects due to
surfaces are not usually observed because of the small size
of fluorophores relative to the experimental chamber. The
spectral properties of a fluorophore in the excited state are
well described by Maxwell's equations for an oscillating
dipole radiating into free space and we detect the far-field
radiation as light.

841
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For clarity we note that we are not considering reflec-
tion of the emitted photons from the metal surfaces. Reflec-
tion occurs after emission. We are considering the effects of
the nearby surface on altering the "free space" condition,
and modifying Maxwell's equation from their free space
counterparts.>* Like a radiating antenna, a fluorophore is
an oscillating dipole, but one that oscillates at high frequen-
cy and radiates short wavelengths. Nearby metal surfaces
can respond to the oscillating dipole and modify the rate of
emission and the spatial distribution of the radiated energy.
The electric field felt by a fluorophore is affected by inter-
actions of the incident light with the nearby metal surface
and also by interaction of the fluorophore oscillating dipole
with the metal surface. Additionally, the fluorophores oscil-
lating dipole induces a field in the metal. These interactions
can increase or decrease the field incident on the fluo-
rophore and increase or decrease the radiative decay rate.

For simplicity we will refer to metallic particles as met-
als. At first glance it seems unusual to consider using metal-
lic surfaces to enhance fluorescence. Metals are known to
quench fluorescence. For example, silver surfaces 50 A
thick are used in microscopy to quench emission from
regions near the metal.> We now know that metals can also
enhance fluorescence by several mechanisms. The metal
particles can cause increased rates of excitation due to a
more concentrated electric field around the particle. Metals
also appear to increase the rates of radiative decay (I"). We
will describe the effects of metallic particles on fluores-
cence as if an increase in I is a known fact. However, the
physics is complex and it is not always clear what is emit-
ting the light: the fluorophore or the metal.

Prior to describing RDE in more detail it is informative
to see a result. Figure 25.1 shows a photograph of a micro-
scope slide that is coated with fluorescein-labeled human
serum albumin. The left side of the slide has no metal. The
right side of the slide is covered with silver particles. The
fluorescein molecules near the metal particles are remark-
ably brighter. Similar effects have now been observed for
many different fluorophores, showing that MEF is a gener-
al effect.

25.1.2. Jablonski Diagram for Metal-Enhanced
Fluorescence

An increase in the radiative decay rate can have unusual
effects on fluorophores.® These effects can be understood
by considering a Jablonski diagram that includes MEF (Fig-
ure 25.2). For simplicity we will only consider radiative

Figure 25.1. Effect of metallic silver particles on surface-bound fluo-
rescein-labeled human serum albumin. Left, no silver; right, with sil-
ver particles.

decay (I') and non-radiative decay (k). In the absence of
metals the quantum yield and lifetimes are given by

0, = T/T + k,,) (25.1)

10 = (T + k)" (25.2)
Since the radiative decay rate is nearly constant for any flu-
orophore the quantum yield can only be increased by
decreasing the value of k..

Now consider the effect of a metal. If the metal results
in an increased rate of excitation (E + E,,) this will result in
increased brightness without changing the quantum yield or
lifetime. This is a useful effect that can allow decreased
incident intensities and decreased background. Metal-
enhanced excitation can also result in selective excitation of
fluorophores near the metal. Another possible effect is an
increase in the radiative decay rate. In this case the quantum
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No metal yield and lifetime of the fluorophore near the metal surface
I \ are given by
E r+T, 55 3
r Knr Q"‘_rJrrmijnr (253)
A Y
T = (T + Ty + ky) ™! (25.4)
With metal These equations result in unusual predictions for a fluo-

] X rophore near a metal surface. As the value of I',, increases
the quantum yield increases while the lifetime decreases.

E Em The effects of increasing I, are shown in Figure 25.3.
r m |km |kar The x-axis is the relative value between the radiative decay
rate due to the metal (I',) and the rate in the absence of
metal (I'). As I',, increases the lifetime decreases. A
Figure 25.2. Jablonski diagram without (top) and with (bottom) the decrease in lifetime is usually associated with a decrease in
effects of near metal surfaces. E is the rate of excitation without metal. quantum yield. However, this is because a decrease in life-
E,, is the additional excitation in the presence of metal [6]. time is usually due to an increase in k. When the total
decay rate, I'y = I' + I, increases the quantum yield
increases. This increase occurs because more of the fluo-

ue ————0,=0.01 rophores emit before they can decay through the non-radia-
ol ‘_'"“““‘“*---ﬂ_hhmx tive pathway. The effect is larger for fluorophores with low
Q=002 ——_ quantum yields because increasing I, has no effect on Q if
Tm(NS) " g it is already unity.
g=0.1

To=10ns

25.2. REVIEW OF METAL EFFECTS ON
FLUORESCENCE

There is extensive physics literature on the interaction of
fluorophores with metal surfaces and particles, much of it
theoretical.’-!2 The possibility of altering the radiative
decay rates was experimentally demonstrated by measure-
ments of the decay times of a europium (Eu3*) complex
positioned at various distances from a planar silver mir-
ror.'3-16 In a mirror the metal layer is continuous and thick-
er than the optical wavelength. The lifetimes oscillate with
distance but remain a single exponential at each distance
(Figure 25.4). This effect can be explained by changes in
the phase of the reflected field with distance and the effects
of this reflected near-field on the fluorophore. The changes
in lifetime with distance are not due to interactions of the
fluorophore with emitted photons. A decrease in lifetime is
found when the reflected field is in phase with the fluo-
rophore's oscillating dipole. An increase in the lifetime is

Figure 25.3. Effect of an increase in the metal-induced radiative rate found if the reflected field is out of phase with the oscillat-
on the lifetime and quantum yields of fluorophores. For Q = 0.5, T = . . . . .

S x 107/s and k=5 x 107/s. For Q= 0.1, T = 1 x 107/s and k= 9 x ing dipole. As the distance increases the amplitude of the
107/s. From [6]. oscillations decreases. The effects of a plane mirror occurs
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Figure 25.4. Lifetime of Eu3* ions in front of an Ag mirror as a func-
tion of separation between the Eu3* ions and the mirror. The solid
curve is a theoretical fit. From [6].

over distances comparable to the excitation and emission
wavelengths. At short distances below 20 nm the emission
is quenched. The oscillations in lifetime with distance from
the metal surface are rather modest. These effects have been
of theoretical interest but have not found use in the applica-
tions of fluorescence.

The effects of metallic surfaces on optical spectra are
strongly dependent on the nature of the metal surface and/or
metal particles. In general more dramatic effects are
observed for metal colloids than planar mirrored surfaces.
The experiment that led to our interest in RDE is shown in
Figure 25.5. A glass slide was coated with silver island
films (SIFs). These films are a partial coating of the surface
with sub-wavelength size silver particles, which are formed
by chemical reduction. The surface was coated with
Eu(ETA),. The intensity decays were measured in the
absence and presence of an SIF. The lifetime of Eu(ETA),
decreased more than 100-fold on the SIF.'7 At first this
decrease in lifetime did not seem interesting to us because
we thought it could be due to quenching or scattered light
giving the appearance of a shorter lifetime. However, the
intensity increased fivefold even though the lifetime was
decreased 100-fold. To the best of our knowledge these

10 pme—e—rx——
3 —
F No Ag islands on glass
EulETAl; 73=280 mus
> 1.0F
=l
w ..t Ag islands
2 0.1 g’ :
0.01 = ; : 2
0 20 40 60 80
TIME (ws)

Figure 25.5. Fluorescence decay of Eu(ETA), on silver-island films.
Eu3* was complexed with thenoyltrifluoroacetonate (ETA). From [6].

results can only be explained by an increase in the radiative
decay rate. This increase in I must be 100-fold or greater.
This result suggested the metal particles could be used to
modify or control the radiative rates of fluorophores. The
magnitude of the effect was large, which suggested the use
of metal particles to increase the sensitivity of fluorescence
detection.
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Figure 25.6. Electron oscillations in a metal colloid induced by inci-
dent light. Revised and reprinted with permission from [22].
Copyright © 1999, American Chemical Society.
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Figure 25.7. Extinction spectra of gold and silver colloids. Revised
and reprinted with permission from [22]. Copyright © 1999, Ameri-
can Chemical Society.

25.3. OPTICAL PROPERTIES OF
METAL COLLOIDS

Metal colloids have been used for centuries to make some
colored glasses.'® However, the origin of the colors was not
understood until 1857, when Faraday discovered that the
colors were due to finely divided silver or gold particles.!?
Incident light interacts with small metal particles and
induces electron oscillations (Figure 25.6).20-22 The oscil-
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Figure 25.8. Absorption spectra of gold rods with different aspect
ratios. From [22].

lating field can generate far-field radiation at the same
wavelength. The result is that the incident light is scattered
by the colloids, so the glass appears the of color the unscat-
tered light. The actual situation is a little more complex in
that colloids can also absorb light.

Extinction spectra of silver and gold colloids are shown
in Figure 25.7. The term extinction refers to attenuation of
the light as it goes through the sample. The extinction is due
to both absorption and scattering. We will occasionally use
the term "absorption" to refer to extinction. The extinction
shifts to longer wavelengths as the size of the colloids
increases.?3-27 Gold colloids absorb at longer wavelengths
than silver colloids. The absorption depends strongly on
colloid shape. This effect is seen by the shift in the absorp-
tion spectrum of gold colloids as they become elongated
(Figure 25.8).

The unusual spectral properties of colloids can be seen
by visual observation. Figure 25.9 shows absorption spectra

increasing aspect ratio (1-10)

Figure 25.9. Extinction spectra and photograph of suspensions of silver colloids. The aspect ratios increase from left to right. Reprinted with permis-

sion from [23].
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Figure 25.10. Photographs of colloid suspensions when illuminated from the side with white light. The rows of numbers indicate the diameter and
concentration of the colloids. The rightmost sample is fluorescein. Reprinted with permission from [24-25].

and a backlit photo of silver colloid suspensions.?> The
aspect ratio increases from left to right and the perceived
color changes with aspect ratio. A different result is seen if
the samples are illuminated from the side without a back-
light (Figure 25.10). These samples give the appearance of
being fluorescent. The rightmost sample is fluorescent but
the others are not. These samples are illuminated with a
beam of white light. The perceived color is the color that is
scattered by the colloids. The smallest silver colloids scat-
ter blue light and the largest gold colloids scatter red light.
Samples that scatter light usually have a turbid appear-
ance. However, the colloid suspensions in Figure 25.9 and
25.10 are clear. This occurs because the colloids are
extremely dilute. Colloids have a large cross-section for
interacting with light and extinction coefficients on the
order of 10 or 10! M-! cm-!. The cross-section for a
strongly absorbing chromophore like fluorescein is 2.0 x
10-15 cm? or 4.5 A across, which is about the size of the
molecule. The cross-section for a 60-nm silver colloid is 1.4
x 10-19 cm? or 1000 A across. Only a low density of colloids
is needed to cause enough scattering to change the color.
Because of this high optical cross-sections colloids are
being used to develop a number of bioaffinity assays.26-33

25.4. THEORY FOR FLUOROPHORE-COLLOID
INTERACTIONS

A complete explanation of fluorophore—colloid interactions
would require extensive electrodynamic theory, and the
description would probably still be incomplete. We will
describe an overview of those results that are relevant to
MEEF. The details are not known with certainty, but there
probably are three dominant interactions of fluorophores
with metals (Figure 25.11). Fluorophores may be quenched

at short distances from the metal (k,), but there may be
ways to recover this energy as useful emission (Chapter
26). There can be an increased rate of excitation (E,),
which is called the lightening-rod effect, and there can be
an increased rate of radiative decay (I',,). The distance of
the interactions probably increases, in order, with quench-
ing, increased excitation, and increased radiative rate. How-
ever, additional experimental results are needed to better
determine the distance dependence of these interactions.
The interactions between fluorophores and metal col-
loids have been considered theoretically.”-!2 A typical
model is shown in Figure 25.12 for a prolate spheroid with
an aspect ratio of a/b. The particle is assumed to be a metal-

o/

Km\
0 100 200
DISTANCE (A)

-—

Quenching kmn
Increased field Eq«~—

—e el

Increased rate /7, <

Figure 25.11. Effects of a metallic particle on transitions of a fluo-
rophore. Metallic particles can cause quenching (k,,), can concentrate
the incident light field (E,), and can increase the radiative decay rate
(T',,). From [6].

