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ABSTRACT

Applications of Ultrafast Pulse Shaping to Two-Photon Fluorescence Microscopy

by

Meredith Holland Brenner

Chair: Jennifer P. Ogilvie

Two-photon fluorescence microscopy is a popular method for imaging biological

systems, offering benefits over one-photon fluorescence microscopy including increased

penetration depth in tissues and reduced photobleaching. Experiments requiring

selective excitation of multiple fluorophores are challenging to perform with exist-

ing two-photon fluorescence methods. Conventional two-photon microscopes employ

tunable laser systems with limited temporal resolution. Other approaches include

multiple-beam setups which may have complicated alignments, and ultrabroadband

lasers, which simultaneously excite all fluorophores. The use of ultrafast pulse shaping

methods in two-photon fluorescence microscopy offers the ability to tailor an ultra-

broadband pulse to excite specific fluorophores for multicolor two-photon microscopy

applications.

This thesis demonstrates three applications of ultrafast pulse shaping to multi-

color two-photon fluorescence microscopy. The first is the use of pulse shaping with

linear unmixing of fluorescence signals to perform three-color two-photon imaging of

live cells expressing fluorescent proteins. Resulting images show that the method can
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identify cells expressing single fluorescent proteins as well as cells expressing three flu-

orescent proteins simultaneously. This ultrafast pulse shaping approach has a simpler

setup compared to other three-color imaging techniques, and can be easily expanded

to more fluorophores.

Two applications of ultrafast pulse shaping to Fluorescence Resonance Energy

Transfer (FRET) microscopy are also presented. FRET microscopy is a powerful tool

for observing interacting molecular species. While significant progress has been made

in obtaining quantitative one-photon FRET measurements, similar progress in two-

photon FRET measurements has been lacking. The techniques presented here use the

selective excitation provided by pulse shaping to pave the way towards quantification

of two-photon FRET. First, the use of pulse shaping to distinguish between FRET

and no FRET conditions in live cells expressing fluorescent proteins is demonstrated.

Differing intensity contrast results between cells imaged with different shaped pulses

indicate that selective excitation can be applied to donor and acceptor fluorophores

in FRET constructs and FRET can be detected. The second application discussed

is the generalization of FRET stoichiometry to two-photon FRET measurements. A

new theory for two-photon FRET stoichiometry is derived, and initial experimen-

tal measurements on live cells expressing fluorescent proteins are presented, yielding

results that are largely consistent with expectations.
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CHAPTER I

Introduction

The field of optical microscopy has seen intense development at the crossroads of

physics and biology. From its most basic implementation as a single focusing lens to

the complex laser-based systems found in modern research labs, optical microscopy

has proven instrumental to the study of biological structures and processes. The ear-

liest versions of the microscope, dating back 350 years, relied on the light absorption

properties of the sample to generate contrast in the final image [1]. Biological samples

can be challenging to image with this basic implementation, however; they often lack

absorbing molecular species or are so thin that their absorption is negligible [2]. Even

with the addition of histological stains, obtaining enough contrast to form meaningful

images can be a challenge [1]. Numerous variations on the basic bright field micro-

scope have been developed in an attempt to improve image quality, including phase

contrast, differential interference contrast, and dark field methods [1, 2]. However,

one of the most common techniques for improving contrast in microscope images and

to enable labeling of specific molecular species is the use of fluorescence.

The first foray into fluorescence microscopy was performed in 1950 by Coons and

Kaplan [3], who mixed antibodies with fluorescein dye. The resulting dye conjugate

was used as a stain on fixed tissue samples; when imaged under the microscope, the

locations of fluorescent signal indicated the locations of the antibody in the tissue
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Figure 1.1: Jablonski diagram of a fluorescence process. The molecule is excited from
its ground state via absorption of a photon. It then undergoes vibrational relaxation
before emitting a photon and returning to the ground state, where it experiences
further vibrational relaxation.

[3]. This type of labeling to indicate localization has proven to be one of the key

benefits of fluorescence microscopy compared to more traditional imaging methods,

in addition to the improved image contrast. Figure 1.1 shows a Jablonski diagram of

how fluorescence works. Fluorescence occurs when a molecule initially in the ground

state absorbs a photon with a specific energy (or frequency) and is excited to some

vibrational level of a higher electronic state. Many such absorption transitions are

possible, and their probabilities can be determined from the Franck-Condon factors;

these define the absorption spectrum of the fluorophore [4, 5]. Once excited, fast

vibrational relaxation occurs so that the molecule is left in the lowest vibrational level

of the excited electronic state. Called internal conversion, this process takes place on

the order of picoseconds. An important feature is that because the internal conversion

is so rapid, all fluorescence occurs from this lowest vibrational level [4, 5]. The

molecule then relaxes to the ground state via emission of a photon, which is detected as

the fluorescent signal. As with excitation, the transition back to the ground state can
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end with the molecule in a vibrational level before subsequent vibrational relaxation.

This creates the emission spectrum of the fluorophore [4, 5].

Fluorescence emission has several unique features. The first is that the absorp-

tion and emission spectra of a fluorophore are often mirror images of each other.

This is due to the fact that the spacing of the vibrational levels in the ground and

excited electronic states are typically similar, because the electronic excitation of-

ten does not significantly alter the nuclear geometry [5]. Transitions to the excited

state occur on the order of femtoseconds, which is too fast for displacement of nuclei

according to the Franck-Condon principle. Consequently, transitions to particular

vibrational levels that occur in excitation are likely to occur in reverse in emission as

well [4, 5]. A related feature is that the fluorescence emission spectrum is indepen-

dent of the excitation wavelength used. Called Kasha’s rule, this is because of the fast

vibrational relaxation to the lowest vibrational level of the excited electronic state.

All fluorescence occurs from this state regardless of the specific excitation transition

[4, 5]. Another critical feature of fluorescence emission is the Stokes shift. Because

of the fast vibrational relaxations that occur during both excitation and relaxation,

the emitted light has less energy than the excitation light [4, 5]. This appears as a

shift between the excitation and emission spectra, as the emitted light is at longer

(redder) wavelengths than the excitation light. Environmental factors such as sol-

vents can also contribute to this effect. This spectral separation makes it possible to

efficiently filter out the excitation light, reducing background signal in fluorescence

measurements [4, 5].

Although the Stokes shift and appropriate filters make it possible to achieve good

contrast in fluorescence images by blocking out the excitation light, basic fluorescence

microscopy still has limitations. A particular concern is the presence of unwanted

signal from axial planes other than the plane of focus. For the high numerical aperture

(NA) objectives commonly used in fluorescence microscopy, the depth of field (that
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is, the axial distance over which a region remains in focus) is less than 1 µm [6]. Up

to 80% of the light observed when imaging samples as thin as 5 µm may come from

out of focus regions [6]; this thickness is comparable to that of adherent cells grown

on a tissue culture dish. Consequently, when performing fluorescence imaging in live

cells, this unwanted background signal can become significant. It appears as blurry

background signal around features of interest [6, 7]. As thicker samples such as tissue

sections or live animals become targets for fluorescence microscopy, this problem of

out-of-focus fluorescence dominating the image becomes pronounced.

One of the first solutions to this problem - and one that is still considered a

standard today - is confocal microscopy. First proposed in a patent by Minsky in

1957 [8], confocal microscopy relies on a modified optical setup to block out-of-focus

fluorescence. Modern laser scanning confocal setups place a pinhole aperture before

the detector, and an objective is used to focus onto the sample. Light from the

axial focal plane passes through the pinhole, but light from other axial positions is

blocked by the edges of the aperture [6, 7]. The objective itself provides a tight lateral

focus; to create the entire image, the focal spot is scanned across the sample. Thus,

confocal microscopy has a three dimensional sectioning ability, making it capable

of acquiring fluorescence images with improved contrast over wide field methods.

