7. Lecture
Transient Fluorescence Spectroscopy

Time-resolved fluorescence measurements are widely used for studies of biological macromolecules and biophysical/biochemical processes. as they contain more information than is available from the steady-state data. One important application is cellular imaging using fluorescence microscopy. When labeled cells are observed in a fluorescence microscope, the local concentration of the fluorescence probe in each part of the cell is not known. Additionally, the probe concentration can change during the measurement due to washout or photobleaching. As a result it is difficult to make quantitative use of the local fluorescence intensities. The fluorescence lifetimes of the probe emission, however, are typically independent of the probe concentration. Many fluorescence sensors such as the calcium probes display changes in lifetime in response to analytes. Also, resonance energy transfer (RET) reveals the proximity of donors and acceptors by changes in the donor lifetime. Because of advances in technology for time-resolved measurements, it is now possible to create lifetime images, where the image contrast is based on the lifetime in each region of the sample. Fluorescence lifetime imaging microscopy (FLIM) has now become an accessible and increasingly used tool in cell biology.

Prior to describing some selected topics for time-resolved measurements, an overview is presented about the commonly used laser light sources and methods in transient fluorescence spectroscopy.
Lasers in Fluorescence Spectroscopy. The selective, effective and prompt excitation of fluorescence from fluorophores requires a monochromatic and pulsed-light source of high intensity. Laser diodes consume little power, are easy to operate, and need almost no maintenance. In many applications, the expensive systems of dye lasers or even Ti:sapphire lasers are being replaced by these simple solid-state light sources. Pulsed picosecond laser diode emitting at 370 nm is available which can be used to excite a variety of fluorophores. The pulse width (FWHM) can be made less than 70 ps that is more than adequate for measuring short (ns) decay times of fluorescence. The high optical power of the pulses (> 1 mW) and the maximum repetition rate of 40 MHz allow rapid data acquisition: if as low as 2.5% of the pulses results in one detectable photon of fluorescence, then up to 1,000,000 photons per second can be measured. Thus, in case of single exponential decay of the fluorescence, the data acquisition times can be as short as a microsecond.
Picosecond dye lasers are among the dominant light sources for fluorescence (lifetime) measurements providing pulses about 5 ps wide, and easily chosen repetition rates from kHz up to 80 MHz. The dye laser is a passive device that requires an optical pump source (Fig. 7.1). The primary light source is usually a mode locked neodymium:YAG (Nd:YAG) laser (mode-locked argon ion lasers are also used) which have the fundamental output of 1064 nm. This frequency is doubled to 532 nm or tripled to 355 nm in order to pump the dye lasers. The need for frequency doubling is one reason for the lower stability of the Nd:YAG lasers (compared to argon-ion lasers), and heating effects in the Nd:YAG laser rod also contribute to the instability. The mode-locked Nd:YAG laser is used as the pumping source for a dye laser, typically R6G. The cavity length of the dye laser is adjusted to be exactly the same as that of the Nd:YAG laser, so that the round-trip time for the photon bunch in the dye laser is the same as in the pumping laser. When the cavity lengths are matched, the incoming 532 nm pulses reinforce a single bunch of photons that oscillates at 83 MHz within the dye laser cavity. When this occurs the dye laser is said to be synchronously pumped. To conserve space and to have a stable cavity length, the dye laser cavity is often folded. However, this makes these dye lasers difficult to align because a number of mirrors have to be perfectly aligned, not just two as with a linear cavity.
Femtosecond Titanium sapphire lasers are simpler to operate than mode-locked cavity-dumped dye lasers but are considerably more complex than laser diode light sources. As these lasers provide pulse widths near 100 fs with high output power; they are widely used for fluorescence spectroscopy, multi-photon excitation and laser scanning microscopy. 

The pump source for a Ti:sapphire laser is a continuous, not mode-locked, argon ion laser (Figure 7.2). The continuous output of the argon ion laser is typically 10–15-fold larger than the mode-locked output and 15 watts or more are available at 514 nm for pumping the Ti:sapphire laser. Ti:sapphire lasers are routinely pumped also with solid-state diode-pumped lasers, which are similar to Nd:YAG lasers.


A favorable feature of the Ti:sapphire lasers are that they are self-mode locking. If one taps a Ti:sapphire when operating in continuous mode, it can switch to mode-locked operation with 100-fs pulses. This phenomenon is due to a Kerr lens effect within the Ti:sapphire crystal and is referred to as Kerr lens mode locking. The high intensity pulses create a transient refractive index gradient in the Ti:sapphire crystal that acts like an acoustooptic (AO) mode locker. While the laser can operate in this free running mode-locked state, an active mode locker can be placed in the cavity to stabilize the mode-locked frequency and provide synchronization for other parts of the apparatus. Since it is not necessary to actively maintain the mode-locked condition, the femtoseconds Ti:sapphire lasers are stable and reasonably simple to operate.