BIO-RAD EX.1006.856



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

2
?,g L I Perpendicular
2
! [d || <— Parallel
r 1

Figure 25.12. Fluorophore near a metallic spheroid.

lic ellipsoid with a fluorophore positioned near the particle.
The fluorophore is located outside the particle at a distance
r from the center of the spheroid and a distance d from the
surface. The fluorophore is located on the major axis and
can be oriented parallel or perpendicular to the metallic sur-
face.

The theory can be used to calculate the effect of the
metal particle on a nearby fluorophore. Figure 25.13 shows
the radiative rates expected for a fluorophore at various dis-
tances from the surface of a silver particle and for different
orientations of the fluorophore transition moment. The
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Figure 25.13. Effect of a metallic spheroid on the radiative rate of a
fluorophore. The resonant frequency of the dye is assumed to be
25,600 cm!, approximately equal to 391 nm. The volume of the sphe-
roids is equal to that of a sphere with a radius of 200 A.
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most remarkable effect is for a fluorophore aligned along
the long axis and perpendicular to the surface of a spheroid
with an aspect ratio of a/b = 1.75. In this case the radiative
rate can be enhanced by a factor of 1000-fold or greater.
The effect is much smaller for a sphere (a/b = 1.0) and for
a more elongated spheroid (a/b = 3.0). For this elongated
particle the optical transition is not in resonance with the
fluorophore. In this case the radiative decay rate can be
decreased by over 100-fold. If the fluorophore displays a
high quantum yield or a small value of k,,, this effect could
result in longer lifetimes. The magnitude of these effects
depends on the location of the fluorophore around the par-
ticle and the orientation of its dipole moment relative to the
metallic surface. The dominant effect of the perpendicular
orientation is thought to be due to an enhancement of the
local field along the long axis of the particle.

Colloids can also affect the extent of resonance energy
transfer.34-35 Suppose the donor and acceptor are located
along the long axis of an ellipsoid with the dipoles also ori-
ented along this axis. Figure 25.14 shows enhancement of
the rate of energy transfer due to the metal particle, that is,
the ratio of the rates of transfer in the presence (k™) and
absence (k°) of the metal. Enhancements of 10* are possi-
ble. The enhancement depends on the transition energy that
is in resonance with the particle. A smaller but still signifi-
cant enhancement is found for a less resonant particle
(lower curve). The enhanced rate of energy transfer persists
for distances much larger than typical Forster distances.
These simulations are for dipoles on the long axis and ori-
ented along that axis, but the enhancements are still large

1 1 1

100 300 500 700
]

4 { A)

Figure 25.14. Enhancements in the rate of energy transfer in the pres-
ence of silver particle.
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Figure 25.15. Schematic for a fluorophore solution between two sil-
ver island films. The solid ellipsoids represent the silver island films.

when the donors and acceptors have different orientations
and locations around the particle.

25.5. EXPERIMENTAL RESULTS ON
METAL-ENHANCED FLUORESCENCE

Prior to describing biochemical applications of MEF it is
informative to see the effects of silver particles on standard
fluorophores. Silver island films are deposited on glass or
quartz plates. Two plates are put together with water in
between, yielding a sample about 1 pum thick (Figure
25.15). With this sample most of the volume is distant from
the silver and thus not affected by the silver. Fluorophores
with high and low quantum yields were placed between the
SIFs.3¢ As shown in Figure 25.3, an increase in the radiative
decay rate increases the intensity when the quantum yield is
low but will not affect the intensity of a high-quantum-yield
fluorophore. For this reason we examined two fluoro-
phores, with high or low quantum yields. The intensity of
rhodamine B (RhB) with a quantum yield of 0.48 is (Figure
25.16) almost unchanged by the SIFs. In contrast, the inten-
sity of rose bengal (RB) with a quantum yield of 0.02 is
increased about fivefold by proximity to the silver island
films. In this sample the fluorophores are not attached to the
silver and most of the fluorophores are too distant from the
silver to be affected. Hence the intensity increase of those
RB molecules near the metal film is significantly greater
than fivefold.

1.0
S Rhodamine B

in Water

Exc.514 nm
Q,=0.48

FLUORESCENCE
-
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Exc.514 nm
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I
=3 =
To 4.8
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e T

oS rll 1
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WAVELENGTH (nm)

Figure 25.16. Emission spectra of rhodamine B (top) and rose bengal
(bottom) between silver island films (S) or unsilvered quartz plates
(Q). From [36].

Metal-enhanced fluorescence by SIFs is a general phe-
nomenon that appears to occur with most if not all fluo-
rophores. Figure 25.17 shows the relative intensities in the
presence (/) and absence (/) of metal for the fluorophores.
If the quantum yield is above 0.5 the intensity is not signif-
icantly increased between the SIFs. As the quantum yield
decreases the intensity ratio I/l increases. This result is
consistent with an increase in the radiative decay rate near
the SIFs. Fluorophores with a variety of structures were
examined so that the effect is unlikely to be the result of
some specific interactions of a fluorophore with the silver.

25.5.1. Application of MEF to DNA Analysis

DNA analysis is a widely used application of fluorescence,
and MEF can be used to obtain increased intensities from
labeled DNA .36-40 Figure 25.18 shows the chemical struc-
tures of DNA oligomers labeled with Cy3 or Cy5. These
fluorophores are frequently used on DNA arrays. The glass
or quartz substrate from these arrays is often treated with 3-
aminopropyltriethoxysilane (APS), which makes the sur-
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Figure 25.17. Enhancement of the emission of fluorophores with dif-
ferent quantum yields. From [36].

face positively charged for DNA binding. The emission
intensity of both oligomers is increased about fourfold
when bound to the SIFs as compared to quartz (Figure
25.19).
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The previous figures showed that the intensities of flu-
orophores increased when near SIFs. However, fluores-
cence intensities can change for many reasons, and it would
not be surprising if surface-bound fluorophores in a rigid
environment displayed higher intensities than in solution,.
As shown in Figure 25.3, an increase in the radiative decay
rate will decrease the lifetime, as will increasing quantum
yield. This is an unusual effect so that lifetime measure-
ments can be used to determine if the radiative decay rate is
increased near the metal. Figure 25.20 shows frequency-
domain (FD) intensity decays of the labeled oligomers
when bound to quartz and SIFs. The mean lifetimes of Cy3
and Cy5 are decreased dramatically on the SIFs. The de-
creased lifetimes and increased intensities show that the
radiative decay rate increased near the SIFs. The right-hand
panels show the intensity decays reconstructed from the FD
data. These curves show an initial rapid decay followed by
a slower decay comparable to that found for the labeled
DNA on glass. In this case the more slowly decaying com-
ponents are probably due to labeled DNA bound to the glass
but distant from the metal particles.

A decrease in lifetime should result in increased photo-
stability of a fluorophore. Photochemical reactions occur
while the fluorophore is in the excited state. If the lifetime
is shorter, it is more probable that the fluorophore emits
before it undergoes decomposition. This means that the flu-
orophore can undergo more excitation—relaxation cycles
prior to permanent photobleaching. This reasoning assumes

’ N
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Cy5-oligonucleotide
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5-TCC ACA CAC CAC TGG CCA TCT TC-3'
3'-AGG TGT GTG GTG ACC GGT AGA AG-5-Cy3
Cy3-DNA

5-TCC ACA CAC CAC TGG CCA TCT TC-3'
3-AGG TGT GTG GTG ACC GGT AGA AG-5-Cy5

Cy5-DNA

Figure 25.18. Structure of DNA oligomers labeled with Cy3 or Cy5. From [37].
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Figure 25.19. Emission spectra and photographs of the labeled DNA oligomer on quartz and SIFs. The quartz was treated with APS. From [40].

that the metal does not introduce a new pathway for pho-
todecomposition. The photostability of a fluorophore can
be studied by measuring the intensity with continuous exci-
tation (Figure 25.21). These photostability curves for Cy3-
and Cy5-labeled DNA were measured with the same inci-
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Figure 25.20. Time-dependent intensity decays of Cy3- and Cy5-
labeled DNA oligomers on quartz and SIFs. From [40].

dent light intensity, so that the initial intensities are higher
on the SIFs. The total number of photons emitted by a flu-
orophore prior to photobleaching is proportional to the area
under the intensity-versus-time curves. These non-normal-
ized curves (left) show that considerably more photons per
fluorophore can be observed on the SIFs. If the curves are
normalized at time zero (right) the fluorophores on the SIFs
are seen to bleach somewhat more slowly. Results similar to
those in Figure 25.21 have been observed for a number of
fluorophores,*'-#3 but it is too early to know if increased
photostability will be observed with most fluorophores.
Detection of DNA using fluorescence is almost always
performed using extrinsic probes. The intrinsic fluores-
cence of the DNA bases is very weak. Silver particles were
found to increase the intrinsic fluorescence of unlabeled
DNA. Figure 25.22 shows emission spectra of calf thymus
DNA in solution when placed between quartz plates and
when between SIFs.* The intensity is increased manyfold
between the SIFs. In this experiment the DNA was not
bound to the glass, so that most of the DNA is distant from
the silver particles. This suggests that the intensity of the
DNA near the silver particles is dramatically increased.
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Figure 25.21. Photostability of Cy3- and Cy5-labeled DNA oligomers on quartz and SIFs. From [40].

25.6. DISTANCE-DEPENDENCE OF
METAL-ENHANCED FLUORESCENCE

The use of MEF requires an understanding of the optimal
distance between the fluorophore and the silver surface for
enhanced fluorescence. This dependence was studied using
protein layers to separate labeled DNA oligomers from the
SIF.45 The glass or SIF surface is first incubated with
biotinylated bovine serum albumin (BSA). BSA adsorbs to
most surfaces and forms a monolayer. The surface is then
treated with avidin, which forms a layer on the biotinylated

Calf thymus DNA
between quartz plates
287 nm excitation

with Silver

FLUORESCENCE
T

no Silver

300 350 400 450
WAVELENGTH (nm)

500

Figure 25.22. Emission spectra of calf thymus DNA between quartz
plates and between SIFs.

BSA (Figure 25.23). This process can be repeated many
times, adding a thickness of about 90 A for each layer of
BSA and avidin. After the desired thickness is achieved the
surface is treated with a biotinylated DNA oligomer that
also contains a fluorophore (Figure 25.24).

Figure 25.25 shows the intensity of Cy3- and Cy5-
labeled DNA oligomers on SIFs. The oligomers were sepa-
rated from the SIF by one or more layers of BSA-avidin.
The highest intensity was found with a single layer of BSA-
avidin. Hence a distance of about 90 A from a metal ap-
pears to yield the largest increases in intensity. This result is
only an initial attempt to identify the optimal distances, and
additional studies are needed to determine the range of dis-
tances that can be used for MEF. It should be recognized
that the experimental studies of MEF shown above were
performed using fluorophores that were distributed evenly
across the surfaces and not localized exclusively on the
metal.

25.7. APPLICATIONS OF METAL-ENHANCED
FLUORESCENCE

Metal-enhanced fluorescence is a new technology, and the
applications are now being developed.*6-4° We will describe
a few initial results indicating the types of applications that
can be expected in the near future.
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Figure 25.23. Schematic of SIFs with layers of biotinylated BSA, avidin and a top layer of labeled DNA oligomers. From [45].
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3-CTT CTACCG GTC ACC ACA CAC CT-5'-Cy3
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Figure 25.24. Structure of labeled and biotinylated DNA oligomers. From [45].
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25.7.1. DNA Hybridization Using MEF

DNA hybridization is frequently measured using fluo-
rophores that display increased intensity when bound to
double-helical DNA. MEF allows hybridization to be meas-
ured using fluorophores for which the quantum yield, in the
absence of metal, does not change upon DNA hybridiza-
tion.”® This possibility is shown for a fluorescein-labeled
oligomer (Figure 25.26). A complementary DNA oligomer
was bound to an SIF. Upon addition of the labeled oligomer
the fluorescein intensity showed a time-dependent increase
in intensity. The intensity of fluorescein increased about 10-
fold upon hybridization. The effect of the SIF on the inten-
sity is seen in the real-color photographs of the hybridized
DNA before and after hybridization (Figure 25.27). It is
important to understand that the increase in intensity is not
due to the effect of hybridization on quantum yield of the
probe. The increase in intensity is due to the localization of
the probe near the SIF. This result shows that MEF can be
used to detect any binding reaction that brings a fluo-
rophore close to an SIF. A change in intensity due to the
binding event is not necessary.