However, confocal setups can be difficult to align due to the pinhole. In addition,

the gains in sample thickness through which high-quality images can be obtained are

modest, increasing only to about 50 µm [6]. This means that confocal microscopy is

still not a viable method for biological imaging deep into tissues.

Multiphoton microscopy provides all the benefits of confocal microscopy while

offering several advantages including dramatically improved penetration depth. In

multiphoton microscopy, more than one photon is absorbed to achieve excitation

of the fluorescent molecule. This is a nonlinear optical process and thus has unique

characteristics not found in the single-photon fluorescence techniques described above.
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Figure 1.2: Jablonski diagram of two-photon excited fluorescence. Two photons are
absorbed whose combined energies are enough to excite the fluorophore. This occurs
through a virtual state, denoted by the dashed line. The vibrational relaxation and
fluorescence occurs in the same way as in one-photon excited fluorescence.

The most common multiphoton microscopy method is two-photon fluorescence mi-

croscopy. Other multiphoton microscopy methods include three-photon fluorescence,

second harmonic generation, third harmonic generation, Coherent Anti-Stokes Raman

Scattering (CARS), and pump-probe microscopy [9–11]. Two-photon microscopy is

the focus of the work presented in this thesis. It is based on the phenomenon of

two-photon absorption, which was predicted in 1931 by Maria Goppert-Mayer in her

doctoral thesis ([12], English translation in [13]). However, it was not observed ex-

perimentally until after the development of the laser; the first report of two-photon

excited fluorescence was by Kaiser and Garrett in 1961 [14].

A Jablonski diagram illustrating the two-photon excited fluorescence process is

shown in figure 1.2. In two-photon excitation, two photons which individually do

not have the energy required for the transition are absorbed nearly simultaneously,

allowing the transition to occur. The figure shows two photons of equal energy -

half that needed for the transition - being used, but any two photons whose energies

sum to the necessary amount can perform two-photon excitation [15]. This process
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is mediated by a virtual state, designated by the dashed line in the figure [16]; it

is not a real eigenstate of the system. Its lifetime is quite short - on the order of

10−16 seconds [17] - so the second photon must be absorbed within this time frame.

The probability of a two-photon transition occurring can be calculated with second-

order time-dependent perturbation theory. The final form of the probability goes as

[13, 16, 18]:

P ∝

∣∣∣∣∣∑
k

~µmk ~µkn ~E2

ωkn − ω

∣∣∣∣∣
2

(1.1)

Here, the transition is from the ground state n to the excited state m, and the

probability is summed over all intermediate virtual states k. The presence of two

dipole moments in this equations indicates that the selection rules are different for

one- and two-photon transitions: while one-photon transitions are only allowed for

states of opposite parity, two-photon transitions are only allowed for states of the

same parity [15, 16].

An important feature of two-photon excitation is displayed in equation (1.1) - its

dependence on the square of the incident light intensity. Because of this, appreciable

two-photon excitation only occurs in regions of high intensity. This makes ultrafast

pulsed lasers ideal for exciting two-photon fluorescence, as the short pulse durations

act to concentrate the laser power in time, leading to higher peak intensities [2, 15].

Because two-photon excitation is so rare at the intensities used in one-photon fluores-

cence microscopy - there is approximately one two-photon absorption per fluorophore

every one hundred seconds using one of the brightest available conventional light

sources [19] - it was not until the advent of pulsed lasers that two-photon fluorescence

microscopy was demonstrated. It was first performed by Denk and colleagues in 1990

[20], who demonstrated the use of two-photon excited fluorescence in a laser scanning

microscope to image fluorescent beads as well as live cultured pig kidney cells.
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Figure 1.3: Three-dimensional sectioning in two-photon microscopy. A fluorescein
solution is undergoing one-photon fluorescence on the left and two-photon fluorescence
on the right. In both cases the incident laser beam is propagating from the top down
and the focal plane is denoted by the yellow line. Note that in the one photon case, a
significant amount of fluorescence signal is generated throughout the laser beam path.
In the two-photon case, however, fluorescence only occurs at the focus. Reprinted by
permission from Macmillan Publishers Ltd: Nature Biotechnology, [17], copyright
2003.

To further generate the required high intensities, high numerical aperture objec-

tives are used and the laser is focused to a diffraction-limited spot [16, 20]. The result

of this tight focusing and strong intensity dependence is that two-photon fluorescence

only occurs in a very small region around the focus, generally sub-femtoliter in volume

[15, 16]. This gives two-photon microscopy an intrinsic three-dimensional sectioning

ability similar to that of confocal microscopy. A demonstration of this is presented

in figure 1.3 [17]. This figure shows a solution of fluorescein undergoing one-photon

fluorescence on the left and two-photon fluorescence on the right. Note that in the

one-photon case, a significant amount of fluorescence signal is generated from areas

outside of the focus; however, in the two-photon case, fluorescence only occurs in a

small area around the focus.
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When implemented in a laser scanning microscope, this natural sectioning be-

havior makes it possible acquire images with strong signal and low background. It

also has implications for the ability to image deep into tissues. The elimination of

unwanted signal from out-of-focus areas means that signal quality is not degraded by

background as imaging depth increases. In addition, the use of pulsed laser excitation

to generate the high peak intensities required means that average beam power can

remain low, reducing the chance of photobleaching or photodamage in sample areas

outside of the focus [15]. With two-photon microscopy, images have been recorded

from as deep as 500 µm in biological samples [2]. Two-photon excitation has other

benefits that make it a useful tool for biological imaging. The longer wavelength light

used for excitation in two-photon microscopy undergoes less scattering in tissues, is

less damaging because of its lower energy, and is less absorbed than lower wavelengths

[2].

As a result of these benefits, two-photon microscopy has been widely implemented

in biological studies. It does have downsides, however. A particular challenge has

been the implementation of multicolor two-photon microscopy. Although fluorescent

probes exist across the visible spectrum, both as synthetic dyes and increasingly as

fluorescent proteins that can be natively expressed by the sample, adding more colors

requires adding more excitation wavelengths and/or more channels in detection. A

handful of methods have been implemented to perform two-color imaging, mostly

relying on simultaneous excitation. One method is to use a single excitation wave-

length with fluorophores whose Stokes shifts are large enough that the two fluorescent

signals can be split into separate detection channels by filters [21, 22]. A recent dis-

covery that some red fluorescent proteins have large, unexpected increases in their

two-photon excitation spectra at shorter wavelengths [23, 24] also makes it possible

to use a single excitation wavelength and filters to separate the signal [25].

Moving on to three-color imaging or imaging with selective excitation of individual
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fluorophores present in the sample is even more challenging, as multiple excitation

wavelengths are needed. One solution to this is the use of tunable femtosecond lasers

[26]; however, the use of this method is limited to systems with low time resolution

that can accommodate the seconds to minutes it takes to tune the laser. Another

option is the use of ultrabroadband lasers with bandwidths of 100 nm or more. How-

ever, the spectra of these lasers will generally overlap with the two-photon excitation

spectra of multiple fluorophores [24], meaning that all fluorophores are excited with-

out any selectivity. A final set of methods uses multiple laser beams overlapping in

the setup to perform the different excitations [26, 27], but these methods rely on

complicated alignments and have higher costs due to the multiple lasers involved.

An additional challenge in two-photon microscopy experiments is that it can

be difficult to obtain quantitative results. Fluorescence Resonance Energy Trans-

fer (FRET) is a standard microscopic technique that has been successfully applied

with two-photon excitation. It can provide beautiful images and can keep track

of system motion and interaction in a qualitative way, but quantitative results are

lacking. Several methods have been proposed based on both one- and two-photon

microscopy to learn more, but they fall short of true stoichiometric information. A

notable exception is the development of FRET stoichiometry by Hoppe et al. [28]

which yields quantitative information about an interacting system based on micro-

scope images. However, this has not been implemented for two-photon microscopy

due to the challenges described above of performing selective, multicolor excitation.