Since mode locking occurs with the laser cavity, rather than being accomplished by synchronous pumping of an external dye laser (see above), a cavity dumper cannot be used with a Ti:sapphire laser. After the 80-MHz pulses exit the laser, the desired pulses are selected with an AO deflector, called a pulse picker. The energy in the other pulses is discarded, and there is no increase in peak power as occurs with cavity dumping. In fact, there is a significant decrease in average power when using a pulse picker. For example, a 100 mW output at FWHM (full width of half-maximum intensity) will decrease to 10 mW if the repetition rate is decreased to 8 MHz with a pulse picker.


The output of the Ti:sapphire laser is at long wavelengths from 720 to 1000 nm which is not ideal for exciting a wide range of extrinsic fluorophores. The problem can be solved by frequency tripling or third harmonic generation. This is somewhat more complex because one has to double the fundamental output in one crystal and then overlap the second harmonic and fundamental beams in a second crystal. The beams need to be overlapped in time and space, which is difficult with fs pulses.
Time-resolution of fluorescence. Lifetime measurements. Fluorescence decay times longer than about 100 ns are measured by sampling oscilloscopes but the use of multiscalar cards becomes more and more preferred. These devices function as photon-counters that sum the number of photons occurring within a definite time interval following the excitation pulse. The arrival times within the interval are not recorded. The time intervals can be uniform, but this becomes inefficient at long times because many of the intervals will contain no counts. A more efficient approach is to use intervals that increase with time. At present, the minimum width of a time interval is about 1 ns, with 5 ns being more typical. 

To measure fluorescence decay times shorter than about 20 ns, two methods are in widespread use: the time-domain (or pulse fluorometry) and frequency-domain methods. At present, most of the time-domain measurements are performed using time-correlated single-photon counting (TCSPC). The sample is excited with a very short pulse of light and the conditions are adjusted so that less than one photon is detected per laser pulse (Fig. 7.3). In fact, the detection rate is typically 1 photon per 100 excitation pulses. The time is measured between the excitation pulse and the observed (single) photon and stored in a histogram. The horizontal-axis is the time difference and the vertical-axis the number of photons detected for this time difference. When much less than 1 photon is detected per excitation pulse, the histogram represents the waveform of the decay. If the count rate is higher then the histogram is biased to shorter times because only the first photon can be observed in TCSPC.