25.7.2. Release of Self-Quenching

Labeled are frequently used in
immunoassays. When performing such assays it is desirable
to have the brightest possible labeled proteins. One
approach to obtaining bright reagents is to label the protein
with multiple fluorophores. Unfortunately, this approach is
usually not successful. When proteins are labeled with flu-

immunoglobulins
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Figure 25.26. Emission spectra and time-dependent intensity of a fluorescein-labeled oligomer upon binding to a complementary oligomer bound

exclusively to an SIF. From [50].
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orophores with a small Stokes shift the intensity does not

E

= 50 increase in proportion to the number of bound fluorophores,
3 and sometimes the intensity decreases. This effect is due to
- 40 r P S P HNALSH homo RET between the fluorophores, which decreases the

s FLl-DNA-
'z_" on SIFs quantum yield. Proximity of heavily labeled biomolecules
< 30 :“". v to SIFs can result in increased intensities and apparently

1] ybridization
2 20 less quenching due to homo RET.'-53 One example is
= shown in Figure 25.28 for immunoglobulin G (IgG) labeled
n 10} ;r with fluorescein.* As the labeling ratio is increased the
§ __fss £1-DNA intensity per fluorescein molecule decreases. This effect is
z 0 |before hybridization - due to homo RET between the fluoresceins, which decreas-
0 5 10 15 20 es the quantum yield. The anisotropy values (insert) also
; decrease with increasing labeling ratio, which indicates that

TIME (min)

RET has occurred. Figure 25.29 shows that the intensity per
fluorescein residue can increase as much as 40-fold for
heavily labeled samples near SIFs. The release of self-
quenching appears to be a general result3!-33 that suggests
its use with any surface-bound assay.

25.7.3. Effect of Silver Particles on RET

Resonance energy transfer occurs over relatively large dis-
tances up to 100 A. This distance is comparable to the size
of large proteins and some protein assemblies. However,

Figure 25.27. Photograph of a fluorescein-labeled DNA oligomer there are instances where RET over larger distances is
before (top) and after (bottom) hybridization. From [50].
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Figure 25.28. Emission spectra of fluorescein-labeled IgG. The num- LABELING

bers indicate the molar ratio of fluorescein to IgG. The intensities

were measured for solutions with the same optical density for fluores- Figure 25.29. Photograph and relative intensities of fluorescein-

cein. From [53]. labeled IgG on glass (Q) and SIFs (S). From [53].
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Figure 25.30. RET in the presence and absence of metallic particles.

desirable. One example is RET immunoassays (Figure
25.30). Fluorescence immunoassays are widely used, typi-
cally polarization as ELISA assays. Immunoassays are not
usually performed using RET. This absence is probably due
to the fact that in a sandwich assay the sizes of the antigen
and antibodies are too large for RET to occur. Similarly,
RET can be used to measure DNA hybridization if the
donor and acceptor are within about 15 base pairs, but will
not occur if the donor and acceptor are spaced by a much
larger number of base pairs.

A small number of experiments have indicated that
proximity to metal particles can increase the extent of ener-
gy transfer.4-56 The effect of SIFs on RET was studied
using a double-stranded DNA oligomer labeled with
AMCA as the donor and Cy3 as the acceptor (Figure
25.31). The distance between the donor and acceptor was
chosen so that the extent of energy transfer was small in the
absence of single particles. The DNA oligomers labeled
with both donor and acceptor were placed either near a sin-
gle island film or between two SIFs. The RET efficiency
was not affected by a single SIF, but was increased when
the D—A pair was between two SIFs. The increase in RET
can be seen from the increase in acceptor intensity near 570
nm. This result suggests that RET can be used to measure
association reactions between large molecules or assem-
blies by passing the molecules between two layers of silver
particles.
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Figure 25.31. Effect of one or two SIFs on RET between AMCA and
Cy3 bound to DNA. From [56].

25.8. MECHANISM OF MEF

In the preceding sections we described experiments that
were all consistent with an increase in the radiative decay
rate. However, some preparations of metal particles do not
result in enhanced fluorescence. It is important to know
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what types of particles are most effective for MEF and the
properties of these particles that result in metal-enhanced
fluorescence. We have developed a conceptually simple
model that we hope has predictive value for MEF.5” Mie
theory can be used to calculate the optical properties of
metal colloids when the colloids are smaller than the inci-
dent wavelength. These calculations show that the extinc-
tion of colloids is due to both light absorption and light
scattering. The relative contribution of absorption and scat-
tering depends on the size and shape of the colloids. In gen-
eral, larger particles and non-spherical particles show larg-
er relative contributions of scatter to the total extinction. At
present we believe the scattering contribution of the total
extinction is the origin of MEF. The scattering component
represents far-field radiation from the induced oscillating
dipole. In a sense this effect is similar to emission. This
similarity can be seen in Figure 25.10, where the scattered
light appears to be visually similar to fluorescence. It seems
logical that the excited fluorophore and nearby metal parti-
cle cooperate in producing far-field radiation at the emis-
sion wavelength. We refer to this concept as the radiating
plasmon (RP) model.”7 If correct, the RP model provides a
rational approach for the design of metal particles for MEF.
The particle or structure should be selected for a high cross-
section for scattering and for a scattering component that is
dominant over the absorption.

25.9. PERSPECTIVE ON RET

At present relatively few laboratories are performing stud-
ies on MEF.58-65 The early results are confirming the results
from our laboratory. If this trend continues MEF will
become widely used in sensing, biotechnology, and foren-
sics. The studies described in this chapter were performed
using SIFs, which have a heterogeneous distribution of par-
ticle sizes. In the future we can expect MEF to use better-
defined particles. Silver and gold colloids can be made with
a variety of shapes,®-7° some of which may be more useful
for MEF. And, finally, it seems likely that MEF will be per-
formed using regular particulate surfaces of a type prepared
using nanosphere lithography,30-82 dip-pen lithography,33
microcontact printing,®* and other emerging methods for
nanolithography.

Our vision for the future of RDE is shown in Figure
25.32. At present almost all fluorescence experiments are
performed using the free-space emission. This emission is
mostly isotropic and the radiative decay rates are mostly
constant (top). The use of RDE will allow the design of

Fluorescence Today
Free-space emission

" 7l
7 : -
¥ | s

Radiative Decay Engineering

Plasmon O)

Metal

{ 4

Glass

» Directional, polarized and spectrally resolved emission

+ Requires minimal thickness of sample, ideal for monolayers and microscopy
= Background rejection from bulk solution

» New DNA and protein assays

Figure 25.32. Comparison of free-space fluorescence emission with
emission modified and directed by metallic structures.

metallic structures that interact with the excited fluo-
rophore. These interactions can result in modified spectral
properties and directional emission (bottom). In some cases
the directionality will be the result of the excited fluo-
rophores creating plasmons in the metal, which in turn
result in far-field radiation. The ability to control the emis-
sion process represents a paradigm shift for the field of flu-
orescence spectroscopy.
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PROBLEM

P25.1. Calculation of the Quantum Yield and Increase in
Radiative Rate Near an SIF. Figure 25.16 shows the
emission spectra of rose bengal (RB) in solution and
between SIFs. Assume all the molecules are affected
equally by the SIF. What is the relative increase in the
radiative decay rate (I') due to the SIF? Assume the
natural radiative lifetime in the absence of metals is 4
ns. Also assume the excitation rate and the non-radia-
tive decay rates are the same in the presence and
absence of the SIF.

Now assume that only 10% of the RB molecules are
affected by the SIF. What are the quantum yield and
relative increased in I" due to the SIF?
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Surface Plasmon-

Coupled Emission

In the preceding chapter we described the use of metallic
particles to modify emission. This was accomplished by
interaction of the excited dipoles of the fluorophore with
oscillating electrons in a nearby metallic surface. We used
the term "metal" to describe such surfaces. We described
how a fluorophore near a metal can have a different radia-
tive-decay rate. This is an unusual effect because this rate
does not change substantially when a fluorophore is in dif-
ferent environments.

In this chapter we describe another phenomenon that
occurs when a fluorophore is near a metal. Under certain
circumstances a fluorophore can couple with a continuous
metallic surface to create groups of oscillating electrons
called surface plasmons. If the metal film is thin and on an
appropriate substrate the plasmons radiate their energy into
the substrate. We call this phenomenon surface plasmon-
coupled emission (SPCE).! There are numerous potential
applications for this phenomenon that efficiently collects
the emission and transforms it into directional radiation.

26.1. PHENOMENON OF SPCE

Prior to describing the theory for SPCE it is informative to
describe this phenomenon (Figure 26.1). Suppose an excit-
ed fluorophore is positioned above a thin silver film, where
the metal film is continuous and about 50 nm thick. Such
films are visually opaque. Remarkably, the emission from
the fluorophore is not reflected but is efficiently transferred
through the film. The spatial distribution of fluorescence is
isotropic or nearly isotropic. However, the emission seen
through the film occurs only at a unique angle 0 measured
from the normal. Since the sample is symmetric about the
normal z-axis the emission occurs as a cone around the axis.
This cone is not due to selective transmission of emission

through the film. A large fraction of the total emission
appears in the cone. About half of the emission appears in
the cone and about half is free-space emission away from
the film. The emission in the cone has the same emission
spectrum as the fluorophore.

The light from the excited fluorophore appearing in the
cone is called surface plasmon-coupled emission (SPCE).!
This name reflects our current understanding of the phe-
nomenon. We believe the excited fluorophore creates sur-
face plasmons in the metal. These plasmons do not appear
to be the result of RET to the surface because the distances
over which SPCE occurs are too large for RET. SPCE
occurs over distances up to 200 nm or 2000 A, which are
much larger than Forster distances near 50 A. The plasmons
radiate into the substrate at an angle determined by the opti-
cal properties of the metal and substrate. Since the wave-
length distribution of SPCE is the same as the fluorophore
emission it is tempting to assume it originates from the flu-
orophore. However, the emission is 100% p-polarized, even
if the fluorophores are randomly oriented and excited with
unpolarized light. See Chapter 2 for a definition of p-polar-
ization. This polarization indicates the surface plasmons are
radiating and not the fluorophores.

26.2. SURFACE-PLASMON RESONANCE

The phenomenon of SPCE appears to be closely related to
surface-plasmon resonance (SPR). SPR is now widely used
in the biosciences and provides a generic approach to meas-
urement of biomolecule interactions on surfaces.2® A
schematic description of SPR is shown in Figure 26.2. The
measurement is based on the interaction of light with thin
metal films on a glass substrate. The film is typically made
of gold 40-50 nm thick. The surface contains a capture bio-
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Figure 26.1. Surface plasmon-coupled emission. F is a fluorophore.

molecule that has affinity for the analyte of interest. The
capture biomolecule is typically covalently bound to the
gold surface. This sample is optically coupled to a hemi-
spherical or hemicylindrical prism by an index-matching
fluid. Light impinges on the gold film through the prism,
which is called the Kretschmann configuration. The instru-
ment measures the reflectivity of the gold film at various
angles of incidence (0), with the same angle used for obser-
vation (0).

The usefulness of SPR is due to the dependence of the
reflectivity of the gold film on the refractive index of the
solution immediately above the gold film. The angle-
dependent reflectivity of the gold surface is dependent on
the refractive index of the solution because there is an
evanescent field extending from the gold surface into the
solution. Binding of macromolecules above the gold film

Light
source

Detector

Glass

Index matching
fluid

Glass
“Gold film

" Evanescent field

=200 nm

Figure 26.2. Typical configuration for surface-plasmon resonance
analysis. The incident beam is p-polarized.
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Figure 26.3. SPR reflectivity curves for a 47-nm gold film on BK-7
glass. Illumination was at 633 nm. The gold film was progressively
coated with 11-mercaptoundecanoic acid (MU), followed by biotiny-
lated poly-lysine (PL), and then avidin. Adapted from [7-9].

causes small changes in the refractive index, which result in
changes in reflectivity. Figure 26.3 shows typical SPR data:
a plot of reflectivity versus the angle of incidence for a 47-
nm gold film.”-® The reflectivity minimum occurs at the
SPR angle. The SPR angles change as the gold surface is
coated with 11-mercaptoundecanoic acid (MU), then
biotinylated polylysine (PL), and finally avidin. The
changes in SPR angle are due to changes in the refractive
index near the gold surface due to the adsorbed layers.

The decrease in reflectivity at the SPR angle () is
due to absorption of the incident light at this particular
angle of incidence. At this angle the incident light is ab-
sorbed and excites electron oscillations on the metal sur-
face. The reflectivity is sensitive to the refractive index
because of the evanescent field that penetrates approximate-
ly 200 nm into the solution (Figure 26.2). The evanescent
field appears whenever there is resonance between the inci-
dent beam and the gold surface. An evanescent field is not
present when there is no plasmon resonance, that is, when
the reflectivity is high.