The work described in this thesis aims to resolve these problems and improve

the utility of two-photon microscopy by implementing ultrafast pulse shaping. Pulse

shaping makes it possible to tailor the laser pulses used for fluorescence excitation to

achieve desired results, including the selective excitation of certain fluorophores over

others present in the sample [29] and the suppression of unwanted autofluorescence

signal [30]. This opens the door to performing rapid multicolor imaging in biological
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samples in addition to implementing FRET stoichiometry to achieve quantitative re-

sults. This thesis demonstrates the application of pulse shaping to linear unmixing for

three-color two-photon microscopy in live cells [31]. It also demonstrates two-photon

FRET [32, 33] and generalizes the theory of one-photon FRET stoichiometry to the

two-photon case. Finally, it presents preliminary two-photon FRET stoichiometry

results and discusses future directions for improving the method. A chapter outline

of this work is presented below.

Chapter II provides a comprehensive overview of the ultrafast pulse shaping meth-

ods used in this work. The development of the method and its applications to biolog-

ical imaging are reviewed, and the basic setup needed to perform the experiments is

described. The theory supporting the application of pulse shaping methods to two-

photon excited fluorescence is discussed along with pulse shape design considerations.

Simulations of different pulse shaping methods are presented to motivate the choice

of a specific technique, and an important application of pulse shaping methods to

dispersion compensation is discussed.

Chapter III describes the application of pulse shaping methods to three-color two-

photon fluorescence microscopy via linear unmixing techniques [31]. The challenges of

performing such multicolor imaging with standard methods are discussed, and the use

of linear unmixing is motivated. The theory of linear unmixing based on fluorescence

image intensities recorded with selective excitation is derived. The experimental

setup and results are presented and discussed, and potential future applications and

extensions of the method are proposed.

Chapter IV begins with a review of the history and theory of Fluorescence Res-

onance Energy Transfer, as well as its application in microscopy. An experimental

method for the detection of FRET using ultrafast pulse shaping in live-cell samples

is presented and the results are discussed [32, 33].

In Chapter V the FRET stoichiometry technique is introduced with a focus on the

10



existing theory for one-photon microscopy. The changes required when transitioning

to two-photon FRET stoichiometry are discussed and a new, entirely general theory

for two-photon FRET stoichiometry is derived. Finally, current experimental results

from the application of two-photon FRET stoichiometry are presented and avenues

for future work are outlined.

Finally, Chapter VI reviews the work presented in this thesis. Future possibili-

ties in the field of applications of ultrafast pulse shaping to two-photon fluorescence

microscopy are discussed.
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CHAPTER II

Pulse Shaping

2.1 Introduction

Recently, many advances have been made in applications of two-photon microscopy

to biological systems. This is due in large part to the fact that it has several unique

advantages for tissue imaging, particularly its increased penetration depth and de-

creased photobleaching [1–3]. The surge in two-photon microscopy studies has con-

tributed to an increase in the development of novel fluorescent proteins. Starting

with the isolation of Green Fluorescent Protein (GFP) [4], a library of fluorescent

proteins with a range of emission spectra and other photophysical properties now ex-

ist for application in various biological samples [5]. As fluorescent proteins cover more

and more of the visible spectrum, multicolor two-photon microscopy experiments are

becoming more common. However, these can often be difficult to implement due to

problems in spectral and temporal resolution. Tunable titanium:sapphire (ti:sapph)

oscillators are a popular choice for excitation in two-photon fluorescence microscopy

studies [6]; however, they typically have narrow spectra (on the order of 10 nm) and

can excite one fluorophore at a time. Multicolor imaging then requires tuning the

laser, which can involve relatively long tuning times of seconds to minutes. This limits

the researcher to studies that do not require faster timescales. It is also possible to

use ultrabroadband oscillators with bandwidths on the order of 100 nm; while these

15



will excite multiple fluorophores, they will all be excited simultaneously, which may

not be ideal for all experimental conditions [7].

The development of such ultrabroadband sources raises the possibility of ultra-

fast pulse shaping as a potential solution to the challenges of performing multicolor

two-photon microscopy. As laser pulse durations have shortened and their spectral

bandwidths have increased, pulse shaping methods to manipulate this bandwidth

have proliferated. In particular, it is possible to adjust the interactions between

different frequency components of the pulse to achieve specific desired results. Ap-

plications have been developed in a number of diverse fields including fiber optical

communications, laser pulse compression and characterization, and control of quan-

tum mechanical processes [8–10]. Notable work in the demonstration of pulse shaping

for quantum coherent control has been performed by Meshulach and Silberberg [11–

13]. By shaping a femtosecond pulse, they were able to control two-photon transitions

in cesium. They observed the creation of “dark pulses” which eliminated the transi-

tions, as well as shapes that could induce transitions nearly as efficiently as unshaped

pulses [11–13].

Moving beyond relatively simple atomic systems, a number of experiments have

been performed investigating applications of pulse shaping to fluorescent systems.

A series of experiments by Tkaczyk and colleagues have demonstrated the utility of

pulse shaping for selective excitation of fluorescent dyes [14, 15]. Using solutions of

dyes popular in biological studies, they demonstrated that tailoring the shape of ul-

trafast pulses enabled relative enhancement or suppression of fluorescence from one

fluorophore compared to another (alone or in complex with other biological struc-

tures), and compared to second harmonic generation signal [14]. This method also

demonstrated the use of a genetic algorithm to identify the optimal pulse shapes. An

extension of this work found that pulse shaping can be used to distinguish two flu-

orescent dyes in two-photon excited fluorescence that cannot easily be differentiated
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by one-photon measurements; this method was even able to quantify the amount of

each fluorophore present in a mixed solution [15].

Continuing the development of applications of pulse shaping, a variety of studies

have been performed in microscopy. Dudovich et al. demonstrated the use of pulse

shaping to perform single-pulse Coherent Anti-Stokes Raman Scattering (CARS) mi-

croscopy with high spectral resolution [16], showing that pulse shaping is not limited

to fluorescence techniques. An early demonstration by Pastirk et al. [17] used pulse

shaping to perform selective excitation of polymethylmethacrylate (PMMA) sam-

ples doped with two different synthetic fluorophores; images of the spatially distinct

PMMA samples showed that different shapes successfully excited the different PMMA

regions. A later study from the same group showed that pulse shapes could be used

to image and identify regions of a pH-sensitive dye under different pH conditions [18].

An elegant demonstration in live biological tissues was performed by Ogilvie et al.

[19]. Two pulse shapes were designed to perform selective excitation in Drosophila

embryos, with one shape designed to excite enhanced Green Fluorescent Protein and

one designed to excite the endogenous autofluorescence present in the yolk of the em-

bryo. This study found that the use of pulse shaping for selective excitation improved

fluorescence contrast by a factor of approximately 3 compared to using excitation fil-

ters [19]. A continuation of this work utilized a fast scanning mirror to alternate

between the pulse shapes, improving the temporal resolution [20]. Further work in

biological samples includes selective excitation of fluorophores in sections of mouse

kidney tissue [21], and of fluorescent proteins in HeLa cells [22].

The number of potential applications of ultrafast pulse shaping to two-photon

fluorescence microscopy of biological systems is large. The technique is particularly

useful in situations requiring selective excitation, such as the applications to three-

color fluorescence imaging and Fluorescence Resonance Energy Transfer (FRET) mi-

croscopy described in chapters III, IV, and V. As a foundation, this chapter outlines
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Figure 2.1: Diagram of a 4f pulse shaper. The input beam is spatially dispersed
via a grating and lens onto the shaping mask located at the back focal plane of the
lens, represented here by the black rectangle. The spectrum is then recombined as a
shaped pulse. Figure adapted from [9].

the methodology behind 4f pulse shapers, one of the most widely-used ultrafast pulse

shaping techniques and the one used in the studies presented in this thesis. The

theory of pulse shaping as applied to two-photon fluorescence is discussed, as well as

considerations in pulse shape design and important applications to dispersion com-

pensation.

