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Figure 1 Jablonski diagram illustrating the processes involved in the creation of an excited 
electronic singlet state by optical absorption and subsequent emission of �uorescence. The 
labeled stages 1, 2 and 3 are explained in the adjoining text.
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Fluorescent probes enable researchers to detect particular com-
ponents of complex biomolecular assemblies, such as live cells, with 
exquisite sensitivity and selectivity. �e purpose of this introduction is 
to brie�y outline �uorescence principles and techniques for newcomers 
to the �eld.

The Fluorescence Process
Fluorescence is the result of a three-stage process that occurs in 

certain molecules (generally polyaromatic hydrocarbons or hetero-
cycles) called �uorophores or �uorescent dyes. A �uorescent probe is 
a �uorophore designed to respond to a speci�c stimulus or to localize 
within a speci�c region of a biological specimen. �e process respon-
sible for the �uorescence of �uorescent probes and other �uorophores is 
illustrated by the simple electronic-state diagram (Jablonski diagram) 
shown in Figure 1.

Stage 1: Excitation
A photon of energy hνEX is supplied by an external source such as 

an incandescent lamp or a laser and absorbed by the �uorophore, creat-
ing an excited electronic singlet state (S1́ ). �is process distinguishes 
�uorescence from chemiluminescence, in which the excited state is 
populated by a chemical reaction.

Stage 2: Excited-State Lifetime
�e excited state exists for a �nite time (typically 1–10 nano-

seconds). During this time, the �uorophore undergoes conformational 
changes and is also subject to a multitude of possible interactions with 
its molecular environment. �ese processes have two important con-
sequences. First, the energy of S1́  is partially dissipated, yielding a re-
laxed singlet excited state (S1) from which �uorescence emission origi-
nates. Second, not all the molecules initially excited by absorption (Stage 
1) return to the ground state (S0) by �uorescence emission. Other process-
es such as collisional quenching, �uorescence resonance energy trans-
fer (FRET) (Fluorescence Resonance Energy Transfer (FRET)—Note 
1.2) and intersystem crossing  may also depopulate S1. �e �uorescence 
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quantum yield, which is the ratio of the number of �uorescence photons 
emitted (Stage 3) to the number of photons absorbed (Stage 1), is a mea-
sure of the relative extent to which these processes occur.

Stage 3: Fluorescence Emission
A photon of energy hνEM is emitted, returning the �uorophore to its 

ground state S0. Due to energy dissipation during the excited-state life-
time, the energy of this photon is lower, and therefore of longer wave-
length, than the excitation photon hνEX. �e di�erence in energy or 
wavelength represented by (hνEX – hνEM) is called the Stokes shi�. �e 
Stokes shi� is fundamental to the sensitivity of �uorescence techniques 
because it allows emission photons to be detected against a low back-
ground, isolated from excitation photons. In contrast, absorption spec-
trophotometry requires measurement of transmitted light relative to 
high incident light levels at the same wavelength.

Fluorescence Spectra
�e entire �uorescence process is cyclical. Unless the �uorophore 

is irreversibly destroyed in the excited state (an important phenomenon 
known as photobleaching), the same �uorophore can be repeatedly ex-
cited and detected. �e fact that a single �uorophore can generate many 
thousands of detectable photons is fundamental to the high sensitiv-
ity of �uorescence detection techniques. For polyatomic molecules in 
solution, the discrete electronic transitions represented by hνEX and 
hνEM in Figure 1 are replaced by rather broad energy spectra called the 
�uorescence excitation spectrum and �uorescence emission spectrum, 
respectively (Table 1). �e bandwidths of these spectra are parameters 
of particular importance for applications in which two or more di�er-
ent �uorophores are simultaneously detected . �e �uorescence excita-
tion spectrum of a single �uorophore species in dilute solution is usu-
ally identical to its absorption spectrum. �e absorption spectrum can 
therefore be used as a surrogate excitation spectrum data set. Under the 
same conditions, the �uorescence emission spectrum is independent of 
the excitation wavelength, due to the partial dissipation of excitation 
energy during the excited-state lifetime, as illustrated in Figure 1. �e 
emission intensity is proportional to the amplitude of the �uorescence 
excitation spectrum at the excitation wavelength (Figure 2).