The existence of an evanescent field is reminiscent of
total internal reflectance (TIR), which occurs between a
glass—water interface when the angle of incidence from the
glass slide exceeds the critical angle.!? There can be confu-
sion about the relationship between the critical angle in TIR
(0c) and the SPR angle (0;). The physical origins of 0 and
Ogp are similar, in that both are dependent on wavevector
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Figure 26.4. Reflectivity curves for a bare glass and silver-coated
glass, both spin coated with a fluorophore in polyvinyl alcohol. The
prism is LaSFNO9 glass, 633 nm. Also shown is the fluorescence from
the labeled PVA film on the glass and silver surfaces. Adapted from
[11].

matching at the sample—glass or metal interface. However,
these angles are different and not directly related. This dif-
ference between 0. and Og, is illustrated in Figure 26.4,
which compares glass and silver—coated glass surfaces.!!-12
The silver-coated surface shows high reflectivity at all
angles except around the plasmon angle near 30°. The
reflectivity of a glass surface is quite different. The reflec-
tivity is low below the critical angle 0, increases sharply to
nearly 100% at 0., and remains high for all angles above
0. For the glass surface and angles above 0 there exists an
evanescent field from the totally internally reflected light.
For the silver-coated glass there is no evanescent field in the
aqueous phase unless the angle of incidence is near the SPR
angle. The reflectivity of the silver film is high at angles
significantly larger or smaller than Op.

The evanescent wave due to SPR is much more intense
than that due to TIR.1-17 The relative strengths of the fields
can be measured by the fluorescence from fluorophores
near the surface. For the sample shown in Figure 26.4 fluo-
rophores were localized within the evanescent field by coat-
ing with a polyvinyl alcohol (PVA) film that contained a
fluorophore. The dependence of the emission on the inci-
dent angle indicates the relative intensity of the evanescent
wave felt by the fluorophores. For the glass surface the
emission intensity is low for 0 < 0. This low value is essen-
tially the same as seen in a typical fluorescence measure-
ment where the fluorophore is excited in a glass or quartz
cuvette. As the incident angle exceeds 0. the intensity drops
about twofold because the incident light undergoes TIR
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rather than passing into the sample. Above the critical angle
the remaining intensity represents the amount of excitation
due to the TIR evanescent wave. This result indicates that
the field strength for TIR is roughly the same for the inci-
dent light and the evanescent wave.

Different results are seen for the labeled film on the sil-
ver surface. The emission intensity is near zero for angles
above and below 0 because of the high reflectivity of the
metal film. In contrast to uncoated glass, the light does not
penetrate the sample even though © < 6. There is a dramat-
ic increase in the emission intensity of the film near the
plasmon angle: about 15-fold. This effect is due to a 10- to
40-fold increase in the intensity of the evanescent field
above silver as compared to above glass with TIR.!3-2! This
increase in field strength above a metal film is one origin of
the increased sensitivity possible with plasmon-coupled
emission.

An important characteristic of the SPR angles is that
they are strongly dependent on wavelength. Figure 26.5
shows the reflectivity curves of a gold film for several
wavelengths.?2 The surface plasmon angle decreases as the
wavelength decreases. The dependence on wavelength can
be understood in terms of the optical constants of the met-
als, which depend upon wavelength (frequency) and the
dielectric constant of the adjacent prism. This dependence
of 64, on wavelength is the origin of intrinsic spectral reso-
lution when observing surface plasmon-coupled emission.

26.2.1. Theory for Surface-Plasmon Resonance

An understanding of SPR is useful for understanding sur-
face plasmon-coupled emission. The theory to describe the
reflectivity of metal-coated surfaces is complex. It can be
difficult to understand the underlying physical interactions
that are responsible for angle-dependent absorption. We
will not describe the detailed equations needed to calculate
the reflectivity.

The phenomenon of SPR can be understood by consid-
ering the propagation constant of the incident electromag-
netic wave across the surface of the metal, along the x-axis.
An electromagnetic wave propagating in space can be
described by

E(rt) = E, exp(iot — ik * 1) (26.1)
where the bars indicate vector quantities, r is a unit vector
in the direction of propagation, ® is the frequency in radi-
ans/s, i = -1'2, and - indicates the dot product. The term k&
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Figure 26.5. Calculated wavelength-dependent reflectivity for a 47-
nm-thick gold film. From [22].

is the propagation constant, which is sometimes called the
wavevector. This value is given by

21 no

— = nk, (26.2)

where A = A/n is the wavelength, A, is the wavelength in a
vacuum, 7 is the refractive index of the medium, and £k is
the propagation constant of the wave in a vacuum. It is
understood that the physical values are given by the real
part of eq. 26.1. Hence the electric field is described by

E(rt) = Eyexp(cosot — k * 7) (26.3)

For SPR we need to consider the electric field along the x-
axis at the metal-water interface. This component is given
by

E(x,t) = E, exp(cosot — k.x) (26.4)

To satisfy Maxwell's equations the electric fields have to be
continuous across the interface, which requires k, to be
equal in both media.

The phenomenon of SPR can be understood by consid-
ering the propagation constant of the electromagnetic wave
in the metal along the x-axis. In the metal film the field is
described by eqs. 26.3 and 26.4 with k= k, + ik, being the
complex wavevector along the x-axis. For a metal the prop-
agation constant for the surface plasmon is given by

ksp = 9(

C

= Ko

12
s ) (26.5)

en T &

where ¢, and € are the dielectric constant of the metal (m)
and sample (s), respectively. g, refers to the effective dielec-
tric constant in the region of the evanescent field (Figure
26.2). Because the real part of ¢, is larger than the imagi-
nary part the propagation constant can be approximated by

(26.6)

The incident light can excite a surface plasmon when
its x-axis component equals the propagation constant for the
surface plasmon (Figure 26.6). The propagation constant
for the incident light in the prism (p) is given by

k, = kon, (26.7)
and the component along the x-axis is equal to
ky = kon, sin0, (26.8)

where 8, is the incidence angle in the prism. Hence the con-
ditions for SPR absorption is satisfied when

ksp = ky = kon, sinQ (26.9)

where 6, is the angle of incidence in the metal for surface-
plasmon resonance to occur. These considerations show

TR I W
N ANANE
.

Surface plasmons
are created at:
kx = ksp

/ ky=kgnpsin Bgp i

Figure 26.6. Schematic showing propagation constants in a prism and
a thin film.
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Figure 26.7. Surface plasmon-coupled cone of emission for fluorophores near a metallic film.

that the surface-plasmon resonance occurs whenever the x-
axis component of the incident field equals that obtained
from eq. 26.5.

A mental picture of SPR can be found by considering
the wavelength of the incident light in the prism and the
projection of this distance onto the interface (Figure 26.6).
SPR occurs when this projected distance matches the wave-
length of the surface plasmon. This visualization of SPR
explains the increase in 0, needed for resonance at shorter
wavelengths.

26.3. EXPECTED PROPERTIES OF SPCE

The previous explanation of SPR allows us to make several
predictions for the properties of SPCE. The fluorophores
are randomly distributed and the sample can be excited with
unpolarized light. There is no preferential direction around
the z-axis. Hence the SPCE is expected to appear as a cone
around the z-axis (Figure 26.7). Figure 26.5 shows that SPR
occurred at different angles of incidence for different wave-
lengths. The analogy with SPR suggests different emission
wavelengths will appear at different angles (Figure 26.8).
Hence the SPCE is expected to appear as a circular rainbow
with the range of colors determined by the emission wave-
length range of the fluorophore. In SPR only p-polarized
incident light is absorbed. This suggests the SPCE will also
be p-polarized around the z-axis. The polarization is expect-
ed to point radially away from the z-axis at all positions
about the z-axis.

26.4. EXPERIMENTAL DEMONSTRATION
OF SPCE

It was important to have an experimental demonstration of
SPCE. The sample was sulforhodamine 101 (S101) in a 15-

nm-thick PVA film.23 The film was on a 50-nm-thick layer
of silver. Figure 26.9 shows the angular distribution of the
emission which is distributed sharply at +47° from the nor-
mal. Integration of the angle-dependent emission, and the
free-space emission away from the hemispherical prism,
indicated that about half of the emission is contained in the
directional component exiting through the prism.

<
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Figure 26.8. Color distribution and polarization expected for SPCE.
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Figure 26.9. Angular distribution of the SPCE from sulforhodamine
101 (S101) in a 15-nm PVA film using the reverse Kretschmann con-
figuration. From [23].

We also tested if the wavelength dependence seen for
SPR (Figure 26.5) occurred for SPCE. A mixture of three
fluorophores was used to obtain a wider range of wave-
lengths. The SPCE was found to be dispersed at different
angles according to the wavelength (Figure 26.10) in the
same direction as the SPR absorption. This result shows
that a simple metal film can be used to efficiently collect the Figure 26.10. Photograph of SPCE from the mixture of fluorophores
emission from nearby fluorophores, convert the emission to using RK excitation and a hemispherical prism, 532 nm excitation.
directional emission, and disperse the emission according From [23].
to wavelength.

Silver Gold

Figure 26.11. Cone of emission for S101 in PVA on silver and gold films.
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In the application of SPCE it would be an advantage to
use gold rather than silver surfaces. Gold does not tarnish
and the chemistry for coating the surface with organic mol-
ecules is more highly developed for gold than silver. How-
ever, in contrast to silver, gold is known to quench fluores-
cence.2426 Fortunately, gold can be used for SPCE (Figure
26.11).27 The angular distribution is slightly wider on gold
than on silver, which is a result of its different optical prop-
erties. The reason gold does not quench in SPCE is because
of the longer distances for SPCE as compared to Forster
transfer, which is probably the mechanism by which gold
quenches fluorescence.

SPCE is due mostly to fluorophores within about 200
nm of the surface. This suggests the possibility of selective
observation of fluorophores localized near the metal sur-
face. We tested this possibility by adding a "background"
fluorophore more distant from the metal. This was accom-
plished by making the coated silver film part of a I-mm-
thick demountable cuvette. The cuvette was filled with a
solution of rhodamine 6G in ethanol. PVA is weakly solu-
ble in ethanol and the dyes remained separate for the course
of the experiments. The free-space emission was observed
at 149° and the SPCE at 77°. The concentrations were cho-
sen so that the free-space emission was dominated by the
R6G background (Figure 26.12). Even with this large back-
ground signal the SPCE was dominated by S101, which is
closer to the metal film. The PVA thickness was only 30
nm, so that some R6G was present within the distance for
SPCE, accounting for the remaining intensity of R6G at
550 nm. More effective background suppression can be
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Figure 26.12. Emission spectra of S101 in PVA with simulated back-
ground emission from rhodamine 6G (R6G). The concentration of
S101 in the PVA film was about 10 mM and the concentration of R6G
in ethanol about 5 uM. From [23].
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expected with a thicker PVA or sample film to keep this
impurity more distant from the metal film.

26.5. APPLICATIONS OF SPCE

Since SPCE occurs for fluorophores near surfaces it will
most likely be used with surface-based assays. One expect-
ed advantage of SPCE is the suppression of unwanted back-
ground because fluorophores distant from the metal surface
will not create surface plasmons and SPCE. For this assay
the surface-bound antibody was rabbit IgG (Figure 26.13).
This surface was incubated with rhodamine-labeled anti-
rabbit IgG and Alexa 647-labeled anti-mouse IgG. The later
antibody does not bind to the surface and serves as the
unwanted background.

Figure 26.14 shows the emission spectra of the free-
space and surface-plasmon coupled emission. The free-
space emission is dominated by the Alexa 647 background.
In contrast, the SPCE is due mostly to the surface-bound
antibody. This result shows that SPCE can be used to selec-
tively observe fluorophores near the metal surface and to
effectively decrease the amount of background emission.
SPCE provides a potentially simple approach for improved
performance in a wide variety of surface-bound arrays.