2.2 Basics of 4f Pulse Shaping

Although a variety of pulse shaping methods exist, the most widely used is Fourier

transform pulse shaping [10]. This method relies on spatially dispersing the spectrum

of the laser pulse so that its individual frequency components can be manipulated

independently. The most common experimental setup for this is a 4f shaper, first

proposed by Froehly et al. in 1983 [8–10, 23]. This is illustrated in figure 2.1, adapted

from [9]. In the 4f shaper, the first grating disperses the frequency components of the

input pulse. The lens then focuses the beam onto the pulse shaping mask placed at

its back focal plane such that the different frequencies are spatially separated across

the mask. After the desired manipulation by the mask, a second lens and grating are

used to recombine the frequency components into a collimated beam with a shaped
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output pulse [8–10]. The name “4f pulse shaper” comes from the fact that the setup

comprises four focal lengths of the lenses used; however, it is also known as a “zero

dispersion pulse shaper” [8–10]. This is because for the method to work correctly,

no temporal dispersion should be introduced by the setup in the absence of a pulse

shaping mask. This ensures that the setup is not causing unintended changes to the

phases of the frequency components. When the gratings are placed one focal length

from the lenses, the setup acts as a one-to-one magnification telescope and the output

beam is unchanged from the input beam, adding no temporal dispersion [8–10].

Two important modifications to this setup exist and are commonly implemented.

The first is that the use of ultrashort pulses with durations of a few tens of femtosec-

onds enhances unwanted effects from the optics in the setup. The lenses in particular

can contribute unwanted aberrations or chromatic dispersion; to eliminate this, the

lenses are replaced with spherical mirrors [9, 10, 24]. A second possible modifica-

tion is to place a mirror behind the pulse shaping mask so that the dispersed beam

is reflected back through the first lens and grating rather than using a second set

[10, 25]. Because this requires fewer optical components, it simplifies the alignment

of the setup.

Several options exist for the pulse shaping masks to be placed in the 4f setup;

a key decision is whether to make them fixed or variable. Fixed masks have been

used successfully in a number of experiments, particularly in fiber optics, but they

make it challenging to use continuous functions for pulse shaping and have to be

created for each experimental condition [9]. With the advent of computer-controlled

variable pulse shapers, and because of the limitations of fixed masks, spatial light

modulators (SLMs) have become the method of choice for creating pulse shaping

masks. SLMs consist of arrays of pixels made of nematic liquid crystals, which are

cylindrical in shape and align with their long axes pointing in the same direction

in the absence of an applied electric field. This is defined as the optic axis. These
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Figure 2.2: Schematic of the liquid crystal structure in an SLM. The top panel shows
the SLM with no voltage applied; the crystals are aligned along the y-axis. The
input laser beam is propagating out of the page along the x-axis but is linearly
polarized along the y-axis. As voltage is applied across the SLM, the crystals rotate
to align along the z-axis, changing the effective index of refraction and thus the phase.
Adapted from [10].

crystals are birefringent, so they have two different indices of refraction depending

on the polarization of the input light - light polarized parallel to the optic axis (and

perpendicular to the direction of propagation) sees a larger index of refraction than

light polarized perpendicular to both the optic axis and direction of propagation. A

schematic illustration of the liquid crystals in an SLM is shown in figure 2.2, adapted

from [10]. The top panel of the figure illustrates the SLM with no voltage applied,

so the crystals are aligned along the y-axis. The input beam is polarized along this

axis and is propagating out of the page along the x-axis. In the bottom panel, as the

voltage is applied to the SLM, the crystals rotate such that they stay in the same

plane but align more along the z axis than the y axis. This means that the crystals

are no longer parallel to the polarization of the light and the index of refraction is

reduced; this in turn changes the phase of the light transmitted through the SLM [10].

Since the applied electric field at each pixel is controlled independently and the laser
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spectrum is dispersed across the pixels, it is possible to control the phase of individual

frequency components of the pulse. Common SLMs have one-dimensional arrays of

128 or 640 pixels, with center-to-center pixel spacing on the order of 100 µm and gaps

between pixels on the order of a few µm [10]. The time to change applied masks in

the SLM is limited by the response time of the liquid crystal itself in addition to the

electronics used, and switching times on the scale of milliseconds are common [9, 10].

An additional factor in the design of pulse shaping experiments is whether to

shape the pulse in amplitude, phase, or both. Amplitude shaping relies on physi-

cally reducing the transmission of certain frequency components through the mask,

potentially even blocking some entirely. Phase shaping leaves all frequencies in the

pulse intact, and instead changes the relative phases between them. Both can be

performed with SLMs, but simultaneous control of both requires a dual-mask SLM

[9, 10]. Phase shaping has been shown to have unique benefits compared to amplitude

shaping when applied to two-photon absorption processes, including improved signal

amplitude [26], and as a result is the focus of the rest of this thesis. The next section

outlines the application of phase shaping for manipulation of two-photon fluorescence

and more closely considers the differences between phase and amplitude shaping.

2.3 Phase Shaping for Two-Photon Fluorescence

To understand the role of phase in shaping femtosecond pulses, it is helpful to

consider theoretically the case of two-photon absorption. This is particularly rele-

vant for applications of phase shaping to two-photon fluorescence microscopy, as the

fluorophores are excited via absorption of two photons. The derivation of the two-

photon absorption rate was originally published by Maria Goppert-Mayer in 1931

[27], and since then it has been summarized several times in the literature, including

a thorough treatment by Boyd [28]. Meshulach and Silberberg [11–13, 29] laid out a

slightly different version of the derivation that better emphasizes the role of phase-
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shaped pulses in the process. This version of the derivation has been summarized in

numerous other works investigating the role of phase shaping in two-photon processes

and is briefly reviewed here following the explanation of Brixner et al. [30]. It consid-

ers a two-level system being excited by an ultrashort pulse from the ground state |g〉

to its final state |f〉 via a set of intermediate states |n〉. The pulse complex electric

field in time is given by E(t) and is non-resonant with any real intermediate or final

states of the system. For these conditions, second order time-dependent perturbation

theory yields for the amplitude af of the excited state [11, 29, 30]:

af = − 1

~2

∑
n

µfnµng

t∫
−∞

t1∫
−∞

E(t1)E(t2)exp(iωfnt1)exp(iωngt2)dt2dt1 (2.1)

In this equation, µfn and µng are the dipole moment matrix elements between the

final and intermediate states and intermediate and ground states respectively, and t1

and t2 are dummy time variables. ωfn = (Ef − En)/~ and ωng = (En − Eg)/~ where Ef ,

En, and Eg are the energies of the final, intermediate, and ground states. Because

the system is nonresonant, this can be rewritten as [29]

af = − 1

~2

∑
n

µfnµng
ωng − ω/2

∞∫
−∞

Ẽ(Ω)Ẽ(ω − Ω)dΩ (2.2)

where Ẽ(Ω) is the Fourier transform of E(t). This is the amplitude of the excited

state, so the probability pTPA(ω) can be found from |af |2 [11, 12, 29, 30]:

pTPA(ω) =
1

~4

∣∣∣∣∣∑
n

µfnµng
ωng − ω/2

∣∣∣∣∣
2
∣∣∣∣∣∣
∞∫

−∞

Ẽ(Ω)Ẽ(ω − Ω)dΩ

∣∣∣∣∣∣
2

(2.3)
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This equation has the form of pTPA(ω) = gTPA(ω)S2(ω), where [30]

gTPA(ω) =
1

~4

∣∣∣∣∣∑
n

µfnµng
ωng − ω/2

∣∣∣∣∣
2

(2.4)

S2(ω) =

∣∣∣∣∣∣
∞∫

−∞

Ẽ(Ω)Ẽ(ω − Ω)dΩ

∣∣∣∣∣∣
2

(2.5)

If the excitation occurs into a distribution of final states with a spectra density of

states ρ(ω), then the probability is given as the integral over the excitation probabil-

ities to the individual sublevels [30] so that

pTPA ≈
∫
gTPA(ω)ρ(ω)S2(ω)dω (2.6)

It should be noted that the term gTPA(ω)ρ(ω) here is directly related to the two-

photon cross section, differing only by constants depending on the notation and units

being used [28, 31].