Figure 2 Excitation of a �uorophore at three di�erent wavelengths (EX 1, EX 2, EX 3) does 
not change the emission pro�le but does produce variations in �uorescence emission inten-
sity (EM 1, EM 2, EM 3) that correspond to the amplitude of the excitation spectrum.
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Fluorescence Detection
Fluorescence Instrumentation

Four essential elements of �uorescence detection systems can be 
identi�ed from the preceding discussion: 1) an excitation source, 2) 
a �uorophore, 3) wavelength �lters to isolate emission photons from 
excitation photons, 4) a detector that registers emission photons and 
produces a recordable output, usually as an electrical signal. Regardless 
of the application, compatibility of these four elements is essential for 
optimizing �uorescence detection.

Fluorescence instruments are primarily of four types, each provid-
ing distinctly di�erent information:

• Spectro�uorometers and microplate readers measure the average 
properties of bulk (µL to mL) samples.

• Fluorescence microscopes resolve �uorescence as a function of spa-
tial coordinates in two or three dimensions for microscopic objects 
(less than ~0.1 mm diameter).

• Fluorescence scanners, including microarray readers, resolve �uo-
rescence as a function of spatial coordinates in two dimensions 
for macroscopic objects such as electrophoresis gels, blots and 
chromatograms.

• Flow cytometers measure �uorescence per cell in a �owing stream, 
allowing subpopulations within a large sample to be identi�ed and 
quantitated.

Other types of instrumentation that use �uorescence detection 
include capillary electrophoresis apparatus, DNA sequencers 1 and 
micro�uidic devices.2,3 Each type of instrument produces di�erent 

Table 1 Spectroscopic proterties of �uorescent dyes.

Property De�nition Signi�cance

Fluorescence excitation 
spectrum *

An X,Y plot of excitation wavelength versus number of 
�uorescence photons generated by a �uorophore.

Optimum instrument setup should deliver excitation light as close to the peak of the 
excitation spectrum of the �uorophore as possible.

Absorption spectrum An X,Y plot of wavelength versus absorbance of a 
chromophore or �uorophore.

To a �rst approximation, the absorption spectrum of a �uorophore is equivalent to 
the �uorescence excitation spectrum.† To the extent that this approximation holds, 
the absorption spectrum can be used as a surrogate for the �uorescence excitation 
spectrum.

Fluorescence emission 
spectrum *

An X,Y plot of emission wavelength versus number of 
�uorescence photons generated by a �uorophore.

Fluorescence emission spectral discrimination is the most straightforward basis 
for multiplex detection ‡ and for resolving probe �uorescence from background 
auto�uorescence.

Extinction coe�cient (EC) Capacity for light absorption at a speci�c wavelength.§ Fluorescence output per �uorophore (“brightness”) is proportional to the product of 
the extinction coe�cient (at the relevant excitation wavelength) and the �uorescence 
quantum yield.

Fluorescence quantum 
yield (QY)

Number of �uorescence photons emitted per excitation 
photon absorbed.

See “Extinction coe�cient.”

Quenching Loss of �uorescence signal due to short-range interactions 
between the �uorophore and the local molecular 
environment, including other �uorophores (self-quenching).

Loss of �uorescence is reversible to the extent that the causative molecular 
interactions can be controlled.**

Photobleaching Destruction of the excited �uorophore due to 
photosensitized generation of reactive oxygen species (ROS), 
particularly singlet oxygen (1O2).

Loss of �uorescence signal is irreversible if the bleached �uorophore population is 
not replenished (e.g., via di�usion). Extent of photobleaching is dependent on the 
duration and intensity of exposure to excitation light.