Intrinsic biochemical fluorophores such as tryptophan
emit at ultraviolet wavelengths. It is possible to imagine
many biochemical applications of SPCE occurring at short-
er wavelengths. SPCE of UV-emitting fluorophores has

.....-_- -. l“. 50 nm silver
‘ 5 ¥ i : A "Y'\ Rabbit IgG

BSA (blocking
agent)

#_ - —_ = Rhodamine anti-
- o ! = Rabbit IgG
AlexaB47 anti-Mouse 1gG

Figure 26.13. SPCE immunoassay. Anti-rabbit antibodies (labeled
with Rhodamine Red-X) bind to rabbit IgG immobilized on the silver
surface. Non-binding anti-mouse antibodies labeled with Alexa Fluor
647 remain in solution. From [28].
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Figure 26.14. Emission spectra of the rhodamine red-X labeled anti-
rabbit antibodies bound to rabbit IgG immobilized on a 50-nm silver
mirror surface in the presence of a fluorescent background (anti-
mouse antibodies labeled with Alexa Fluor 647). Top, free-space
emission. Bottom, SPCE. From [28].
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Figure 26.15. Angle-dependent SPCE of 2-aminopurine (2-AP) at
380 nm with reverse Kretschmann excitation. 2-AP is in a PVA film.
Revised and reprinted with permission from [39]. Copyright © 2004,
American Chemical Society.

been observed with aluminum films.2%3! Figure 26.15
shows the angle-dependent emission of 2-aminopurine in
PVA on a 20-nm-thick aluminum film. Once again SPCE
occurs over a narrow angular distribution, but the distribu-
tion is wider than that found for silver (Figure 26.9). This
wider angular distribution is a result of the optical proper-
ties of aluminum and appears to result in a greater angular
dispersion of different wavelengths (Figure 26.16). The
apparent emission spectra of 2-AP are strongly dependent
on the observation angle.

26.6. FUTURE DEVELOPMENTS IN SPCE

SPCE offers numerous opportunities for new types of
assays and sample configurations. A guiding concept may
be the radiating plasmon (RP) model.32 This model suggests
that the optical and geometric properties of the sample can
be chosen so that plasmons can radiate effectively and in
the desired direction. An example of this approach is for a
thin silver grating.

Excited fluorophores near such a grating display plas-
mon-coupled emission through the grating, with different
wavelengths appearing at different angles. Plasmon-cou-
pled emission through the grating provides opportunities
for novel fluorescence-sensing configurations. Figure 26.17
shows an example where a sensing layer is positioned
above the thin film grating. Emission from the sensing layer
will couple through the grating and could be observed with
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Figure 26.16. Free-space (top) and SPCE (bottom) of 2-AP. The emis-
sion spectra were recorded at different observation angles. Revised
and reprinted with permission from [30]. Copyright © 2004,
American Chemical Society.
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Figure 26.17. Fluorescence-sensing module based on grating-coupled
plasmon emission.

closely spaced and/or proximity focused detectors. Ratio-
metric sensing should be possible using the wavelength
separation provided by the grating. The application of
SPCE will be guided by theory that is becoming more
refined.3>-33

In 1998 a report appeared which showed that thick
metal films with a regular array of sub-wavelength-size
holes can display extraordinary optical transmission greatly
in excess of the transmission expected based on the open
area of the holes.3* This effect is shown schematically in
Figure 26.18. The silver film was 300 nm thick, which is
opaque in the absence of holes. If the films contained
nanoholes there was efficient transmission through the
films, much more efficient than would be expected from the
size of the holes. The transmitted wavelength depended on
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Figure 26.18. Light transmission through perforated but otherwise
opaque silver films. s and d refer to the interhole spacing and diame-
ter, respectively. Figure drawn from results in and reprinted with per-
mission from [34]. Copyright © 2004, American Chemical Society.

the size and spacing of the holes. This observation resulted
in theoretical studies to explain this effect.3>-37 It is now
thought that the transmission is due to the creation of sur-
face plasmons on one surface, migration of the plasmons
through the holes, and subsequent radiation of the plasmons
from the distal side of that metal. Such films should be use-
ful in fluorescence devices. The transmitted radiation is
strongly dependent on wavelength, so that the films may be
used as both an excitation filter and/or for the creation of
far-field radiation (Figure 26.19). For example, the hole

Light Source

Metal Surface

1Lt

Detectors

Figure 26.19. Fluorescence-sensing device base on plasmon transport through a metal surface with a regular array of holes.
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Figure 26.20. Directional and diffracted emission from a fluorophore
on a metal film with linear opening. Adapted from [38].

spacing of the top metal layer could be selected to transmit
the excitation wavelength, and the spacing in the lower
layer selected to transmit the emission wavelength.

Even more elegant configurations are possible by com-
bining plasmon engineering with nanoengineering, which
can be used to obtain strongly directional emission. One
example is shown in Figure 26.20 for an array of parallel
lines etched through the metal.38-40 This structure serves as
a type of monochromator in that light near 600 nm is trans-
mitted most efficiently. Importantly, the transmitted light

Figure 26.21. Directional emission from a fluorophore on a metal
film with open concentric rings. Adapted from [38].

radiates only at defined directions into the far field on the
distal side of the metal and the various wavelengths radiate
in different directions. An even more remarkable result is
shown in Figure 26.21 for a metal film with open concen-
tric rings. In addition to being wavelength selective, the
transmitted light migrates as a narrow beam into the far
field.

These optical transmission phenomenon can be used
with the properties of radiating plasmons to design novel
fluorescence devices which serve as both the excitation fil-
ter and, more importantly, to focus the emission in the
desired direction and pattern. Using the concept that if a
plasmon can radiate it will, fluorophores could be placed on
either side of the films shown in Figures 26.20 and 26.21.
Depending on the geometry of the film and the optical con-
stants of all the materials, fluorophores on or near the metal
will transfer to the plasmons, which in turn will radiate
according to electromagnetic theory.

In closing, we believe the rational design of metallic
structures that couple with fluorophores and efficiently
radiate the energy will provide the basis for a new genera-
tion of nanooptical sensing devices.
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Appendix |

Corrected Emission

Spectra

A relatively limited number of corrected emission spectra
are available. In this Appendix we include the well-docu-
mented corrected spectra. It is not possible to state which
are the "most correct." Corrected spectra can be inter-
changed from photons per wavenumber interval I(v) to pho-
tons per wavelength interval I(A) using I(A) = I(v)A2, fol-
lowed by normalization of the peak intensity to unity. Most
of the compounds listed below satisfy the suggested criteria
for emission spectral standards, which are as follows:

1. Broad wavelength emission with no fine
structure

2. Chemically stable, easily available and
purified

3. High quantum yield

4. Emission spectrum independent of excita-
tion wavelength

5. Completely depolarized emission.

I. EMISSION SPECTRA STANDARDS FROM 300
TO 800 NM

Corrected emission spectra on the wavelength scale were
reported for six readily available fluorophores in neat sol-
vents (Table I.1). The emission spectra of these standards
overlap, providing complete coverage from 300 to 800 nm.
For convenience the numerical values of the emission spec-
tra are given in Table 1.2. The values are plotted in Figure
I.1, and the chemical structures are given in Figure 1.2.
These correct spectra cover almost all needed wave-
lengths. It is recommended that these spectra be adopted as
the accepted standards for determination of instrument

corrections factors and for calculation of corrected emission
spectra.

2. B-CARBOLINE DERIVATIVES AS
FLUORESCENCE STANDARDS

Corrected emission spectra of the carboline derivatives
shown in Figure 1.3 and 1.4 were published.2 All compounds
were measured in 0.1 N H,SO,, except for 2-methyl-
harmine, which was measured in 0.01 N H,SO,, 25°C. Cor-
rected emission spectra were reported in graphical form
(Figure 1.3) and in numerical form (Table 1.3). Quantum
yields and lifetimes were also reported (Table 1.4). Quan-
tum yields were determined relative to quinine sulfate in 1.0

— DCM
Coumarin 153 =~ LDS 751

——— Tryptophan ——TFB
—— x~-NPO

INTENSITY ( photons/nm )

0300 400 500 600 700 800
WAVELENGTH (nm)

Figure I.1. Corrected emission spectra of six standards from [1].
From left to right the spectra are for tryptophan, a-NPO, TPB,
coumarin, DCM, and LDS 751.
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Table 1.1. Properties of the Emission Intensity Standards*

Emission
Probe CAS Solvent Excitation range

Tryptophan 54-12-6 Water 265 310428
a-NPO 846-63-9 Methanol 315 364-486
TPB 1450-63-1 Cyciohexane 340 390-570
Coumarin 153 53518-18-6 Methanol 400 486678
DCM 51325-91-8 Methanol 460 556-736
LDS 751 N/A Methanol 550 646-844

*CAS number (Chemical Abstract Service registry number) provides a unique identification for each fluorophore.
The excitation wavelength and emission range is reported in nm. LDS-751 is a proprietary material of Exciton Inc.
(Dayton, OH) and is similar to Styrl 8. Coumarin 153 is also referred to as Coumarin 540A (Exciton). From [1].

Table 1.2. Normalized Emission Intensities for Each Emission Standard
(emission wavelength is reported in nm and intensity given in photons/nm)

Tryptophan NPO TPB Coumarine 153 DCM LDS 751

nm int. nm int. nm int. nm int. nm int. nm int.

310 0.111 364 0.162 390 0.11 486 0.118 556 0.1 646 0.101
312 0.149 366 0.247 392 0.137 488 0.142 558 0.115 648 0.114
314 0.194 368 0.342 394 0.167 490 0.169 560 0.132 650 0.128
316 0.242 370 0.433 396 0.199 492 0.2 562 0.148 652 0.143
318 0.299 372 0.509 398 0.235 494 0.235 564 0.168 654 0.159
320 0.357 374 0.571 400 0.271 496 0.274 566 0.19 656 0.177
322 0.417 376 0.618 402 0.31 498 0.315 568 0.214 658 0.196
324 0.485 378 0.656 404 0.35 500 0.36 570 0.238 660 0.216
326 0.547 380 0.69 406 0.393 502 0.407 572 0.266 662 0.238
328 0.611 382 0.725 408 0.436 504 0.458 574 0.303 664 0.26

330 0.675 384 0.764 410 0.478 506 0.509 576 0.331 666 0.284
332 0.727 386 0.813 412 0.525 508 0.56 578 0.353 668 0.308
334 0.771 388 0.864 414 0.571 510 0.613 580 0.38 670 0.334
336 0.814 390 0.915 416 0.62 512 0.665 582 0.412 672 0.361
338 0.86 392 0.959 418 0.663 514 0.715 584 0.444 674 0.388
340 0.906 394 0.988 420 0.699 516 0.762 586 0.478 676 0.416
342 0.928 396 0.999 422 0.735 518 0.806 588 0.513 678 0.445
344 0.957 398 1 424 0.773 520 0.847 590 0.548 680 0.474
346 0.972 400 0.991 426 0.805 522 0.882 592 0.584 682 0.504
348 0.996 402 0.978 428 0.834 524 0.914 594 0.62 684 0.534
350 1 404 0.959 430 0.864 526 0.941 596 0.659 686 0.564
352 0.999 406 0.94 432 0.887 528 0.962 598 0.696 688 0.594
354 0.987 408 0.921 434 0.91 530 0.979 600 0.732 690 0.624
356 0.972 410 0.901 436 0.931 532 0.99 602 0.763 692 0.653
358 0.946 412 0.886 438 0.951 534 0.997 604 0.79 694 0.682
360 0.922 414 0.87 440 0.963 536 1 606 0.818 696 0.711
362 0.892 416 0.855 442 0.976 538 1 608 0.842 698 0.738
364 0.866 418 0.835 444 0.985 540 0.996 610 0.869 700 0.765
366 0.837 420 0.803 446 0.991 542 0.991 612 0.893 702 0.791
368 0.798 422 0.773 448 0.998 544 0.981 614 0.915 704 0.815
370 0.768 424 0.743 450 0.999 346 0.97 616 0.934 706 0.839
372 0.728 426 0.708 452 1 548 0.958 618 0.953 708 0.86

374 0.697 428 0.676 454 0.993 550 0.944 620 0.968 710 0.881
376 0.663 430 0.644 456 0.987 552 0.929 622 0.98 712 0.899
378 0.627 432 0.611 458 0.981 554 0.914 624 0.989 714 0.916
380 0.592 434 0.58 460 0.969 556 0.898 626 0.995 716 0.931
382 0.558 436 0.55 462 0.957 558 0.884 628 0.999 718 0.946
384 0.523 438 0.521 464 0.944 560 0.867 630 1 720 0.956
386 0.492 440 0.494 466 0.931 562 0.852 632 0.998 722 0.965

[continued]
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Table 1.2, cont'd