For phase shaping, the term of interest is S2, the second order electric field

spectrum [19, 20, 31]. This term contains the trademark E2 dependence of two-

photon absorption, which leads to the benefits for microscopy already discussed. To

better show how phase shaping works, the electric field Ẽ(Ω) can be expanded as

Ẽ(Ω) = A(Ω)exp[iΦ(Ω)] where A(Ω) and Φ(Ω) are the spectral amplitude and spec-

tral phase, respectively. It is also helpful to look at this term in slightly different

notation, which emphasizes how the photons can combine. Now [32, 33]

S2(ω) =

∣∣∣∣∣∣
∞∫

−∞

A(ω/2 + Ω)A(ω/2− Ω)exp[i(Φ(ω/2 + Ω) + Φ(ω/2− Ω))]dΩ

∣∣∣∣∣∣
2

(2.7)

Thus, two photons centered around half the desired transition frequency ω can sum

to reach the total frequency needed: (ω/2 + Ω) + (ω/2− Ω) = ω.
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Figure 2.3: Example of photon combinations in two-photon absorption. The left
shows the spectrum of a hypothetical Gaussian ultrashort pulse which contains many
frequency components. The right shows two possible combinations of frequencies from
this pulse that have the required energy to excite the system from its ground state
to its final state. One option is two photons, both with half the necessary frequency.
However, this same gap can be bridged with any two photons with frequencies that
sum to the required total frequency. Adapted from [13].

This expanded equation for S2 has some features of interest. The first is that there

is an explicit dependence on the spectral phase. Thus, changes to the spectral phase

function Φ(ω) - such as those introduced by the SLM to different frequency compo-

nents - directly affect S2 and thus the transition probability [11–13, 30]. Furthermore,

equation (2.7) demonstrates that all frequency components in the pulse can combine

in the appropriate pairs to make the two-photon transition take place [11–13]. An ex-

ample of this is shown in figure 2.3, where two such potential combinations are shown

- one consisting of two photons of the same frequency, and the other consisting of two

photons of different frequencies but which sum to the same final value. This realiza-

tion that all frequencies present can contribute to two-photon absorption is critical

to phase shaping. Pulses that are short in time, such as those used in pulse shaping,
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contain many frequency components according to the time-bandwidth product. The

manipulation of the phases of these components via pulse shaping leads to a process

called Multiphoton Intrapulse Interference (MII) [31]. In MII, the phases applied to

each frequency are chosen so that they constructively or destructively interfere when

they combine for two-photon absorption [31, 34]. That is, the phases in equation

(2.7) are chosen such that the exponential term is maximized or minimized.

MII was originally thought to apply only to systems such as atomic ones with

sharp resonances [31]; the method was in fact elegantly demonstrated in cesium, just

such an atomic system [11, 12]. However, it was subsequently shown that this is not

the case, and MII can be implemented in systems that lack sharp resonances such as

large dye molecules in solution [31]. In the case of two-photon excited fluorescence,

the signal is proportional to equation (2.6) [14, 18, 20, 30, 31, 35], which accounts for

both the second order electric field spectrum as well as the two-photon absorption

cross-section of the fluorophore. Consequently, manipulation of the spectral phase via

pulse shaping has a direct effect on the fluorescent signal from the system, opening

the door for the use of MII via phase shaping in biological systems.

There are a number of experimental factors that must be considered when imple-

menting this method, the first of which is how the effects of MII can be adequately

measured in the laboratory. One common technique is the use of second harmonic

generation (SHG) to view the effective spectra of the shaped pulses. Because the

equations for the second harmonic (SH) spectrum and two-photon fluorescence signal

both depend on the square of the electric field of the input pulse, they share similar

functional forms, particularly the same spectral phase dependence [20, 30, 36, 37].

Consequently, changes to the pulse shape designed to affect the two-photon excited

fluorescence will also affect the SHG intensity. This provides a straightforward method

for testing different pulse shapes, as the SHG spectrum can be easily recorded.

Another important consideration is the phase function Φ(ω) to apply. The sim-
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plest case is a flat spectral phase, where Φ(ω) = 0 for each frequency component in

the pulse. This yields a transform-limited (TL) pulse, so called because it has the

shortest possible duration in time. Looking at equation (2.7), it is evident that for

the situation of the flat spectral phase S2 is maximized, leading to maximum two-

photon fluorescence [11, 12]. An additional case is the use of phase functions that are

antisymmetric about a specific frequency ω/2. For antisymmetric functions,

Φ(ω/2 + Ω) = −Φ(ω/2− Ω) (2.8)

Again referring to equation (2.7), it can be seen that for antisymmetric phase func-

tions, the exponential terms cancel and the two-photon fluorescence signal is again

maximized [11, 12]. Aside from these two special cases, there are many potential

phase functions - since the SLM is capable of gray-level phase control, continuous as

well as discontinuous functions can be applied. Many early studies were performed

with sinusoidal phase functions, including the initial demonstration in cesium [11]

and the first study on dye molecules in solution [31]. Later studies modified the sinu-

soidal phase function by adding quadratic or cubic components [32] or even amplitude

shaping [18]; cubic phase functions alone have been used as well [20].

An important class of phase masks are binary phase masks. In these, the phase

value at all frequency components is either zero or pi. Early work looked at the

effect of binary masks used in communication theory to investigate control of SHG

[36, 37]. This type of binary shaping was extended to the control of two-photon

fluorescence by Comstock et al. [26]. The utility of binary masks can be understood

by symmetry arguments. It has already been established that a phase function that is

antisymmetric about a certain frequency leads to maximized two-photon fluorescence

excitation at twice that frequency, and because they share the same spectral phase

dependence, this will also lead to maximum SHG intensity at the same doubled
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Figure 2.4: Section of a random binary phase mask. The phase switches between zero
and pi at each pixel on the SLM, following a random pattern.

frequency. However, when the phases are only zero or pi, symmetric phase functions

will also lead to constructive interference and maximized signal [26]. This can be seen

again in the interference term of equation (2.7) - if both phases are either 0 or pi, the

exponent is maximized. A section of a random binary phase mask, demonstrating

the switching between zero and pi phases on the SLM pixels, is shown in figure 2.4.

An additional desired feature is the ability to reduce the SHG intensity or effective

two-photon fluorescence excitation in different regions of the spectrum. By designing

the binary phase mask such that it is symmetric about the desired center frequency

but asymmetric elsewhere across the spectrum, constructive interference will occur

at the center but destructive interference will occur elsewhere [26]. The result is a

shaped pulse which provides selective two-photon fluorescence excitation (or SHG

intensity) in one region of the spectrum but little to none elsewhere. To achieve
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selective excitation, phase masks are designed with a central flat phase region of a

certain width, with symmetric random or semi-random patterns of zero and pi on

either side. The first work was performed with prime number masks, where a switch

between zero or pi phase occurred at every prime numbered SLM pixel [26]. For

example, the mask could start with zero phase at the first pixel, switch to pi phase at

the second pixel, switch back to zero phase at pixels three and four, switch to pi phase

at pixels five and six, and so on for the desired length. The mask would then have its

central flat phase section, followed by the mirror image of the binary phase section.