* Our online Fluorescence SpectraViewer (www.invitrogen.com/handbook/spectraviewer) provides an interactive utility for plotting and comparing �uorescence excitation and emission 
spectra for over 250 �uorophores (Using the Fluorescence SpectraViewer—Note 23.1). 
† Generally true for single �uorophore species in homogeneous solutions but not in more complex heterogeneous samples. 
‡ Multiplex detection refers to the process of simultaneously labeling a specimen with two or more �uorescent probes to allow correlation of multiple structural or functional features. As well 
as speci�c association with their targets, the probes must have distinctive spectroscopic properties that can be discriminated by the detection instrument. 
§ EC (units: cm–1 M–1) is de�ned by the Beer-Lambert law A = EC•c•l, where A = absorbance, c = molar concentration, l = optical pathlength.  EC values at the absorption maximum wavelength 
are listed in the Section Data Tables throughout The Molecular Probes® Handbook. 
** In the case of self-quenching, this can be accomplished by disruption of �uorophore compartmentalization, denaturation or fragmentation of biopolymer conjugates, or functionalization 
of the �uorophore to produce increased electrostatic repulsion and water solubility.

measurement artifacts and makes di�erent demands on the �uores-
cent probe. For example, although photobleaching is o�en a signi�cant 
problem in �uorescence microscopy, it is not a major impediment in 
�ow cytometry because the dwell time of individual cells in the excita-
tion beam is short.

Fluorescence Signals
Fluorescence intensity is quantitatively dependent on the same pa-

rameters as absorbance—de�ned by the Beer–Lambert law as the prod-
uct of the molar extinction coe�cient, optical path length and solute 
concentration—as well as on the �uorescence quantum yield of the dye 
and the excitation source intensity and �uorescence collection e�cien-
cy of the instrument (Table 1). In dilute solutions or suspensions, �uo-
rescence intensity is linearly proportional to these parameters. When 
sample absorbance exceeds about 0.05 in a 1 cm pathlength, the rela-
tionship becomes nonlinear and measurements may be distorted by 
artifacts such as self-absorption and the inner-�lter e�ect.4,5

Because �uorescence quantitation is dependent on the instrument, 
�uorescent reference standards are essential for calibrating measure-
ments made at di�erent times or using di�erent instrument con�gura-
tions.6–8 To meet these requirements, we o�er high-precision �uores-
cent microsphere reference standards for �uorescence microscopy and 
�ow cytometry and a set of ready-made �uorescent standard solutions 
for spectro�uorometry (Section 23.1, Section 23.2).

A spectro�uorometer is extremely �exible, providing continuous 
ranges of excitation and emission wavelengths. Laser-scanning micro-
scopes and �ow cytometers, however, require probes that are excitable 
at a single �xed wavelength. In contemporary instruments, the excita-
tion source is usually the 488 nm spectral line of the argon-ion laser. As 
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shown in Figure 3, separation of the �uorescence emission signal (S1) 
from Rayleigh-scattered excitation light (EX) is facilitated by a large �u-
orescence Stokes shi� (i.e., separation of A1 and E1). Biological samples 
labeled with �uorescent probes typically contain more than one �uores-
cent species, making signal-isolation issues more complex. Additional 
optical signals, represented in Figure 3 as S2, may be due to background 
�uorescence or to a second �uorescent probe.

Background Fluorescence
Fluorescence detection sensitivity is severely compromised by 

background signals, which may originate from endogenous sample con-
stituents (referred to as auto�uorescence) or from unbound or nonspe-
ci�cally bound probes (referred to as reagent background). Detection 
of auto�uorescence can be minimized either by selecting �lters that 
reduce the transmission of E2 relative to E1 or by selecting probes that 
absorb and emit at longer wavelengths. Although narrowing the �uo-
rescence detection bandwidth increases the resolution of E1 and E2, 
it also compromises the overall �uorescence intensity detected. Signal 
distortion caused by auto�uorescence of cells, tissues and biological 
�uids is most readily minimized by using probes that can be excited at 
>500 nm. Furthermore, at longer wavelengths, light scattering by dense 
media such as tissues is much reduced, resulting in greater penetration 
of the excitation light.9