388 0.461 442 0.467 468 0.915 564 0.835 634 0.994 724 0.973
390 0.43 444 0.441 470 0.896 566 0.818 636 0.986 726 0.978
392 0.404 446 0.418 472 0.879 568 0.801 638 0.978 728 0.982
394 0.375 448 0.394 474 0.856 570 0.785 640 0.964 730 0.984
396 0.348 450 0.371 476 0.835 572 0.768 642 0.952 732 0.983
398 0.323 452 0.349 478 0.816 574 0.75 644 0.938 734 0.982
400 0.299 454 0.326 480 0.796 576 0.729 646 0.923 736 0.977
402 0.279 456 0.306 482 0.775 578 0.712 648 0.904 738 0.971
404 0.259 458 0.285 484 0.752 580 0.69 650 0.886 740 0.963
406 0.239 460 0.266 486 0.727 582 0.672 652 0.867 742 0.954
408 0.222 462 0.248 488 0.706 584 0.653 654 0.843 744 0.943
410 0.204 464 0.232 490 0.68 586 0.634 656 0.821 746 0.931
412 0.19 466 0.216 492 0.657 588 0.615 658 0.795 748 0.917
414 0.176 468 0.201 494 0.633 590 0.596 660 0.771 750 0.902
416 0.163 470 0.187 496 0.609 592 0.576 662 0.745 752 0.885
418 0.151 472 0.174 498 0.586 594 0.557 664 0.718 754 0.868
420 0.139 474 0.162 500 0.564 596 0.538 666 0.694 756 0.849
422 0.128 476 0.151 502 0.542 598 0.518 668 0.666 758 0.83
424 0.118 478 0.14 504 0.521 600 0.501 670 0.639 760 0.81
426 0.109 480 0.131 506 0.499 602 0.483 672 0.613 762 0.789
428 0.101 482 0.122 508 0.476 604 0.465 674 0.586 764 0.767
484 0.113 510 0.456 606 0.447 676 0.559 766 0.745
486 0.105 512 0.437 608 0.43 678 0.534 768 0.722
514 0.419 610 0.414 680 0.509 770 0.699
516 0.4 612 0.398 682 0.485 772 0.676
518 0.382 614 0.383 684 0.46 774 0.653
520 0.364 616 0.368 686 0.431 776 0.63
522 0.348 618 0.355 688 0.407 778 0.606
524 0.332 620 0.341 690 0.391 780 0.583
526 0.318 622 0.328 692 0.371 782 0.56
528 0.302 624 0.315 694 0.355 784 0.537
530 0.289 626 0.303 696 0.336 786 0514
532 0.274 628 0.292 698 0.319 788 0.492
534 0.261 630 0.28 700 0.302 790 0.47
536 0.249 632 0.269 702 0.284 792 0.449
538 0.237 634 0.258 704 0.268 794 0.428
540 0.226 636 0.248 706 0.254 796 0.407
542 0.215 638 0.239 708 0.239 798 0.387
544 0.205 640 0.229 710 0.225 800 0.368
546 0.194 642 0.219 712 0.212 802 0.349
548 0.184 644 0.211 714 0.199 804 0.331
550 0.175 646 0.204 716 0.188 806 0.313
552 0.166 648 0.195 718 0.177 808 0.296
554 0.158 650 0.188 720 0.166 810 0.28
556 0.15 652 0.18 722 0.156 812 0.264
558 0.143 654 0.173 724 0.147 814 0.249
560 0-135 656 0.166 726 0.138 816 0.234
562 0.129 658 0.159 728 0.131 818 0.221
564 0.122 660 0.152 730 0.123 820 0.207
566 0.116 662 0.146 732 0.116 822 0.195
568 0.11 664 0.14 734 0.109 824 0.183
570 0.105 666 0.134 736 0.103 826 0.171
668 0.129 828 0.16
670 0.124 830 0.15
672 0.118 832 0.14
674 0.113 834 0.131
676 0.108 836 0.122
678 0.104 838 0.114
840 0.106
842 0.099
844 0.092
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NH:
Table 1.3. Normalized and Corrected Fluorescence Spectra =
. R L N=N
for Nor-harmane, Harmane, Harmine, 2-Methyl Harmine, P ____,/ COOH
and Harmaline in H,SO, Aqueous Solutions (0.1 N H,SO, : w \3 | O)\G
for nor-harmane, harmane, harmine and 2-methyl N =N S
1 1 %k
harmine and 0.01 N for harmaline) Tro a-NPO
Nor-
‘Wave harmane
length or f3-car- 2-Methyl
(nm) boline Harmane Harmine  harmine Harmaline
400 0.63
405 0.76 0.53
410 0.87 0.68
415 0.56 0.93 0.78 .
420 0.70 0.98 0.89
425 0.54 0.81 1.00 0.95 rBp
430 0.67 0.90 0.99 0.98
433 1.00
435 0.79 0.97 0.94 0.99
440 0.90 1.00 0.97%* 0.97 - HaC
445 0.96 0.98 0.80 0.90 HG 7\ N \
N o HaC s
450 0.99 0.94 0.73 0.84 g Nt % A - \
454 1.00 \ { Ay
455 0.99 0.88 0.64 0.76 CN =
460 0.98 0.82 0.54 0.66 0.48 NC
465 0.96 0.76 0.48 0.58 0.59 DCM LDS 751
470 0.93 0.69 0.52 0.69
475 0.87 0.61 0.44 0.78 Figure 1.2. Chemical structure of the emission spectra standards.
480 0.83 0.56 0.86
485 0.78 0.50 0.92
32(5) 823 832 N H,SO,, with Q = 0.546. Corrected spectra are in relative
498 1.00 quanta per wavelength interval. A second corrected emis-
500 0.61 0.99 sion spectrum of nor-harmane (B-carboline) was also
2(1)(5) 054 g'gg reported (Table 1.5).3 The spectral properties of -carbo-
515 0.92 line are similar to quinine sulfate. While the polarization of
520 0.89 the B-carboline standards was not measured, these values
525 0.83 are likely to be near zero given the lifetimes near 20 ns
530 0.77
535 074 (Table 1.4).
540 0.71
550 0.59

560 0.49 =0
+ N
*From [2]. S R; NS cH,
**This number is in question. | N* H R
r 1
Rs N H

H R, Ry=CHas, R,=OCH; (d)

Table I.4. Quantum Yields and Lifetimes of the

-Carboline Standards® (from [2]) Ry=H, R,=H (a)

R,=CHs, R;=H (b) |l N
Compound Quantum yield Lifetime (ns) Ry =CHs, R,= OCHs (¢) R, tl' F: H
Nor-harmane 0.58 + 0.02 212 4
Harmane 0.83 = 0.03 20.0 + 0.5 R,=CHs, R;=OCH;(e)
Harmine 0.45 £ 0.03 6.6 0.2
2-Methylharmine 0.45 +0.03 6.5+0.2 Figure L.3. 3-Carboline standards. Cationic species structures: (a) 3-
Harmaline 0.32 +0.02 53+02 carboline or nor-harmane, (b) harmane, (c) harmine, (d) 2-methyl

harmine, and (e) harmaline. Revised from [2]. Copyright © 1992, with

Same conditions as in Table L.3. permission from Elsevier Science.
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1.0

WAVELENGTH

(nm)

Figure 1.4. Corrected and normalized fluorescence spectra for some
[B-carboline derivatives: (1) harmine 0.1 N H,SO,; (2) 2-methyl
harmine 0.1 N H,SO,; (3) harmane 0.1 N H,SO,; (4) nor-harmane 0.1
N H,SO,; (5) harmaline 0.01 N H, SO,. Revised from [2]. Copyright
© 1992, with permission from Elsevier Science.

3. CORRECTED EMISSION SPECTRA OF
9,10-DIPHENYLANTHRACENE, QUININE,
AND FLUORESCEIN

Corrected spectra in quanta per wavelength interval /(L)
were published for these three compounds?* (Figure 1.5 and
Table 1.6). The emission spectrum for quinine was found to
be at somewhat shorter wavelengths than that published by
Melhuish.’

4. LONG-WAVELENGTH STANDARDS

Corrected emission spectra in relative quanta per wave-
length interval were reported* for quinine sulfate (QS), 3-

:E 1.0 DPA as Fluorescein
= \
s \
= \
B \
i \
: /
(1) 0.5
9]
=
: \
Q
I N
i / \
(@] \
b=
| -
w ] | ] i
400 500 600
WAVELENGTH (nm)

Figure L.5. Corrected emission spectra in relative photons per wave-
length interval (I(A)) for 9,10-diphenylanthracene, quinine sulfate,
and fluorescein. From [4].
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Table L.5. Corrected Emission Intensities for 3-Carboline
in 1.0 N H,SO, at 25°C»

Wave- Corrected Wave- Corrected
length (nm) intensity length (nm) intensity
380 0.001 510 0.417
390 0.010 520 0.327
400 0.068 530 0.255
410 0.243 540 0.193
420 0.509 550 0.143
430 0.795 560 0.107
440 0.971 570 0.082
450 1.000 580 0.059
460 0.977 590 0.044
470 0.912 600 0.034
480 0.810 610 0.025
490 0.687 620 0.019
500 0.540 630 0.011

aExcitation at 360 nm. From [3].

aminophthalimide (3-APT), and N,N-dimethylamino-m-
nitrobenzene (N,N-DMAMB). Chemical structures are
shown in Figure 1.6. These standards are useful because
they extend the wavelength range to 750 nm (Figure 1.7).

Table 1.6. Corrected Emission Spectra in Relative Quanta

per Wavelength Interval (from [4])

Quinine
sulfate? Fluorescein® DPA¢
A (nm) I\) A (nm) I(\) A (nm) I\

310 0 470 0 380 0
350 4 480 7 390 39
380 18 490 151 400 423
400 151 495 360 412 993
410 316 500 567 422 914
420 538 505 795 432 1000
430 735 510 950 440 882
440 888 512 1000 450 607
445 935 515 985 460 489
450 965 520 933 470 346
455 990 525 833 480 222
457.2 1000 530 733 490 150
400 998 540 533 500 103
465 979 550 417 550 4
470 951 560 333 600 0
475 916 570 233

480 871 580 167

490 733 600 83

500 616 620 42

520 408 640 17

550 171 650 8

600 19 670 0

650 3

700 0

2Quinine sulfate was in 1.0 N H,SO,, excitation at 346.5.
bFluorescein (Uranine) was in 0.1 N NaOH, excitation at 322 nm.
¢9,10-diphenylanthracene (DPA) was in benzene, excitation at 385 nm.
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Figure 1.6. Chemical structure of fluorophores used as spectral stan-
dards.

Qs A-APT
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()
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Figure 1.7. Corrected emission spectra in relative quanta per wave-
length interval (/(v)). The quinine sulfate (QS) was in 0.1 N H,SO,.
3-aminophthalamide (3-APT) was in 0.1 N H,SO,. N,N-dimethy-
lamino-m-nitrobenzene (N,N-DMANB) was in 70% n-hexane, 30%
benzene. Modified from [4].

The data were not reported in numerical form. These cor-
rected emission spectra /(L) were in agreement with that
reported earlier® in relative quanta per wavenumber (I(v)),
following the appropriate transformation.

A more complete set of corrected spectra,®’ in I(v) per
wavenumber interval, are summarized numerically in Fig-
ure 1.8 and Table 1.7. These data contain an additional stan-
dard, 4-dimethylamino-4'-nitrostilbene (4,4'-DMANS),
which extends the wavelength range to 940 nm. These spec-
tra are plotted on the wavenumber scale in Figure 1.8. For

APPENDIX |

= CORRECTED EMISSION SPECTRA

4,4'~DMANS

3=AP N N'-DMANB

0.5} |

FLUORESCENCE INTENSITY,I (%)

oy ey IR e | i,

25000 20000 15 000
WAVENUMBER (cm™!)

10000

Figure 1.8. Corrected emission spectra in relative quanta per
wavenumber interval I(V). See Table 1.6 for additional details. Data
from [6] and [7].

convenience the data were transformed to the wavelength
scale, and are shown in Figure 1.9 and Table 1.8. In summa-
rizing these corrected spectra we omitted [-naphthol,
whose emission spectrum depends on pH and buffer con-
centration. Because these factors change its spectral shape,
naphthol is not a good standard.

