8. Lecture
Multiphoton and Fluorescence Correlation Spectroscopy

Multiphoton spectroscopy. According to the dogma of the quantum physics, the molecule can be excited from the ground state by absorption of a single photon whose energy corresponds to the energy difference between the excited and the ground states. However, due to nonlinear effects at high excitation intensity, the molecule can reach the excited state with finite probability by absorption of two or more photons whose sum of energies amounts the energy of the excited state (Goeppert-Mayer 1930). The absorption can be either simultaneous or sequential in which case well-defined intermediate state(s) can be identified between the excited and ground states (Fig. 8.1).
Until recently multiphoton spectroscopy was considered to be an exotic phenomenon that was used primarily in optical spectroscopy. The absorbance of two (or more) photons requires high optical peak power (complex lasers) to increase the probability of simultaneous (or sequential) availability two (or more) photons for absorption. It did not seem possible to use multiphoton excitation in life sciences because the high power would damage the biological samples. Surprisingly, multiphoton excitation is usually less damaging to biological samples than in one-photon excitation and is now widely used in fluorescence microscopy because of the favorable properties of the titanium–sapphire (Ti:sapphire) lasers and the development of the laser-scanning microscopes. Multiphoton excitation is usually performed using wavelengths from 720 to 950 nm, where the water and the intrinsic chromophores have minimum absorption.
Cross-sections of multiphoton absorption. For one-photon absorption the number of photons absorbed per unit time (A1) is given by
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where I is the intensity and σ1 is the cross-section of a single molecule for one-photon absorption i.e. the effective area over which a single molecule absorbs the incident light. If A is measured in photon/s and I in photon/cm2/s then the unit of the absorption cross-section will be cm2. The optical cross-section σ1 ranges from 10–15 to 10–17 cm2 corresponding to squares with sides of 3.0 and 0.3 Å, respectively.

The number of photons absorbed in a two-photon excitation process is proportional to the square of the incident light intensity
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where the optical cross-section for two-photon absorption is measured in units of cm4·s/photon. In contrast to the unit of σ1, the unit of σ2 has no direct intuitive understanding. It results from the product of two areas (one for each photon, each in cm2) and a time (within which the two photons must arrive to be able to act together). A large scaling factor is introduced in order that 2-photon absorption cross-sections of common dyes will have convenient values. The molecular two-photon cross-section is usually quoted in the units of Goeppert-Mayer (GM): 1 GM is 10−50 cm4s photon−1. 
The number of photons absorbed in a three-photon excitation process is proportional to the third power of the incident light intensity
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where the optical cross-section for three-photon absorption is measured in units of cm6·s2/photon also without direct information about the understanding of the molecular absorption.

Multiphoton excitation of the fluorophore DAPI. As the laser beam is focused to a small spot, the multiphoton excitation occurs in a small excited volume of the solution therefore it is interesting to see the effects of excitation on the fluorophore themselves. Figure 8.2 shows the absorption and emission spectra of DAPI (4',6-diamidino-2-phenylindole), a fluorophore that can be bound to DNA and used to mark the DNA by fluorescence. The emission spectra of DAPI show large Stokes-shifts relative to the absorption spectrum. The fluorescence spectra are the same at excitation wavelengths of 360 nm (one-photon excitation), 830 nm (two-photon excitation), and 885 nm (three-photon excitation), showing that the emission occurs from the lowest singlet state irrespective of the mode of excitation. When excited at 360 nm a twofold decrease in the incident intensity results in a twofold decrease in fluorescence intensity, as expected for a one-photon process. When excited at 830 nm and 885 nm, the emission intensity decreases four- and eight-fold corresponding to two- and three-photon excitations, respectively. Similar conclusions can be drawn from light-intensity-dependence of the observed fluorescence intensity. For excitation at 830 nm and 885 nm a plot of DAPI emission intensity versus incident excitation power yields slopes of 2.01 and 2.85, respectively. The mode of excitation switches from two-photon process to three-photon process between these wavelengths. The reason for this switch can be found in the absorption spectrum of DAPI. The long-wavelength absorption ends near 420 nm. Above 840 nm the two-photon absorption can no longer occur because the energy of the combined photons is not adequate to reach the S1 state. As a result the mode of excitation changes to three-photon absorption. The transition occurs on the long-wavelength edge of the DAPI absorption. This comes from the much larger absorption cross-section of the two-photon absorption than the three-photon absorption therefore the two-photon emission dominates wherever possible. Even the three-photon emission can be observed without detectible damage to the sample.
Comparison of one- and two-photon excitations. In the case of one photon excitation, the absorbed light in any plane is proportional to the incident intensity at this plane (Beer-Lambert’s law). Focusing a beam on the center of a cuvette changes the size of the beam but does not change the total absorption of the light passing through a plane at any distance in the cuvette (Fig. 8.3). Therefore, the intensity of the emitted fluorescence is constant at all positions across the cuvette, assuming the absence of inner-filter effects. In the case of two-photon excitation with a longer wavelength across the cuvette, the absorbed light is proportional to the square of the intensity. Focusing the beam decreases its size but increases its intensity and results in not constant light absorption across the cuvette: the absorption will be the largest in the focal point where the incident intensity is the highest. As the excitation is strongly localized in a small spot at the focal point of the laser beam, the emitted fluorescence is also localized to this point.