This study found that the use of binary phase masks improved contrast between the

desired central peak and unwanted background areas of the spectrum by a factor of 6

compared to sinusoidal phase masks [26]. It also demonstrated that the pulse shape

can be tuned by adjusting the phase mask - the peak can be shifted by moving the

center frequency of the flat phase section [26], and the width of the peak changes with

the width of the flat phase section.

An example of a random binary phase mask and its resulting SHG spectrum

found experimentally is shown in figure 2.5. The top panel shows the fundamental

laser spectrum with the phase mask overlaid; the phase mask has a flat phase section

of approximately 40 nm centered at approximately 836 nm. The bottom panel shows

the resulting second harmonic spectra. The black dashed line is the SH from the

unshaped, TL pulse; the blue line shows the SH from the shaped pulse. Note that the

peak of the shaped SH spectrum is at approximately half the wavelength of the center

of the flat phase portion of the phase mask. A demonstration of the tuning ability of

such phase shaping is shown in figure 2.6. It is evident that shifting the phase mask

allows the creation of shaped pulses across the spectrum. This flexibility in designing

shaped pulses with large peaks in two-photon excitation at specific wavelengths and

little to no excitation elsewhere is what makes binary phase shaping such a powerful

tool for selective excitation of fluorophores in multicolor two-photon microscopy.
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Figure 2.5: Example of random binary phase shaping. The top panel shows the ran-
dom binary mask with a central flat phase section of 40 nm, centered at 836 nm,
overlaid on the fundamental spectrum of the laser. The bottom panel shows the re-
sulting SHG spectra. The black dashed line illustrates the unshaped second harmonic
from the TL pulse, and the blue line shows the shaped spectrum resulting from ap-
plication of the phase mask. Note that the shaped SH is centered at approximately
half the wavelength of the center of the flat phase section of the phase mask.
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Figure 2.6: Tuning of phase masks. The central flat section of the phase mask can
be shifted across the fundamental spectrum of the laser, leading to shaped pulses
centered at different wavelengths in the SH spectrum.

To explore the differences between random binary phase shaping and amplitude

shaping, a theoretical comparison is presented below. Simulations were performed

as described in the literature [26] based on the equations described above. Here the

effect of a symmetric random binary phase mask is compared to the effect of an

equivalent amplitude shaped mask. First, a phase mask centered at 800 nm with a

20 nm central flat phase section is compared to an amplitude-shaped pulse with a 20

nm spectrum, as shown in figure 2.7. This shows the fundamental laser spectrum,

this same spectrum limited to the 20 nm bandwidth, and the random binary phase

mask. The right hand side of the phase mask appears to be stretched out due to

the conversion between frequency space, where the mask is designed, and wavelength

space. The simulated second harmonic spectra that result from these shapes are

shown in the top panel of figure 2.8. The red line shows the TL result; this is a broad

SH spectrum centered at half the wavelength of the fundamental laser spectrum. The
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Figure 2.7: Fundamental laser spectrum, amplitude shaped spectrum, and phase
mask used in simulation of random binary shaping.
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Figure 2.8: Comparison of different flat-phase widths. The top panel shows the
calculated SH results for a phase mask with a 20 nm central flat section and amplitude
shaping with the same bandwidth. The bottom panel shows the results for an 80
nm central flat section and the corresponding amplitude shaping. Both masks are
centered at 800 nm. Increasing width results in increased SH peak width for both
the amplitude- and phase-shaped pulses. However, the peak SH intensity of the
amplitude-shaped pulse decreases dramatically with width while the phase-shaped
pulse consistently approaches the TL envelope.
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green line shows the amplitude shaped result, which is correctly centered at 400 nm.

The blue line shows the phase shaped result which is also centered at 400 nm. From

this plot, it is evident that the phase shaped pulse produces a higher SH intensity

than the amplitude shaped pulse.

The effect of the size of the central flat section in the mask can also be investi-

gated. The bottom panel of figure 2.8 shows the calculated SH spectra from a mask

with an 80 nm flat section, still centered at 800 nm, along with the amplitude shaped

and TL results. These figures show that the width of the SH peak increases with

increasing flat phase width or amplitude-shaped width. This makes sense, as allow-

ing more wavelengths through amplitude shaping increases the number of frequency

components available to combine. For phase shaping, increasing the portion of the

bandwidth with zero phase moves the pulse closer to the TL limit. The more no-

table behavior is in the peak intensity of the shaped pulses. The phase-shaped pulse

consistently approaches the TL envelope regardless of the width of the central flat

section, while decreasing bandwidth in the amplitude-shaped pulses decreases the

peak intensity strongly. The stronger effect on the intensity of the amplitude-shaped

pulse seen here is consistent with results presented in the literature [26]. This is one

of the unique benefits of phase shaping over amplitude shaping, as phase shaping pro-

vides the narrow SH peaks of amplitude shaping but with much larger SH intensities,

increasing the signal seen in experiments.

It is also possible to use these simulations to investigate the temporal behavior of

the shaped pulses. The electric field intensities of the phase shaped, amplitude shaped,

and TL pulses in time for a 40 nm mask centered at 800 nm are plotted in figure 2.9.

From top to bottom, this shows the pulse durations of the TL, amplitude shaped,

and phase shaped pulses as the full width at half max values of the curves. The TL

pulse has a duration of approximately 12 fs, in good agreement with what is expected

from the time-bandwidth product for a Gaussian pulse with the fundamental spectral
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Figure 2.9: Temporal behavior of shaped pulses. From top to bottom, the electric
field intensities of the TL, amplitude shaped, and phase shaped pulses. The pulse
duration is shortest for the TL pulse and longest for the amplitude shaped pulse.
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bandwidth used in this simulation. Under amplitude shaping, it is expected that the

pulse duration will lengthen because bandwidth is being removed from the pulse.

This is seen in the simulation, with the pulse duration increasing to approximately 40

fs. Phase shaping should not have as large of an effect on pulse durations - although

the phase manipulation will lengthen the pulse in time, all bandwidth contained in

the TL pulse is still present. The simulations show that the pulse duration lengthens

to about 24 fs, roughly half of the amplitude-shaped duration. In the phase shaped

plot, there are features outside of 200 fs, but these are small.

Because the phase mask design is random, the specific details of the SH intensities

and pulse durations can change. However, the general pattern of the phase shaped

pulse providing second harmonic intensities closer to the TL envelope than the am-

plitude shaped pulses is consistent. In addition, the electric field of the phase shaped

pulse in time can show very complex behavior, consisting of several clustered smaller

features. An example of this is shown in figure 2.10, which illustrates the case of a

40 nm wide phase mask centered at 820 nm. As shown in the top panel, the phase

shaped pulse produces higher SH intensity than the amplitude shaped pulse, as ex-

pected. The bottom panel illustrates the more complex behavior of the electric field

intensity of the phase shaped pulse. The individual features here are approximately

15 fs in duration, and thus shorter than the approximately 40 fs duration of the am-

plitude shaped pulse (not shown). This may have implications for photodamage in

biological samples, as longer pulses have lower peak intensities and thus may cause

less damage [38, 39]. The temporal behavior of phase shaped pulses has not been

thoroughly investigated, but it is apparent that phase shaping does provide selective

excitation with improved SH intensity (and thus two-photon excitation) compared to

amplitude shaping. This, along with the flexibility in design of phase masks, makes

phase shaping a promising tool for selective excitation in multiphoton microscopy.
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Figure 2.10: Simulated SH intensities and electric field for a phase shaped pulse
centered at 820 nm with a 40 nm central flat section. The top panel shows the SH
results; again, the phase shaped pulse shows higher SH intensity than the amplitude
shaped pulse but with larger background here. The bottom panel shows the electric
field intensity in time of the phase shaped pulse, illustrating its complex structure.
Note that the individual features are still narrow.
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2.4 Multiphoton Intrapulse Interference Phase Scan

Experiments involving ultrashort pulses often encounter problems with dispersion,

which can dramatically lengthen the pulses in time by distorting the spectral phase.