5. ULTRAVIOLET STANDARDS

2-aminopyridine (Figure 1.10) has been suggested as a stan-
dard from 315 to 480 nm,8° which covers most but not all
of the wavelengths needed for tryptophan fluorescence

e
o
T

o
wu
T

FLUORESCENCE INTENSITY, I1(A)

i 1
500 600 700 800 900

o

400
WAVELENGTH (nm)

Figure 1.9. Corrected emission spectra in relative quanta per wave-
length interval I(A). See Table 1.5 for additional details. Data from [6]
and [7].
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Table 1.7. Corrected Emission Spectra in Relative Quanta per Wavenumber Interval

Quinine sulfate® 3-APTe N,N'-DMANB¢ 4,4'-DMANSe
v(cmT) Iv) Vv (cmT) Iv) Vv (cm1) Iv) Vv (cm1) Iv)

15.0 0 14.0 1.5 12.0 2.0 10.5 12.5

15.25 1.5 14.25 3.0 12.25 4.0 10.75 18.5

15.5 3.0 14.5 5.0 12.5 6.0 11.0 24.5

15.75 4.5 14.75 7.5 12.75 8.5 11.25 325

16.0 6.0 15.0 10.0 13.0 11.0 11.5 41.5

16.25 7.5 15.25 13.0 13.25 13.5 11.75 50.5

16.5 9.5 15.5 16.0 13.5 17.0 12.0 60.0

16.75 11.5 15.75 19.0 13.75 20.0 12.25 70.5

17.0 14.0 16.0 22.0 14.0 23.5 12.5 80.5

17.25 16.0 16.25 25.5 14.25 27.5 12.75 89.0

17.5 18.0 16.5 29.5 14.5 31.0 13.0 95.0

17.75 20.5 16.75 33.5 14.75 35.5 13.25 98.5

18.0 24.0 17.0 38.5 15.0 40.5 13.5 100.0

18.25 28.5 17.25 44.0 15.25 45.0 13.75 98.0

18.5 34.5 17.5 50.0 15.5 50.0 14.0 94.0

18.75 40.5 17.75 56.5 15.75 55.5 14.25 88.0

19.0 46.0 18.0 65.0 16.0 61.5 14.5 81.0

19.25 52.5 18.25 73.0 16.25 68.0 14.75 72.0

19.5 58.5 18.5 82.5 16.5 73.0 15.0 61.5

19.75 65.0 18.75 90.0 16.75 78.0 15.25 51.0

20.0 71.5 19.0 95.0 17.0 82.5 15.5 41.0

20.25 78.5 19.25 98.5 17.25 87.0 15.75 32.0

20.5 84.5 19.5 100.0 17.5 91.5 16.0 24.0

20.75 90.0 19.75 98.5 17.75 95.0 16.25 17.5

21.0 95.0 20.0 94.5 18.0 97.5 16.5 13.0

21.25 98.5 20.25 87.5 18.25 99.5 16.75 9.0

21.5 100.0 20.5 77.5 18.5 99.5 17.0 6.0

21.75 99.5 20.75 66.0 18.75 97.5 17.25 4.0

22.0 98.0 21.0 53.0 19.0 93.5 17.5 2.5

22.25 94.5 21.25 39.5 19.25 87.0 17.75 2.0

22.5 89.0 21.5 28.0 19.5 80.0 18.0 1.5

22.75 82.5 21.75 17.5 19.75 71.5

23.0 74.0 22.0 11.0 20.0 61.0

23.25 65.5 22.25 6.0 20.25 51.0

23.5 55.5 22.5 3.0 20.5 41.5

23.75 46.0 22.75 1.5 20.75 325

24.0 37.5 23.0 1.0 21.0 23.5

24.25 29.5 21.25 16.0

24.5 21.0 21.5 10.5

24.75 15.0 21.75 6.0

25.0 10.5 22.0 3.0

25.25 6.5 22.25 2.0

25.5 4.0 22.5 1.5

25.75 2.5

26.0 1.0

Max. Max. Max. Max.
21.6 100.0 19.5 100.0 18.4 100.0 13.5 100.0

2All listings are in 103 cm-!, that is, 13.5 is 13,500 cm-!.

bQuinine sulfate (103 M) in 0.1 N H,SO,, 20°C.

¢3-aminophthalimide (5 x 10+ M) in 0.1 N H,SO,, 20°C.
dN,N-dimethylamino-m-nitrobenzene (104 M) in 30% benzene, 70% n-hexane, 20°C.
¢4-dimethylamino-4'-nitrostilbene in o-dichlorobenzene, 20°C.
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Table 1.8. Corrected Emission Spectra in Relative Quanta per Wavelength Intervalf

Quinine sulfateb 3-APT¢ N,N-DMANB¢ 4,4-DMANSe

A (nm)? 1) A (nm) 1) A (nm) 1) A (nm) 1)
384.6 1.4 434.8 1.4 444 .4 22 555.6 2.6
388.3 3.5 439.6 2.0 449.4 2.9 563.4 34
392.2 5.5 444 4 4.0 454.5 42 571.4 4.1
396.0 8.7 449.4 7.7 459.8 8.3 579.7 6.4
400.0 13.8 454.5 13.9 465.1 14.2 588.2 9.4
404.0 19.4 459.8 21.5 470.6 21.1 597.0 13.6
408.2 26.6 465.1 33.7 476.2 30.2 606.1 19.1
412.4 36.6 470.6 46.4 481.9 40.8 615.4 24.9
416.7 45.5 476.2 60.8 487.8 50.9 625.0 33.2
421.1 54.7 481.9 74.0 493.8 61.0 634.9 42.8
425.5 64.6 487.8 84.8 500.0 71.2 645.2 53.2
430.1 74.6 493.8 93.4 506.3 81.4 655.7 64.0
434.8 82.5 500.0 98.4 512.8 88.7 666.7 74.7
439.6 90.0 506.3 100.0 519.5 94.1 678.0 84.5
444 4 95.0 512.8 99.0 526.3 98.5 689.7 91.9
4494 98.6 519.5 95.0 533.3 100.0 701.8 96.4
454.5 100.0 526.3 89.2 540.5 99.3 714.3 99.4
459.8 99.2 533.3 82.3 547.9 96.7 727.3 100.0
465.1 97.5 540.5 73.5 555.6 92.2 740.7 98.4
470.6 93.8 547.9 63.3 563.4 87.3 754.7 93.3
476.2 88.3 555.6 54.8 571.4 81.8 769.2 86.7
481.9 81.7 563.4 46.3 579.7 75.5 784.3 78.1
487.8 74.9 571.4 39.9 588.2 69.6 800.0 67.9
493.8 67.9 579.7 34.1 597.0 63.8 816.3 57.1
500.0 60.3 588.2 29.0 606.1 58.0 833.3 46.6
506.3 53.4 597.0 24.5 615.4 52.4 851.1 37.6
512.8 46.9 606.1 20.9 625.0 459 869.6 29.6
519.5 41.0 615.4 17.5 634.9 40.2 888.9 222
526.3 35.0 625.0 14.7 645.2 35.0 909.1 16.0
533.3 30.0 634.9 12.3 655.7 30.5 930.2 11.5
540.5 24.9 645.2 10.0 666.7 26.6 952.4 74
547.9 20.0 655.7 7.9 678.0 22.5

555.6 16.4 666.7 5.9 689.7 19.0

563.4 13.6 678.0 42 701.8 16.3

571.4 11.6 689.7 2.7 714.3 13.4

579.7 10.0 701.8 1.6 727.3 11.0

588.2 8.5 714.3 0.8 740.7 9.0

597.0 6.8 754.7 6.9

606.1 5.5 769.2 54

615.4 4.2 784.3 4.0

625.0 32 800.0 2.7

634.9 24 816.3 1.8

645.2 1.5 833.3 0.8

655.7 0.7

666.7 0.0

aCalculated from Table 1.7.

b Quinine sulfate (103 M) in 0.1 N H,SO,, 20°C.

¢ 3-aminophthalimide (5 x 10-* M) in 0.1 N H,SO,, 20°C.

4N,N'-dimethylamino-m-nitrobenzene (10~ M) in 30% benzene, 70% m-heptane, 20°C

¢ 4-dimethylamino-4'-nitrostilbene in o-dichlorobenzene, 20°C.

fCalculated from Table 1.7 using /(L) = A2 I(v), followed by normalization of the peak intensity to 100.
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Table 1.9. Corrected Emission Spectrum of 2-

Aminopyridine?

v (cm) 1v) A (nm) I(\)P
20,800 0.010 480.8 0.006
21,500 0.038 465.1 0.024
22,200 0.073 450.5 0.049
23,000 0.133 434.8 0.095
23,800 0.264 420.2 0.202
24,700 0.450 404.9 0.371
25,600 0.745 390.6 0.660
26,600 0.960 3759 0.918
27,200 1.00 367.7 1.00
27,800 0.939 359.7 0.981
28,900 0.587 346.0 0.663
30,150 0.121 331.7 0.149
31,000 0.033 322.6 0.049

210 M in 0.1 N,SO,. From [10] and [11].
bCalculated using /(L) = I(v)L-2 followed by normalization
of the maximum to unity.

(Table 1.9 and Figure 1.10). Corrected emission spectra have
been reported!? for phenol and the aromatic amino acids,
phenylalanine, tyrosine and tryptophan (Figure I.11).

6. ADDITIONAL CORRECTED EMISSION
SPECTRA

Corrected spectra as I(v) versus v can be found in the com-
pendium by Berlman.!! Included in that volume are a num-
ber of UV-emitting species including indole and phenol,
which can be used to obtain corrected emission spectra of
proteins. For convenience Berlman's spectra for phenol and

WAVENUMBER (cm™!)

33333 25000 20000
T T T
1oF 2-Aminopyridine L9
08} — I(A) 408
--=1(¥)
06} do6 -~
= z
~ 04f 404
0.2 0.2
0 1 1 —
300 350 400 450 508

WAVELENGTH (nm)

Figure 1.10. Corrected emission spectra of 2-aminopyridine in rela-
tive quanta per wavenumber interval /(v) and per wavelength interval
I()). See Table 1.8 for additional details. From [8] and [9].
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Figure 1.11. Corrected emission spectrum (/(1)) for phenylalanine
(@), phenol (), tyrosine (A), and tryptophan (©O). The areas under-
neath the curves are proportional to the quantum yields. Data from
[10].
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Figure I.12. Corrected emission spectra of phenol in methanol and
indole in ethanol. From [11].

indole are provided as Figure I1.12. Cresyl violet in
methanol has been proposed as a quantum yield and emis-
sion spectral standard for red wavelengths.!? In methanol at
22°C the quantum yield of cresyl violet is reported to be
0.54, with an emission maximum near 614 nm. The use of
quinine as a standard has occasionally been questioned.!3-16
Additional discussion about corrected emission spectra can
be found in [17-20].
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Appendix Il

Fluorescence Lifetime

Standards

It is valuable to have fluorophores of known lifetimes for
use as lifetime standards in time-domain or frequency-
domain measurements. Perhaps more important than the
actual lifetime is knowledge that the fluorophore displays
single-exponential decays. Such fluorophores are useful for
testing the time-resolved instruments for systematic errors.
We summarized the results from several laboratories on
lifetime standards. There is no attempt to compare the val-
ues, or to evaluate that values are more reliable. Much of the
data is from this laboratory because it was readily available
with all the experimental details.

I. NANOSECOND LIFETIME STANDARDS

A series of scintillator fluorophores were characterized as
standards for correcting timing errors in photomultiplier

Table I1.1. Nanosecond Reference Fluorophores

Emission
wavelength
Compound? range T (ns)®

p-Terphenyl® 310412 1.05
PPD 310-440 1.20
PPO 330480 1.40
POPOP 370-540 1.35
(Me),POPOP 390-560 1.45

aThe abbreviations are: PPD, 2,5-diphenyl-1,3,4-oxa-
dizole; PPO, 2,5-diphenyloxazole; POPOP, p-bis[2-
(5-phenyloxazolyl) |benzene; dimethyl or (Me),POPOP,
1,4-bis-2-(4-methyl-5-phenyloxazolyl)-benzene.

"These values are judged to be accurate to +0.2 ns at 10
and 30 MHz. From [1].

tubes.! While the decay times were only measured at one or
two frequencies, these compounds are thought to display
single-exponential decays in ethanol. The decay times are
in equilibrium with air, and are not significantly sensitive to
temperature (Table II.1). These excitation wavelengths
range from 280 to 360 nm, and the emission wavelengths
range from 300 to 500 nm (Figure II.1).

One of our most carefully characterized intensity
decays is for PPD in ethanol at 20°C, in equilibrium with
air.2 The frequency response was measured with a GHz fre-
quency-domain instrument. No deviations from a single-
exponential decay were detected over the entire range of
frequencies (Figure 11.2).

p=lerphenyl
-—===PPD

— = PPO

POPOP
(Mel, POPOP

FLUORESCENCE INTENSITY (normalized)

e I fres

290 330 £ T T a50 %0 530
WAVELENGTH (nanometers)

Figure I1.1. Emission spectra of nanosecond lifetime reference fluo-
rophores. Reprinted from [1]. Copyright © 1981, with permission
from Elsevier Science.
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Figure IL.2. PPD in ethanol as a single-decay-time standard, in
ethanol in equilibrium with air. Reprinted with permission from [2].
Copyright © 1990, American Institute of Physics.

2. PICOSECOND LIFETIME STANDARDS

Derivatives of dimethylamino-stilbene were characterized
as lifetime standards with subnanosecond lifetimes? (Figure
I1.3). Excitation wavelengths range up to 420 nm, and emis-
sion wavelengths from 340 to over 500 nm (Figure 11.4).