The localized excitation of two-photon absorption has an advantage in confocal (fluorescence) microscopy of biological samples. Laser scanning confocal microscope gives sharp image from the objects in the focal plane but the objects outside the focal plane are blurred out (Fig. 8.4). However, most pigments photobleach rapidly under high light excitations. In one-photon excitation, the light is absorbed at all depths in the sample, not just in the focal plane and consequently the entire thickness of the sample undergoes photobleaching which can lead to photodamage of the sample. For three-dimensional reconstruction of the cell image it is necessary to obtain images from multiple focal planes. This is difficult with one-photon excitation because all planes are bleached irrespective of the position of the focal plane. In two-photon excitation, the photobleaching is strongly localized in the focal plane. Although the pigments are still photobleached, it is possible to image above and below the focal plane because the pigments in these regions are not photobleached.

Multiphoton microscopy. The dominant use of multiphoton absorption/emission in life sciences is the multiphoton microscopy for optical imaging (Fig. 8.5). Because it is necessary to have a high instantaneous density of photons in order to have a significant probability of multiple photon absorption, near infrared pulsed laser excitation of large energy should be used. Presently, the Ti:sapphire lasers are the optimal choice for multiphoton microscopy. After a mechanical shutter, a pulse picker is used to decrease the repetition rate. The components of the optical path serve to focus the laser beam and to adjust the intensity. In order to obtain an image of the sample, the focused laser beam is raster scanned across the object by the scanning unit. The instrument includes a CW He–Ne laser for conventional confocal laser-scanning microscopy with one-photon excitation. When the microscope works in multiple photon emission mode, all the emitted light comes from the focal spot, and there is minimal out-of-plane fluorescence. For this reason the multiphoton-induced fluorescence is usually measured using a photomultiplier tube behind the objective, which provides higher sensitivity than passing the emission back through the scanning unit as is done with conventional confocal laser scanning microscope. Prior to reaching the photomultipliers (detectors) the signal is passed through a short-pass filter to remove the longer wavelength excitation from the fluorescence emission. 
Cellular imaging. Since the selection rules for one- and two-photon optical transitions are different there is no reason to expect the one- and two-photon absorption spectra to be the same. An important feature of the two-photon absorption is that, on a relative scale, the absorption is stronger at wavelengths below twice the long-wavelength absorption. For example, the one-photon absorption of Rhodamin B is much weaker at 400 nm than at 500 nm. Therefore, the two-photon absorption is stronger at 800 nm than at 1000 nm. This is convenient because two-photon microscopy is almost exclusively done using Ti:sapphire lasers, which have an output from 720 to 1000 nm. Additionally, the larger width of the two-photon absorption spectra makes it easier to excite simultaneously multiple fluorophores using one wavelength. This possibility is shown in Figure 8.6 for four fluorophores that were all excited using 800 nm from a Ti:sapphire laser. The rat basophilic leukemia cells are labeled with four probes, each specific for a different region of the cell: a plasma membrane label (pyrene lysophosphatidylcholine), a nuclear strain (DAPI), a Golgi label (Bodipy sphingomyelin), and a mitochondrial stain (rhodamine 123). All four fluorophores could be excited using a single wavelength. Due to the complex one-photon absorption spectra and tho the autofluorescence with UV excitation of these probes, it is very unlikely that such images of high quality could be obtained using one-photon excitation.