This is an important issue in multiphoton microscopy, as broadened pulses lead to

lower fluorescence signal compared to TL pulses [21, 40] - and high numerical aperture

microscope objectives cause significant dispersion. A number of techniques for disper-

sion compensation exist, such as chirped mirrors and grating- or prism-based pulse

compressors, but these have the downsides of complex alignment and low laser power

throughput. The Dantus group has developed a dispersion compensation method

based on phase-shaping that helps mitigate these problems. Their technique, called

Multiphoton Intrapulse Interference Phase Scan (MIIPS), takes advantage of the MII

process described above to not only characterize the spectral phase distortion in the

pulse but also correct for it [41–44]. The method has the advantage of relying only

on the SLM, which reduces alignment complexity and improves power transmission.

As discussed in the previous section, maximum SH signal - or maximum two-

photon excitation - occurs for TL pulses when the spectral phase is uniformly zero

across the spectrum; dispersion makes the spectral phase non-zero. Spectral phase is

typically a continuous function and can thus be expanded in a Taylor Series [42, 43].

For the sum of the phases at positive and negative detuning, this Taylor expansion is

[42]
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2
)Ω2 + ...+
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(2n)!
Φ2n′

(
ω0

2
)Ω2n (2.9)

where Φn′
(ω) ≡ dnΦ(ω)/dωn. The first term in this expansion, the absolute phase, is

related to the position of the carrier wave in the pulse envelope [43]. Changes in this

term do not affect the pulse shape; thus it is of little interest [41–43]. Consequently,

when approximated to the first term in this expansion, the SH signal has a maximum
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when the second derivative of the spectral phase is zero [41–44].

MIIPS works by implementing a known reference phase, f(ω), such that the total

phase in the system Φ(ω) is the sum of the reference phase and the unknown phase

ϕ(ω) caused by dispersion:

Φ(ω) = f(ω) + ϕ(ω) (2.10)

When the applied reference phase cancels the unknown phase, maximum SH signal is

observed and the pulse approaches its minimum duration [41]. To first approximation

in the Taylor expansion above, then, the maximum signal is seen when

Φ′′(ω) = f ′′(ω) + ϕ′′(ω) = 0 (2.11)

Because the function f(ω) and its second derivative f ′′(ω) are known, the unknown

phase ϕ′′(ω) can be calculated [41–44].

With an SLM to apply reference phases, almost any phase function can be used

[43]. However, the most common choice is a sinusoidal function. The first demon-

stration of MIIPS used the function f(ω) = αcos(γω − δ), where α determines the

amplitude of the function and γ is an estimate of the compensated pulse duration

[41]. δ is a parameter that is scanned; the SH spectrum is recorded across all fre-

quencies for each value of δ. The result is a MIIPS trace which plots the SH intensity

as a function of both frequency and δ. The value of δ at which the SH intensity is

maximized is recorded and used to find the unknown phase. For the cosine phase

function defined above,

ϕ′′(ω) = −f ′′(ω) = αγ2cos[γω − δmax(ω)] (2.12)

using the second derivative of the cosine function and equation (2.11) [41]. This equa-
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Figure 2.11: Sample MIIPS trace. This shows the SH intensity as a function of
the parameter delta and the SH wavelength. The features of the plot reflect the
phase characteristics of the pulse - spacing between the lines indicates the amount of
second-order phase present, and the angle of the line indicates third-order phase.

tion is then integrated twice to find the spectral phase ϕ(ω), and then the opposite

phase −ϕ(ω) is applied to the SLM to compensate the dispersion [41]. An example

MIIPS trace is shown in figure 2.11; the placement of features in the trace contains

information about the dispersion of the pulse [41–43]. For TL pulses, the lines will

be separated by pi along the delta axis; the presence of linear chirp changes this sep-

aration. When quadratic chirp is present, the slope of the lines is altered and they

are no longer parallel.

This explanation ignored the higher order terms in the Taylor expansion in equa-

tion (2.9). These terms add some systematic error to the phase measurement, but this

can be corrected by using an iterative MIIPS process [41, 42]. That is, one round of

MIIPS is performed as described above and the resulting calculated phase is applied

to the SLM. The reference function is then altered to have a smaller amplitude and

the MIIPS process is repeated. The resulting phase from this round is added to the

39



result from the first round, and the process is repeated for any number of iterations.

Results have shown that MIIPS converges to a near-TL result in as little as 3-5 it-

erations [41, 42]. The final correction phase is given by the sum of the results of all

iterations.

MIIPS has the benefit of requiring a relatively simple setup. Aside from the

SLM, implementation needs a beta barium borate (BBO) or similar crystal for second

harmonic generation, collection optics, a spectrometer, and a computer to run the

MIIPS algorithm. However, it is important to note that for MIIPS to accurately

compensate for all dispersion in a setup, the second harmonic generation and detection

must take place after all optics that could introduce phase distortions. In microscopy,

this means that MIIPS should be measured at the sample position so the effect of the

microscope objective is included. A demonstration of the effectiveness of MIIPS in

the microscope is shown in figure 2.12. In this figure, the red line shows the initial SH

intensity recorded through the microscope with no phase correction applied by the

SLM. The blue line shows the final SH intensity after six iterations of MIIPS; there

is a significant improvement.

One of the chief benefits of MIIPS compared to other pulse compression schemes

is its flexibility. The amount of phase applied, the number of iterations used, and

even the reference function can be changed. Although most work has been done with

sinusoidal phase functions like that described here, other studies have used quadratic

phase functions [44]. MIIPS is also straightforward to implement in the microscope,

as demonstrated here and in studies from the Dantus group [21, 40]. Because MIIPS

relies on an SLM in the same alignment as that used for phase shaping, it is an

obvious choice for dispersion compensation in pulse shaping microscopy experiments,

and is the method used in the studies described in this thesis.
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Figure 2.12: Improvement in SH intensity achieved with MIIPS. The blue plot shows
the SH intensity seen after implementation of MIIPS. The red plot shows the initial
SH intensity before any phase correction was applied to the pulse.

2.5 Conclusion

The phase shaping methods outlined in this chapter have proven to be a power-

ful tool for improving aspects of multiphoton microscopy. The ability to selectively

excite individual fluorophores in multiply-labeled samples has led to identification of

different solution pH environments [18] and regions of dyes embedded in PMMA [17].

Biological samples imaged with this type of selective excitation include HeLa cells

[22] and Drosophila embryos [20]. In combination with the MIIPS technique, signal

from biological samples was increased by a factor of 7 compared to non-compressed

pulses [21] and the method worked even through scattering biological tissue [40]. The

use of these pulse shaping techniques also has implications for photodamage rates

in biological samples, as phase shaped pulses may cause reduced photodamage com-

pared to TL pulses [39]. The next chapters of this thesis explore the application of

these pulse shaping methods to two challenging problems in multiphoton microscopy,
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namely multicolor imaging and quantitative FRET microscopy.
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CHAPTER III

Linear Unmixing

3.1 Introduction

The rise of fluorescent proteins has revolutionized the use of microscopy tech-

niques in biological studies. They have the potential to provide several benefits over

the use of artificial fluorophores, including improved labeling specificity and reduced

toxicity in live-cell samples; fluorescent proteins may also cause fewer perturbations

to the biological system being studied [1, 2]. There has been a great deal of research

in developing new fluorescent proteins and improving the photophysical properties

of existing ones, and as a result there is now a library of fluorescent proteins whose

emission spectra span the visible wavelength range [3]. This has led to a number

of innovative studies using multiple colors of fluorescent proteins, with applications

including multi-color flow cytometry [4], simultaneously tracking multiple organelles

[5] and/or single proteins [6], revealing super-resolution structures [7] or protein con-

formation changes [8, 9], accessing protein-protein colocalization [1] and interaction

[10], and tracing neuronal networks [11] and cell colonial expansions [12, 13]. Fluo-

rescent proteins provide convenient labeling for live animal imaging because they are

expressed strongly in specific organs or cells [14, 15].