The alternative method of measuring the decay time is the frequency-domain or phase-modulation method. Here, the sample is excited with intensity-modulated light, typically sine-wave modulation near 100 MHz and the emission is forced to respond at the same modulation frequency ω (Figure 7.4). The lifetime of the fluorophore causes the emission to be delayed in time relative to the excitation. This delay is measured as a phase shift φ. The lifetime of the fluorophore also causes a decrease in the peak-to-peak height of the emission relative to that of the modulated excitation: m = (B/A)/(b/a). The (de)modulation m decreases because some of the fluorophores excited at the peak of the excitation continue to emit when the excitation is at a minimum. The phase angle φ and the (de)modulation m can be employed to calculate the lifetime:
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(7.1a-b)
These expressions are used to calculate the phase (τφ) and modulation (τm) lifetimes for the fluorescence decay. If the kinetics is a single exponential, then Eqs. (7.1a-b) yield the correct lifetime. If the intensity decay is multi- or non-exponential, then they offer apparent lifetimes that represent a complex weighted average of the decay components.
Pump-probe measurement. The conventional pump-and-probe method can be applied to fluorescence detection, as well (Fig. 7.5). The sample is exposed to a strong actinic laser flash followed by a series of weak measuring flashes evoking fluorescence to analyze the pump-induced photochemical and thermal (relaxation) changes. The monitoring flashes are weak and short and their actinic affect should be negligible. The series of probing flashes follows geometric progression according to time to cover broad time range. All flashes are fired from the same laser diode. The peaks (or integrated values) of the fluorescence evoked by the probe pulses, F(t) are referred to those obtained without the actinic flash F0. The ratio F(t)/F0 determines the time-dependence of the relative yields of the fluorescence. 
Applications in life sciences. Transient fluorescence as fingerprint of the photosynthetic capacity of bacteria. Photosynthetic bacteria are among the most ancient bioenergetic organisms on the Earth. The (sun) light is absorbed by dyes (bacteriochlorophylls) arranged in protein-pigment complexes and the electronic excitation energy is funneled to a specially organized protein (reaction center, RC) where it is converted to electrochemical free energy (Fig. 7.6). As the bacteriochlorophylls are fluorescence species (fluorophores) and emit in the near IR spectral range (Fig. 7.7), the detection of their time-resolved fluorescence enables to monitor the fundamental processes of primary energy conversion. There are several possibilities to follow the evaluation of the fluorescence. 
1) Induction of the prompt fluorescence. Upon sudden dark-light transition, the yield of the fluorescence increases from a low (dark) value (F0) to a higher level (Fmax) (Fig. 7.8). The half rise time depends on the light intensity of the excitation. This is the photochemical rise of the fluorescence that can be explained by the graduate disappearance of a single fluorescence quencher, the open RC. The observed bacteriochlorophyll fluorescence is in competition with the utilization of the excitation by photochemistry and they are in reciprocal relationship: the larger is the fraction of the closed RC, the higher is the level of fluorescence. The ratio of the variable fluorescence (Fv = Fmax-F0) to the initial level (F0) is characteristic of the photosynthetic capacity of the bacterium. If the finely tuned molecular machinery is damaged by heavy metal ion (e.g. Hg2+) then the light utilization will be blocked and the variable fluorescence will be smaller. The fluorescence induction serves to monitor early the heavy metal pollution of the aqueous habitat. 
2) Dark relaxation of the fluorescence state. Using pump-probe method, the kinetics of relaxation processes can be tracked by measuring the changes of the fluorescence yield of the fluorophor in transient states of the protein. The dark (thermal) relaxation depends on the bacterial strains and on the duration of the pumping pulse (Fig. 7.9). Under these conditions, the relaxation of the yield of the fluorescence describes the kinetics of re-opening of the RC (P+Q- → PQ) closed by the pumping pulse. The re-opening will occur only if both charges on P+ and Q- do disappear. Because the donor and acceptor side (electron and proton) reactions are complex, the observed relaxation kinetics will be even more complex. 
3) Delayed fluorescence. The process that leads to delayed light emission is the reverse of the forward (physiologically important) reactions therefore it can be used to monitor the photosynthetic capacity of the organism (Fig. 7.10). The larger is the intensity of the delayed fluorescence, the higher is the inhibition of the forward processes. The delayed fluorescence arises from the thermal repopulation of the excited dimer state of the RC: P+Q- → P* that occurs with small probability given by the Boltzmann expression. From the observed intensity of the delayed light, one can determine the free energy gap between P* and the charge separated state P+Q-. In isolated RC, the gap amounts about 900 meV at pH 8, which offers extremely small intensity of delayed fluorescence. In whole cells, it should be kept in mind that not the RC but the antenna emits the fluorescence. As any of the fluorophores can do this job, and about 100 antenna pigments are connected to one RC (see Fig. 7.6), the intensity of the delayed fluorescence is entropically increased by two orders of magnitude relative to that of isolated RC. The observed kinetics of delayed fluorescence is indicative of the electron transfer reactions on the donor and acceptor sides that decrease the lifetime of the charge separated state P+Q-. The major competitive reactions are the interquinone electron transfer (QA- → QB) and the oxidation of cytochrome c22+ (P+ → cyt c22+) free or attached to RC in Rba. sphaeroides.
Distinction between buried and exposed residues of proteins. Based on time-resolved fluorescence (lifetime) measurements one can distinguish between fluorophores under different conditions (location, microenvironment, etc.) if the observed multiexponential (heterogeneous) decay is properly decomposed. For illustration, consider a protein with two residues (e.g. tryptophans) that have intrinsic fluorescence of 5 ns lifetime (Fig. 7.11). The decay would be a simple single exponential but one could not distinguish between the two residues. If, however, a collisional quencher (e.g. oxygen molecule) is added to the solution that only the residue on the surface of the protein is accessible to quenching, the decay would be double exponential: the external quencher reduces the lifetime of the fluorescence of the exposed residue to 1 ns and leaves the lifetime of the buried group unchanged (5 ns). The presence of two decay times results in curvature in the plot of log F(t) versus time (t). The general goal is to recover the individual decay times (τi) and amplitudes (Ai) associated with ith homogenous population (or processes) from the F(t) fluorescence intensity decay measurements:
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The decomposition is based usually on global fitting of the set of experimental data (kinetics) using nonlinear least square (Levenberg-Marquardt) algorithm.
DNA sequencing is proving to be an important application of fluorescence lifetime measurement and multichannel detection. The bases are labeled by dyes of different fluorescence decay times. Using four detectors, the intensity decays at four different excitation, and/or emission wavelengths can be measured in a single lane of a sequencing gel. If the decay times of the labeled bases are different, the decay times could be used to identify the bases. In Figure 7.12, four probes are attached to DNA. They can be excited with two NIR laser diodes, which can easily occur at different times by turning the laser diodes on and off. The four probes show different lifetimes, and can be identified based on the lifetimes recovered from a reasonable number of photon counts. 
Take-home messages. The time-resolved fluorescence spectroscopy has become one of the primary research tools and dominant methodologies in biophysics and life sciences during the past 25 years. The major lasers, principles and some methods used for time-evaluation of fluorescence were described that underlie its uses in the biological sciences. It was shown that the highly sensitive fluorescence method could replace many expensive and difficult techniques in biophysics/biochemistry (e.g. radioactive tracers).We illustrated how the principles are used in different applications including photosynthetic bacteria, structure of proteins and DNA sequencing.