A longstanding goal of multiphoton microscopy has been to obtain three-dimensional images from cells. This is possible because the localized excitation allows collection of images at various focal planes in the cell (Fig. 8.7). Using these 2D images it is possible to reconstruct a 3D image. Figure 8.8 shows a 3D reconstruction of a live PC12 cell stained with acridine orange. This probe emits in the green when bound to nuclear DNA and red when present in acidic organelles.
Fluorescence correlation spectroscopy. Similarly to multiphoton excitation, fluorescence correlation spectroscopy (FCS) makes use of the small (~ 1 femtoliter) excited volume where the fluorescence of a single molecule or a couple of molecules is observed (Fig. 8. 9). When the fluorophore diffuses into the focused light beam, there is a burst of emitted photons due to multiple 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. The FCS is based on the analysis of time-dependent fluctuations of the intensity of the fluorescence that are the result of some dynamic process, typically translation diffusion into and out of a small volume defined by the focused laser beam and the diffraction- limited spot (confocal aperture). By correlation analysis of the time-dependent fluctuation of the emission, one can determine the diffusion coefficient of the fluorophore. Under typical conditions the fluorophore does not undergo photobleaching during the time it remains in the illuminated volume.
Principle of FCS. The time-dependent fluorescence intensity is analyzed statistically to determine the amplitude and frequency distribution of fluctuations. The intensity at a given time F(t) is compared with the intensity at a slightly later time F(t + τ) resulting in the autocorrelation

function G(τ) that contains information on the diffusion coefficient and occupation number of the observed volume.

The average fluorescence intensity (Fig. 8.10) is defined by
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where T is the data accumulation time. The fluctuations of F(t) around the mean value is
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The autocorrelation function for the fluorescence intensities, normalized by average intensity squared, is given by
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In this expression we have replaced t with 0. The delay time τ is always relative to a datapoint at an earlier time so that only the difference τ is relevant.

Figure 8.11 shows the simulated autocorrelation functions expected for a single species diffusing either freely or bound (partly or completely) to a slowly moving protein. G(τ) is usually plotted using a logarithmic τ axis. The amplitude of G(τ) decreases as τ increases and approaches zero because at long times the fluorophores have no memory of their initial position. The value of time of diffusion τD is usually determined by least-squares fitting of the simulated curve with the measured data. A diffusion coefficient of 10–6 cm2/s results in τD = 0.156 ms. As the diffusion coefficient decreases the correlation function shifts to longer τ values, which reflects slower intensity fluctuations as the fluorophores diffuse more slowly into and out of the observed volume. The G(τ) is also expected to depend on the fluorophore concentration and provides 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 τ = 0: G(0) = 1/n. Hence the amplitude of the autocorrelation function is larger for a smaller number of molecules.
Instrumentation. The laser is focused on the sample (Fig. 8.12). The emission is selected with a dichroic filter. The out-of-focus light is rejected with a pinhole, 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 a three-dimensional Gaussian. The characteristic distances u and s are defined at which the profile intensity decreases to e–2 of its maximal value in the center.
Autocorrelation of adenylate kinase. Adenylate kinase (AK) is a ubiquitous enzyme that regulates the homeostasis of adenine nucleotides in the cell. The cytosolic adenylate kinase (AK1) and its isoform (AK1ß) were fused with enhanced green fluorescence protein (EGFP) isolated from a jellyfish Aequorea victoria and expressed the chimera proteins in HeLa cells. Using two-photon excitation scanning fluorescence imaging, the localization of AK1-EGFP and AK1ß-EGFP in live cells were directly visualized (Fig. 8.13). While the AK1ß-EGFP localized mainly on the plasma membrane (it contains an additional 18-amino-acid chain that appears to bind AK1ß to membranes), the AK1-EGFP distributed throughout the cell except for trace amounts in the nuclear membrane and some vesicles. 