Multicolor Labeling Experiments
A multicolor labeling experiment entails the deliberate introduc-

tion of two or more probes to simultaneously monitor di�erent bio-
chemical functions. �is technique has major applications in �ow cy-
tometry,10–12 DNA sequencing,1 �uorescence in situ hybridization 13,14 
and �uorescence microscopy.15–17 Signal isolation and data analysis are 
facilitated by maximizing the spectral separation of the multiple emis-
sions (E1 and E2 in Figure 3). Consequently, �uorophores with narrow 
emission spectral bandwidths, such as BODIPY® dyes (Section 1.4) and 
Qdot® nanocrystals (Section 6.6), are particularly useful in multicol-
or applications. An ideal combination of dyes for multicolor labeling 
would exhibit strong absorption at a coincident excitation wavelength 
and well-separated emission spectra (Figure 3). Unfortunately, it is not 
easy to �nd single dyes with the requisite combination of a large extinc-
tion coe�cient for absorption and a large Stokes shi�. Qdot® nanocrys-
tals (Section 6.6) and phycobiliprotein tandem conjugates (Section 6.4) 

Figure 3 Fluorescence detection of mixed species. Excitation (EX) in overlapping absorption 
bands A1 and A2 produces two �uorescent species with spectra E1 and E2. Optical �lters iso-
late quantitative emission signals S1 and S2.
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have been developed to meet these requirements and have proven e�ec-
tive in multicolor labeling experiments.11,18,19

Ratiometric Measurements
In some cases—for example the Ca2+ indicators fura-2 and indo-1 

(Section 19.2) and the pH indicators BCECF and SNARF® (Section 
20.2)—the free and ion-bound forms of �uorescent ion indicators have 
di�erent emission or excitation spectra. With this type of indicator, 
the ratio of the optical signals (S1 and S2 in Figure 3) can be used to 
monitor the association equilibrium and to calculate ion concentra-
tions. Ratiometric measurements eliminate distortions of data caused 
by photobleaching and variations in probe loading and retention, as 
well as by instrumental factors such as illumination stability.20,21 
(Loading and Calibration of Intracellular Ion Indicators—Note 19.1).

Fluorescence Output of Fluorophores
Comparing Di�erent Dyes

Fluorophores currently used as �uorescent probes o�er su�cient 
permutations of wavelength range, Stokes shi� and spectral bandwidth 
to meet requirements imposed by instrumentation (e.g., 488 nm excita-
tion), while allowing �exibility in the design of multicolor labeling ex-
periments. Our online Fluorescence SpectraViewer (www.invitrogen.
com/handbook/spectraviewer) provides an interactive utility for evalu-
ating these factors during the experimental design process (Using the 
Fluorescence SpectraViewer—Note 23.1). �e �uorescence output of a giv-
en dye depends on the e�ciency with which it absorbs and emits photons, 
and its ability to undergo repeated excitation/emission cycles. Absorption 
and emission e�ciencies are most usefully quanti�ed in terms of the 
molar extinction coe�cient (EC) for absorption and the quantum yield 
(QY) for �uorescence. Both are constants under speci�c environmental 
conditions. �e value of EC is speci�ed at a single wavelength (usually 
the absorption maximum), whereas QY is a measure of the total pho-
ton emission over the entire �uorescence spectral pro�le. Fluorescence 
intensity per dye molecule is proportional to the product of EC and QY 
(Table 1). �e range of these parameters among organic dye and auto�uo-
rescent protein �uorophores is approximately 5000 to 200,000 cm–1M–1 
for EC and 0.05 to 1.0 for QY. Phycobiliproteins such as R-phycoerythrin 
(Section 6.4) have multiple �uorophores on each protein and consequently 
have much larger extinction coe�cients (on the order of 2 × 106 cm–1M–1) 
than low molecular weight �uorophores. Qdot® nanocrystals have even 
larger extinction coe�cients (>2 × 106 cm–1M–1), particularly in the blue 
visible and ultraviolet wavelength regions (Section 6.6).