Home works
1. A protein contains two tryptophan residues with identical lifetimes (τ1 = τ2 = 5 ns) and quantum yields. After addition of a quencher, the fluorescence of the first tryptophan is quenched tenfold in both lifetime and steady state intensity. What is the observed fluorescence intensity decay law of the protein in the presence of the quencher?
2. The lifetime of a fluorophore is 4 ns. Estimate the time required to count 4·106 photons with 1 photon counted per 100 excitation pulses and dead time of 2 μs in a time-correlated single photon counting experiment. 
3. Two compounds have equal fluorescence quantum yields but different lifetimes of τ1 = 1 μs and τ2 = 1 ns. If a solution contains an equimolar amount of both fluorophores, what is the fractional fluorescence intensity of each fluorophore?
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Fig. 7.1. Picosecond dye laser for time-resolved fluorescence measurement: single photon counting. The primary pump is a mode locked Nd:YAG laser.





Fig. 7.2. Mode-locked femtosecond Ti:sapphire laser. The primary pump is a continuous, not mode-locked argon ion laser.





Fig. 7.12. Decays of fluorescence intensity and recovered lifetimes of four labeled nucleotides used for DNA sequencing. Each of the decays was collected in about 7.5 s. (Taken from Lakowicz 2006).





Fig. 7.7. Room temperature red absorption (dotted lines) and fluorescence (solid lines) spectra of intact cells from different bacterial strains together with absorption of the high-pass filter (RG-850) that protects the photodetector from scattering of the laser diode (dashed line). The peaks are normalized and the spectra of the different strains are vertically shifted.





Fig. 7.6. Artistic visualization of the photosynthetic light harvesting apparatus of Rba. sphaeroides 2.4.1. and migration and capture of the excitation photon hν by the reaction center RC. LH1: light harvesting complex 1, PufX: PufX protein, α and β: bacteriochlorophyll binding proteins, B875, B850 and B800: bacteriochlorophylls of absorption maxima at 875, 850 and 800 nm bound to α/β dimers, respectively, LH2: light harvesting complex 2.





Fig. 7.11. Fluorescence intensity decays of buried and exposed residues (tryptophan) of a hypothetical macromolecule (protein) in the absence and presence of a collisional quencher Q. The intrinsic lifetime of the fluorescence is τ0 = 5 ns that is accelerated at the exposed residue by quenching to τ = 1 ns. The observed fluorescence decay consists of the two components.





Fig. 7.2. Mode-locked femtosecond Ti:sapphire laser. The primary pump is a continuous, not mode-locked argon ion laser.





Fig. 7.8. Degradation of fluorescence induction kinetics of culture of intact cells of photosynthetic bacterium Rba. sphaeroides after incubation with 25 μM HgCl2. 





Fig. 7.9. Dark relaxation of the yield of fluorescence of intact cells of photosynthetic bacteria of different strains after switching off the excitation by laser diode of variable duration. 





Fig. 7.10. Decay of the yield of the delayed fluorescence of intact cells of photosynthetic bacterium Rba. sphaeroides after Nd:YAG laser excitation in the absence and presence of mercury ion. 





Fig. 7.5. Pump-probe method to measure the yield of fluorescence. The actinic laser flash (pump) is followed by a series of short (monitoring) flashes. The ratio of the peaks (or area) of the monitoring flashes with and without pumping flash gives the relative yield of the fluorescence.





Fig. 7.4. Principle of phase-modulation of frequency-domain lifetime measurements.


The ratios B/A and b/a represent the modulation of the emission and excitation, respectively.





Fig. 7.3. Principle of time-correlated single photon counting (TCSPC). The photons are represented by pulses of the output from a constant fraction discriminator.
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