The autocorrelation functions of the different species in different environments are demonstrated on Figure 8.14. For AK1-EGFP, only one diffusion component was observed in the cytoplasm. For AK1ß-EGFP, two distinct diffusion components were observed on the plasma membrane. One corresponded to the free diffusing protein, whereas the other represented the membrane-bound AK1ß-EGFP. The diffusion rate of AK1-EGFP was slowed by a factor of 1.8 with respect to that of EGFP, which was 50% more than what would be expected for a free diffusing AK1-EGFP. The figures show that the FCS is a powerful technique for quantitatively studying the mobility and interactions of the target protein and its function in live cells. 

Take-home messages. The recent technical advances including stable lasers, confocal optics, high-efficiency avalanche photodiode detectors, and commercially available instruments made the multiphoton spectroscopy a practical technology. Cell imaging and fluorescence correlation spectrocopy are the most important applications which are now being used to detect labeled intracellular species, protein association reactions, DNA hybridization, immunoassays, binding of effectors to membrane receptors and gene expression, to name a few.
Home works
1. Derive an expression for two-photon absorption similar to the Beer-Lambert’s law for one-photon absorption. Hint: consider Eq. (8.2), determine the infinitesimal expression for absorption and integrate for the whole light path in the cuvette.
2. How to determine the molecular weight by fluorescence correlation spectroscopy? Hint: the autocorrelation function depends on the rate of diffusion. The diffusion coefficient is connected to the size of the molecule via the Einstein-Smoluchowski relation for translational diffusion.
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Fig. 8.1. Jablonski diagram for one-, two- and three photon excitation: absorption, relaxation and fluorescence.





Fig. 8.3. Comparison of one-photon excitation (blue arrow) and two-photon excitation (red arrow).





Fig. 8.5. Scheme of a multiphoton microscope. Notation: NIR – near infrared, SP – short pass filter, PMT – photomultiplier tube.





Fig. 8.6. Multiphoton excitation images of rat basophilic leukemia (RBL) cells labeled with four probes: a plasma membrane label (pyrene lysophosphatidylcholine), a nuclear strain (DAPI), a


Golgi label (Bodipy sphingomyelin), and a mitochondrial stain (rhodamine 123). From Dr. Watt Webb, Cornell University, N.Y.





Fig. 8.10. Principal quantities to describe the fluctuation of the fluorescence for introduction of the autocorrelation function.











Fig. 8.2. Absorption spectra, multiphoton fluorescence spectra and power-dependent intensity of fluorescence emission of fluorophore DAPI (4',6-diamidino-2-phenylindole) that can be bound to DNA. The excitation source at 830 nm and 885 nm was a femtosecond Ti:sapphire laser; 80 MHz repetition rate with a pulse width near 80 fs.





Fig. 8.12. Scheme of the instrumentation for fluorescence correlation spectroscopy.








Fig. 8.7. Principle of three-dimensional cell imaging constructed from two-dimensional slides using confocal or multiphoton microscopy. 





Fig. 8.8. Three-dimensional reconstruction of a live PC cell stained with acridine orange, which emits green (525 nm) fluorescence when bound to DNA and red (650 nm) fluorescence when present in acidic organelles. The perspective on the left is rotated 60° from the cells around the horizontal axis. The perspective on the right is rotated 90° around the vertical axis. Figure from Dr. Stefan Hall, Max-Planck Institute for Physical Chemistry, Göttingen, Germany.





Fig. 8.4. Simplified optics of laser scanning confocal microscope.





Fig. 8.9. Principle of the fluorescence correlation spectroscopy. The fluorophores are moving into and out of the very small measuring volume (~1 femtoliter, 10-15 l). By measuring the fluctuations of the fluorescence, the residence time of the molecule which is related to the diffusion coefficient can be determined. 











Fig. 8.13. Different Hela cells are transfected with AK1-EGFP. Notations: AK1 - cytosolic adenylate kinase; EGFP - enhanced green fluorescence protein.











Fig. 8.11. Simulated autocorrelation functions of


a free fluorescence ligand (it is small and has fast diffusion), the same ligand bound to a slowly moving (diffusing) protein and an intermediate case (1:1 mixture of the free and bound ligands).








Fig. 8.14. Autocorrelation functions of free EGFP and adenylate kinase - EGFP complex in the cytosol (top) and partly in cytoplasm and partly in membrane (bottom).














PAGE  
4

_1405488017.unknown

_1405659645.unknown

_1405659948.unknown

_1405660069.unknown

_1405488447.unknown

_1405486810.unknown