Photobleaching
Under high-intensity illumination conditions, the irreversible de-

struction or photobleaching of the excited �uorophore becomes the 
primary factor limiting �uorescence detectability. �e multiple photo-
chemical reaction pathways responsible for photobleaching have been 
investigated and described in considerable detail.22–24 Some pathways 
include reactions between adjacent dye molecules, making the pro-
cess considerably more complex in labeled biological specimens than 
in dilute solutions of free dye. In all cases, photobleaching originates 
from the triplet excited state, which is created from the singlet state 
(S1, Figure 1) via an excited-state process called intersystem crossing.25

�e most e�ective remedy for photobleaching is to maximize 
detection sensitivity, which allows the excitation intensity to be 
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reduced. Detection sensitivity is enhanced by low-light detection devices such as CCD cam-
eras, as well as by high–numerical aperture objectives and the widest bandpass emission �lters 
compatible with satisfactory signal isolation. Alternatively, a less photolabile �uorophore may 
be substituted in the experiment.26 Alexa Fluor® 488 dye is an important �uorescein substitute 
that provides signi�cantly greater photostability than �uorescein (Figure 4, Figure 5, Figure 6), 
yet is compatible with standard �uorescein optical �lters. Antifade reagents such as SlowFade® 
and ProLong® reagents (Section 23.1) can also be applied to reduce photobleaching; however, 
they are usually incompatible with live cells. In general, it is di�cult to predict the necessity for 
and e�ectiveness of such countermeasures because photobleaching rates are dependent to some 
extent on the �uorophore’s environment.27–29

Signal Ampli�cation
�e most straightforward way to enhance �uorescence signals is to increase the number of 

�uorophores available for detection.30 Fluorescent signals can be ampli�ed using 1) avidin–bio-
tin or antibody–hapten secondary detection techniques, 2) enzyme-labeled secondary detection 
reagents in conjunction with �uorogenic substrates 31–33 or 3) probes that contain multiple �uo-
rophores such as phycobiliproteins or FluoSpheres® �uorescent microspheres. Our most sensitive 
reagents and methods for signal ampli�cation are discussed in Chapter 6.

Simply increasing the probe concentration can be counterproductive and o�en produces 
marked changes in the probe’s chemical and optical characteristics. It is important to note that the 
e�ective intracellular concentration of probes loaded by bulk permeabilization methods (Loading 
and Calibration of Intracellular Ion Indicators—Note 19.1) is usually much higher (>10-fold) 
than the extracellular incubation concentration. Also, increased labeling of proteins or mem-
branes ultimately leads to precipitation of the protein or gross changes in membrane permeabil-
ity. Antibodies labeled with more than four to six �uorophores per protein may exhibit reduced 
speci�city and reduced binding a�nity. Furthermore, at high degrees of substitution, the extra 
�uorescence obtained per added �uorophore typically decreases due to self-quenching (Figure 7).

Environmental Sensitivity of Fluorescence
Fluorescence spectra and quantum yields are generally more dependent on the environ-

ment than absorption spectra and extinction coe�cients. For example, coupling a single �uo-
rescein label to a protein typically reduces �uorescein’s QY ~60% but only decreases its EC by 
~10%. Interactions either between two adjacent �uorophores or between a �uorophore and 
other species in the surrounding environment can produce environment-sensitive �uorescence.

Figure 5 Photobleaching resistance of the green-�uores-
cent Alexa Fluor® 488, Oregon Green® 488 and �uorescein 
dyes, as determined by laser-scanning cytometry. EL4 cells 
were labeled with biotin-conjugated anti-CD44 antibody 
and detected by Alexa Fluor® 488 (S11223; S32354), Oregon 
Green® 488 (S6368) or �uorescein (S869) streptavidin. The 
cells were then �xed in 1% formaldehyde, washed and wet-
mounted. After mounting, cells were scanned 10 times on 
a laser-scanning cytometer; laser power levels were 25 mW 
for the 488 nm spectral line of the argon-ion laser. Scan du-
rations were approximately 5 minutes, and each repetition 
was started immediately after completion of the previous 
scan. Data are expressed as percentages derived from the 
mean �uorescence intensity (MFI) of each scan divided by 
the MFI of the �rst scan. Data contributed by Bill Telford, 
Experimental Transplantation and Immunology Branch, 
National Cancer Institute.
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Figure 6 Comparison of the photobleaching rates of the Alexa Fluor® 488 and Alexa Fluor® 546 dyes and the well-known 
�uorescein and Cy®3 �uorophores. The cytoskeleton of bovine pulmonary artery endothelial cells (BPAEC) was labeled with 
(top series) Alexa Fluor® 488 phalloidin (A12379) and mouse monoclonal anti–α-tubulin antibody (A11126) in combination 
with Alexa Fluor® 546 goat anti–mouse IgG antibody (A11003) or (bottom series) �uorescein phalloidin (F432) and the anti–
α-tubulin antibody in combination with a commercially available Cy®3 goat anti–mouse IgG antibody. The pseudocolored 
images were taken at 30-second intervals (0, 30, 90 and 210 seconds of exposure from left to right). The images were acquired 
with bandpass �lter sets appropriate for �uorescein and rhodamine.