H
CHa), N C/
(CHa), N
C X
/
H
X
DFS F
DBS Br
LS CN

Figure I1.3. Picosecond lifetime standard fluorophores. From [3].
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Figure I1.4. Top: Absorption and fluorescence spectra of DMS in
cyclohexane (solid) and N,N'-dimethylformamide (dashed) at 25°C.
Middle: Absorption and fluorescence spectra of DFS (solid) and DBS
(dashed) in cyclohexane at 25°C. Bottom: Absorption and fluores-
cence spectra of DCS in cyclohexane (solid) and toluene (dashed) at

25°C. Revised from [3].
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Figure I1.5. Representative frequency response of the picosecond life-

time standards. From [3].
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Table I1.2. Picosecond Lifetime Standards?

Sol-
Compound No.2 vent® Qe T (°C) T (ps)
DMS 1 C 0.59 25 880
2 C - 37 771
3 T 0.32 25 740
4 T - 5 921
5 DMF 0.27 25 572
6 EA 0.15 25 429
DFS 7 C - 25 328
8 C - 37 252
9 T 0.16 25 305
10 T - 5 433
DBS 11 C 0.11 25 176
12 C - 37 133
13 T 0.12 25 168
14 T - 5 248
DCS 15 C 0.06 25 66
16 C - 37 57
17 T 0.06 25 115
18 T - 5 186

2From [3]. Numbers refer to Figure I1.6. These results were obtained
from frequency-domain measurements.

bC, cyclohexane; T, toluene; DMF, dimethylformamide; EA, ethyl
acetate. The excitation wavelength was 365 nm.

¢Quantum yields.

Representative frequency responses show that the intensity
decays are all single exponentials (Figure II.5). The solu-
tions are all in equilibrium with air. The decay times range
from 57 to 921 ps (Table II.2 and Figure I1.6).

Rose Bengal can serve as a picosecond lifetime stan-
dard at longer wavelengths (Figure I1.7). Rose Bengal can

1000

L . A4y =365nm

LIFETIME (ps)

200} —
—_—17
_16
DMS DFS DBS DCS

STANDARDS

Figure I1.6. Lifetimes of the picosecond standards. From [3].
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Figure I1.7. Rose Bengal as long-wavelength picosecond lifetime
standard. For additional lifetime data on Rose Bengal see [4].

also be used as a standard for a short rotational correlation
time (Figure I1.8).

3. REPRESENTATIVE FREQUENCY-DOMAIN
INTENSITY DECAYS

It can be useful to have access to the actual lifetime data.
Representative frequency-domain data for single-exponen-
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Figure IL.8. Rose Bengal as a picosecond correlation time standard.
For additional data on Rose Bengal see [4].
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Figure I1.9. Representative frequency-domain intensity decays. From [5].
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Table I1.3. Time-Domain Single
Lifetime Standards?

Compound Solvent, 20°C Emission (nm) T (ns)
PPO cyclohexane (D) 440 1.42
PPO cyclohexane (U) 440 1.28
Anthracene cyclohexane (D) 405 5.23
Anthracene cyclohexane (U) 405 4.10
1-cyanonaphthalene hexane (D) 345 18.23
1-methylindole cyclohexane (D) 330 6.24
3-methylindole cyclohexane (D) 330 4.36
3-methylindole ethanol (D) 330 8.17
1,2-dimethylindole ethanol (D) 330 5.71

aFrom [13]. These results were obtained using time-correlated single-

photon counting.
’D = degassed; U = undegassed.

tial decays as shown in Figure I1.9. All samples are in equi-
librium with air.> Additional frequency-domain data on sin-

gle-decay-time fluorophores are available in the litera-
ture,®10 and a cooperative report between several laborato-
ries on lifetime standards is in preparation.!!

4. TIME-DOMAIN LIFETIME STANDARDS

The need for lifetime standards for time-domain measure-
ments has been recognized for some time.!2 A number of
laboratories have suggested samples as single-decay-time
standards.!3-17 The data are typically reported only in tables
(Tables I1.3 to IL.5), so representative figures are not avail-
able. The use of collisional quenching to obtain different
lifetimes!7-18 is no longer recommended for lifetime stan-
dards due to the possibility of transient effects and non-
exponential decays. Quinine is not recommended as a life-
time standard due to the presence of a multi-exponential
decay.!9-20
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Table I1.4. Single-Exponential Lifetime Standards Table IL.5. Single-Exponential Standards?
Sample® Ao (nM) T (ns?) Fluorophore T (ns)

Anthracene 380 5.47 POPOP in cyclohexane 1.14 £ 0.01
PPO 400 1.60 POPOP in EtOH 1.32 £0.01
POPOP 400 1.38 POPOP in aq EtOH 0.87 +0.01
9-cyanoathracene 440 14.76 Anthracene in EtOH 4.21 +0.02
2All samples in ethanol. The lifetimes were measured by time-correlat- 9-Cyanoanthracene in EtOH 11.85+0.03
ed single-photon counting. From [14]. The paper is unclear on purg- 2All measurements were at 25°C, in equilibrium with
ing, but the values seem consistent with digassed samples. air, by time-correlated single photon counting. From

[17].
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Appendix IlI

Additional Reading

It is not possible in a single volume to completely describe
the molecular photophysics and the application of fluores-
cence spectroscopy. The following books are recommended
for additional details on specialized topics. This listing is
not intended to be inclusive, and the author apologizes for
absence of important citations.

|. TIME-RESOLVED MEASUREMENTS

Chemical applications of ultrafast spectroscopy 1986. Fleming, GR.
Oxford University Press, New York.

Excited state lifetime measurements 1983. Demas JN. Academic Press,
New York, pp. 267.

Time-correlated single photon counting 1984. O'Connor DV, Phillips D.
Academic Press, New York.

Topics in fluorescence spectroscopy. Vol 1. 1991. Lakowicz JR, ed.
Plenum Press, New York.

2. SPECTRA PROPERTIES OF FLUOROPHORES

Energy transfer parameters of aromatic compounds. 1973. Berlman IB.
Academic Press, New York.

Biological techniques: fluorescent and luminescent probes for biological
activity. 1999. Mason WT. Academic Press, New York.

Handbook of fluorescence spectra of aromatic molecules, 2nd ed. 1971.
Berlman IB. Academic Press, New York.

Handbook of fluorescent probes and research chemicals, 9th ed. 2003.
Haugland RP, ed. Molecular Probes Inc.

Landolt-Bornstein: zahlenwerte und funktionen aus naturwissenschaften
und technik. 1967. Serie N. Springer-Verlag, Berlin.

Molecular luminescence spectroscopy: methods and applications: part 1.
1985. Schulman SG, ed. John Wiley & Sons, New York.

Molecular luminescence spectroscopy: methods and applications: part 2.
1988. Schulman SG, ed. John Wiley & Sons, New York.

Molecular luminescence spectroscopy: methods and applications: part 3.
1993. Schulman SG, ed. John Wiley & Sons, New York.

Organic luminescent materials. 1984. Krasovitskii BM, Bolotin BM
(Vopian VG, transl). VCH Publishers, Germany.

Practical fluorescence, 2nd ed. 1990. Guilbault GG, ed. Marcel Dekker,
New York.

3. THEORY OF FLUORESCENCE AND
PHOTOPHYSICS

Photophysics of aromatic molecules. 1970. Birks JB. Wiley Interscience,
New York.

Organic molecular photophysics, Vol 1. 1973. Birks JB, ed. John Wiley &
Sons, New York.

Organic molecular photophysics, Vol 2. 1975. Birks JB, ed. John Wiley &
Sons, New York.

Fotoluminescencja roztworow. 1992. Kawski A. Wydawnictwo Naukowe
PWN, Warszawa.

The 1970 and 1973 books by Birks are classic works
that summarize organic molecular photophysics. These
books start by describing fluorescence from a quantum
mechanical perspective, and contain valuable detailed
tables and figures that summarize spectral properties
and photophysical parameters. Unfortunately, these
books are no longer in print, but they may be found in
some libraries.

4. REVIEWS OF FLUORESCENCE
SPECTROSCOPY

Methods in enzymology, Vol. 278: Fluorescence spectroscopy. 1997. Brand
L, Johnson ML. Academic Press, New York.

Molecular fluorescence, phosphorescence, and chemiluminescence spec-
trometry. 2004. Powe AM, Fletcher KA, St. Luce NN, Lowry M,
Neal S, McCarroll ME, Oldham PB, McGown LB, Warner IM. Anal
Chem 76:4614-4634. This review is published about every two
years.

889

BIO-RAD EX.1006.896



890

Resonance energy transfer: theory and data. 1991. Wieb Van Der Meer B,
Coker G, Chen S-Y. Wiley-VCH, New York.

Topics in fluorescence spectroscopy, Vol 2: Principles. 1991. Lakowicz JR,
ed. Plenum Press, New York. Provides information on the biochemi-
cal applications of anisotropy, quenching, energy transfer, least-
square analysis, and oriented systems.

Topics in fluorescence spectroscopy, Vol 3: Biochemical applications.
1992. Lakowicz JR, ed. Plenum Press, New York. Describes the spec-
tral properties of intrinsic biological fluorophores and labeled macro-
molecules. There are chapters on proteins, membranes and nucleic
acids.

Topics in fluorescence spectroscopy, Vol T: DNA technology 2003.
Lakowicz JR, ed. Kluwer Academic/Plenum Publishers, New York.

5. BIOCHEMICAL FLUORESCENCE

Analytical use of fluorescent probes in oncology. 1996. Kohen E,
Hirschberg JG, eds. Plenum Press, New York.

Applications of fluorescence in the biomedical sciences. 1986. Taylor DL,
Waggoner AS, Murphy RF, Lanni F, Birge RR, eds. Alan R. Liss,
New York.

Biophysical and biochemical aspects of fluorescence spectroscopy. 1991.
Dewey TG, ed. Plenum Press, New York.

Biotechnology applications of microinjection, microscopic imaging, and
Sfluorescence. 1993. Bach PH, Reynolds CH, Clark JM, Mottley J,
Poole PL, eds. Plenum Press, New York.

Fluorescent and luminescent probes for biological activity: a practical
guide to technology for quantitative real-time analysis, 2nd ed. 1999.
Mason WT, ed. Academic Press, San Diego.

Fluorometric analysis in biomedical chemistry. 1987. Ichinose N, Schwedt
G, Schnepel FM, Adachi K. John Wiley & Sons.

Fluorescence spectroscopy. 1997. Brand L, Johnson ML, eds. Academic
Press, New York.

Methods in cell biology, Vol 58: Green fluorescent proteins. 1999. Sullivan
KF, Kay SA, eds. Academic Press, San Diego.

Spectroscopic membrane probes, Vol 1. 1988. Loew LM, ed. CRC Press,
Boca Raton, FL.

Spectroscopic membrane probes, Vol 2. 1988. Loew LM, ed. CRC Press,
Boca Raton, FL.

Spectroscopic membrane probes, Vol 3. 1988. Loew LM, ed. CRC Press,
Boca Raton, FL.

6. PROTEIN FLUORESCENCE

Fluorescence and phosphorescence of proteins and nucleic acids. 1967.
Konev SV. (Udenfriend S, transl). Plenum Press, New York.

Luminescence of polypeptides and proteins. 1971. Longworth JW. In
Excited states of proteins and nucleic acids, pp. 319-484. Steiner RF,
Weinryb I, eds. Plenum Press, New York.

Luminescent spectroscopy of proteins. 1993. Permyakov EA. CRC Press,
Boca Raton, FL.

Ultraviolet spectroscopy of proteins. 1981. Demchenko AP. Springer-
Verlag, New York.

APPENDIX Il = ADDITIONAL READING

7. DATA ANALYSIS AND NONLINEAR
LEAST SQUARES

Data reduction and error analysis for the physical sciences, 2nd ed. 1992.
Bevington PR, Robinson DK. McGraw-Hill, Boston.

Evaluation and propagation of confidence intervals in nonlinear, asymmet-
rical variance spaces: analysis of ligand binding data. 1983. Johnson
ML. Biophy J 44:101-106.

An introduction to error analysis. 1982. Taylor JR. University Science
Books, California.

Methods in enzymology, Vol 240: Numerical computer methods. 1994.
Johnson ML, Brand L, eds. Academic Press, New York.

Methods in enzymology, Vol 210: Numerical computer methods. 1992.
Brand L, Johnson ML, eds. Academic Press, New York.

Statistics in spectroscopy. 1991. Mark 