Figure 4 Comparison of photostability of green-�uorescent 
antibody conjugates. The following �uorescent goat anti–
mouse IgG antibody conjugates were used to detect mouse 
anti–human IgG antibody labeling of human anti-nuclear 
antibodies in HEp-2 cells on pre�xed test slides (INOVA 
Diagnostics Corp.): Alexa Fluor® 488 (A11001, s), Oregon 
Green® 514 (O6383, j), BODIPY® FL (B2752, n), Oregon 
Green® 488 (O6380, h) or �uorescein (F2761, d). Samples 
were continuously illuminated and viewed on a �uorescence 
microscope using a �uorescein longpass �lter set. Images 
were acquired every 5 seconds. For each conjugate, three 
data sets, representing di�erent �elds of view, were aver-
aged and then normalized to the same initial �uorescence 
intensity value to facilitate comparison.
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Fluorophore–Fluorophore Interactions
Fluorescence quenching can be de�ned as a bimolecular process that reduces the �uores-

cence quantum yield without changing the �uorescence emission spectrum (Table 1); it can 
result from transient excited-state interactions (collisional quenching) or from formation of 
non�uorescent ground-state species. Self-quenching is the quenching of one �uorophore by an-
other; 34 it therefore tends to occur when high loading concentrations or labeling densities are 
used (Figure 7, Figure 8). DQ™ substrates (Section 10.4) are heavily labeled and therefore highly 
quenched biopolymers that exhibit dramatic �uorescence enhancement upon enzymatic cleav-
age 35 (Figure 9).

Fluorescence resonance energy transfer (FRET) (Fluorescence Resonance Energy Transfer 
(FRET)—Note 1.2) is a strongly distance-dependent excited-state interaction in which emission 
of one �uorophore is coupled to the excitation of another. Some excited �uorophores interact to 
form excimers, which are excited-state dimers that exhibit altered emission spectra. Excimer 
formation by the polyaromatic hydrocarbon pyrene is described in Section 13.2 (Figure 10).

Because they all depend on the interaction of adjacent �uorophores, self-quenching, FRET 
and excimer formation can be exploited for monitoring a wide array of molecular assembly or 
fragmentation processes such as membrane fusion (Assays of Volume Change, Membrane Fusion 
and Membrane Permeability—Note 14.3), nucleic acid hybridization, ligand–receptor binding 
and polypeptide hydrolysis.

Other Environmental Factors
Many other environmental factors exert in�uences on �uorescence properties. �e three 

most common are:

• Solvent polarity (solvent in this context includes interior regions of cells, proteins, mem-
branes and other biomolecular structures)

• Proximity and concentrations of quenching species
• pH of the aqueous medium

Fluorescence spectra may be strongly dependent on solvent. �is characteristic is most o�en 
observed with �uorophores that have large excited-state dipole moments, resulting in �uores-
cence spectral shi�s to longer wavelengths in polar solvents. Representative �uorophores include 
the aminonaphthalenes such as prodan, badan (Figure 11) and dansyl, which are e�ective probes 
of environmental polarity in, for example, a protein’s interior.36

Binding of a probe to its target can dramatically a�ect its �uorescence quantum yield 
(Monitoring Protein-Folding Processes with Environment-Sensitive Dyes—Note 9.1). Probes 

Figure 7 Comparison of relative �uorescence as a func-
tion of the number of �uorophores attached per protein 
for goat anti–mouse IgG antibody conjugates prepared 
using Oregon Green® 514 carboxylic acid succinimidyl 
ester (O6139, j), Oregon Green® 488 carboxylic acid suc-
cinimidyl ester (O6147, d), �uorescein-5-EX succinimidyl 
ester (F6130, s) and �uorescein isothiocyanate (FITC; F143, 
F1906, F1907; h). Conjugate �uorescence is determined by 
measuring the �uorescence quantum yield of the conjugat-
ed dye relative to that of the free dye and multiplying by the 
number of �uorophores per protein.
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Figure 8 Comparison of the relative �uorescence of goat 
anti–mouse IgG antibody conjugates of Rhodamine Red™-X 
succinimidyl ester (R6160, d) and Lissamine rhodamine B 
sulfonyl chloride (L20, L1908; s). Conjugate �uorescence 
is determined by measuring the �uorescence quantum 
yield of the conjugated dye relative to that of the free dye 
and multiplying by the number of �uorophores per pro-
tein. Higher numbers of �uorophores attached per protein 
are attainable with Rhodamine Red™-X dye due to the lesser 
tendency of this dye to induce protein precipitation.
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Figure 10 Excimer formation by pyrene in ethanol. Spectra 
are normalized to the 371.5 nm peak of the monomer. All 
spectra are essentially identical below 400 nm after normal-
ization. Spectra are as follows: 1) 2 mM pyrene, purged with 
argon to remove oxygen; 2) 2 mM pyrene, air-equilibrated; 
3) 0.5 mM pyrene (argon-purged); and 4) 2 µM pyrene (argon-
purged). The monomer-to-excimer ratio (371.5/470 nm) is de-
pendent on both pyrene concentration and the excited-state 
lifetime, which is variable because of quenching by oxygen.
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Figure 11 Fluorescence emission spectra of the 2-mercapto-
ethanol adduct of badan (B6057) in: 1) toluene, 2) chloroform, 
3) acetonitrile, 4) ethanol, 5) methanol and 6) water. Each solu-
tion contains the same concentration of the adduct. Excitation 
of all samples is at 380 nm.
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Figure 9 Principle of enzyme detection via the disruption 
of intramolecular self-quenching. Enzyme-catalyzed hy-
drolysis of the heavily labeled and almost totally quenched 
substrates provided in the EnzChek® Assay Kits relieves the 
intramolecular self-quenching, yielding brightly �uorescent 
reaction products.
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that have a high �uorescence quantum yield when bound to a particular target but 
are otherwise e�ectively non�uorescent yield extremely low reagent background 
signals. �e ultrasensitive SYBR®, SYTO®, PicoGreen®, RiboGreen® and OliGreen® 
nucleic acid stains (Chapter 8) are prime examples of this strategy. Similarly, �uoro-
genic enzyme substrates, which are non�uorescent or have only short-wavelength 
emission until they are converted to �uorescent products by enzymatic cleavage, 
allow sensitive detection of enzymatic activity (Chapter 10).

Extrinsic quenchers, the most ubiquitous of which are paramagnetic species 
such as O2 and heavy atoms such as iodide, reduce �uorescence quantum yields in 
a concentration-dependent manner. If quenching is caused by collisional interac-
tions, as is usually the case, information on the proximity of the �uorophore and 
quencher and their mutual di�usion rate can be derived. �is quenching e�ect has 
been used productively to measure chloride-ion �ux in cells (Section 21.2). Many 
�uorophores are also quenched by proteins. Examples are NBD, �uorescein and 
BODIPY® dyes, in which the e�ect is apparently due to charge-transfer interac-
tions with aromatic amino acid residues.37,38 Consequently, antibodies raised 
against these �uorophores are e�ective and highly speci�c �uorescence quench-
ers 38 (Section 7.4).

Fluorophores such as BCECF and carboxy SNARF®-1 that have strongly pH-de-
pendent absorption and �uorescence characteristics can be used as physiological pH 
indicators. Fluorescein and hydroxycoumarins (umbelliferones) are further exam-
ples of this type of �uorophore. Structurally, pH sensitivity is due to a recon�gura-
tion of the �uorophore’s π-electron system that occurs upon protonation. BODIPY® 
FL and Alexa Fluor® 488 �uorophores, both of which lack proto lytically ionizable 
substituents, provide spectrally equivalent alternatives to �uorescein for applica-
tions requiring a pH-insensitive probe (Section 1.3, Section 1.4).
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