Although this rainbow of fluorescent proteins has been developed over recent years,

the integration of multicolor imaging with two-photon microscopy methods has been
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slow. Two-photon microscopy has several well-known benefits when compared to

one-photon microscopy, including increased penetration depth into tissues, reduced

photobleaching and phototoxicity, and inherent three-dimensional sectioning [16–18],

as discussed in Chapter I. This method has been used successfully with two fluorescent

proteins in a number of studies, such as simultaneous imaging of Green Fluorescent

Protein (GFP) and Cyan Fluorescent Protein (CFP) in live cells by Sahai et al. in

2005 [19]. Kawano et al. [20] used Enhanced Green Fluorescent Protein (EGFP)

and mKeima, a red fluorescent protein with a large Stokes shift, to perform two-

color imaging with a single excitation wavelength. Tillo et al. [21] removed the

requirement for one of the two fluorophores to have a large Stokes shift by taking

advantage of the recently-discovered transitions to higher electronic states present in

some red fluorescent proteins [22] to again allow simultaneous excitation of green and

red fluorescent proteins by a single excitation wavelength.

Moving past two-color imaging to the use of three or more fluorescent proteins

in two-photon fluorescence microscopy has proven challenging due to the need for

multiple excitation wavelengths. A handful of techniques have been proposed, but

they each have significant drawbacks. One method is the use of tunable femtosec-

ond laser sources [23]; however, the tuning time, on the scale of seconds to minutes,

limits the application of this method to experiments with low time resolution re-

quirements. Another approach is to overlap multiple laser beams in the experimental

setup. For example, Mahou et al. [24] used a titanium:sapphire (ti:sapph) oscillator

coupled to an optical parametric oscillator (OPO) to generate two distinct excitation

wavelengths, one from each laser, and a third effective excitation wavelength from

the combination of the two independent beams. Other groups have proposed the

use of two ti:sapph oscillators with a coupled OPO to generate three simultaneous,

independent beams [23]. These setups, while powerful, come at a great cost due to

the number of laser systems involved and can be challenging to align and maintain,
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making their implementation in biological laboratories difficult.

The use of ultrabroadband laser sources with bandwidths on the order of 100 nm

or greater is another approach to the problem of multicolor imaging. The transform-

limited (TL) pulse from such a laser will generally overlap with the two-photon ex-

citation spectra of numerous fluorescent proteins [22]. An example of this is shown

in figure 3.1. This shows the simulated second harmonic (SH) spectra of TL pulses

from two ultrabroadband lasers, a Venteon Pulse:One with approximately 300 nm

bandwidth and a Femtolasers Synergy with approximately 100 nm bandwidth. Also

plotted are several hypothetical shaped pulses designed to excite various fluorophores

at the peaks of their two-photon absorption spectra. This figure shows that the TL

spectra will simultaneously excite multiple fluorophores unless they are modified by

pulse shaping. The fluorophores will also be excited at fixed efficiency ratios; this is

undesirable as it means that relative fluorophore brightness cannot be adjusted, and

autofluorescence or other unwanted signals may be amplified. Phase shaping of the

Femtolasers Synergy spectrum is the method used in the experiments presented here,

which enables selective excitation for multicolor imaging.

Aside from the technical challenges of generating enough excitation wavelengths

to perform multicolor two-photon microscopy with several fluorescent proteins, chal-

lenges exist on the detection side of the setup as well. Efficient multicolor imaging

requires the ability to distinguish the different colors present - otherwise, it is not

possible to identify differently-labeled structures or recognize specific features of in-

terest. One obvious solution to this problem is the use of multiple detection channels

or filter sets to separate the different fluorescent colors - ideally a separate channel

for each fluorophore present. However, as more and more colors are used to label the

sample, this method becomes prohibitively expensive, and may run into space con-

straints in the physical setup. In addition, as more and more fluorophores are added

to the biological system of interest, their emission spectra are more and more likely
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Figure 3.1: Simulated SH spectra of ultrabroadband lasers. This shows theoretical
TL spectra of two ultrabroadband lasers, a Venteon with approx. 300 nm bandwidth
and a Femtolasers Synergy with approx. 100 nm bandwidth. Also plotted are several
possible pulse shapes to excite various fluorophores. Note that the TL spectra will
not selectively excite individual fluorophores without modification via pulse shaping.
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to overlap. Simply adding more detection channels does not resolve this, and filtering

will not separate the signal from two fluorophores with overlapping emission spectra.

In addition, filtering is not optimal for deep tissue imaging. Because fluorescence

photons are easily lost to scattering in tissues, filtering the emission further degrades

the signal and thus the resulting images.

An existing solution to this detection problem is linear spectral unmixing. This

method was first used in geological remote sensing [25], but it has found extensive use

in separating the fluorescence signal from multiple fluorescent proteins in biological

samples [26]. In this method, a fluorescence emission spectrum is recorded from

each pixel in the image. The output spectrum from any given pixel is considered

to be a linear combination of the emission spectra of the fluorophores present in the

sample, weighted according to the concentration of each fluorophore in that pixel.

This method requires a separate detection channel for each fluorophore present, and

the emission spectrum of each fluorophore must be found from reference samples

containing just one of the fluorophores. The equation S =
∑

iAi × Ri is solved for

each measured spectrum S (i.e. from each detection channel) where R is the reference

spectrum of a single fluorophore i and A is the weighting constant quantifying the

amount of each component spectrum present. The weighting constants can be found

for each pixel in the image and used to image how much of each fluorophore is present

[26, 27]. This method has been used to separate fluorescence signals whose emission

maxima are separated by just 7 nm [27], up to seven separate fluorescent colors

[28], in live cells [29], and by measuring excitation spectra rather than detecting

separate emission spectra [30]. While these methods are powerful, they suffer from

the experimental complexity of setups designed to record whole emission spectra and

the relatively long acquisition times needed to do so.

The work presented here uses a combination of ultrafast pulse shaping and lin-

ear unmixing to overcome the disadvantages described above [31]. Ultrafast pulse
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shaping, already discussed in Chapter II of this thesis, is used to achieve selective

excitation of multiple fluorescent proteins in live cell samples. This method has im-

proved time resolution compared to the use of tunable lasers, a simpler set up and

alignment compared to systems that use multiple lasers, and improved selectivity with

flexibility in wavelength choice compared to techniques that rely on ultrabroadband

sources. This work also utilizes a simplified version of linear unmixing that directly

unmixes the pixel intensities of recorded images, resolving the problem of emission

spectrum overlap. A key benefit achieved in the combination of ultrafast pulse shap-

ing and linear unmixing is that the need to have a dedicated detection channel for

each fluorophore present is eliminated - instead, distinct imaging conditions that are

combinations of applied pulse shapes and existing detection channels can be used

to create the necessary number of equations for the unknowns in the system. This

chapter begins by detailing the theory of the linear unmixing method, then describes

the experimental setup used and the results achieved. Selective excitation and sepa-

ration of three fluorophores in live cells using just two pulse shapes and two detection

channels is demonstrated, as published in [31].

3.2 Theory of Linear Unmixing

As described briefly above, linear spectral unmixing is an established method that

solves a system of linear equations to determine the amount of each individual fluo-

rophore present at each pixel in an image of a sample containing multiple fluorescent

proteins [26, 27]. However, this method is based on acquisition of the actual fluo-

rescence emission spectra, which can be difficult and time consuming. Instead, this

work uses a simpler method that directly unmixes the image pixel intensities. Sim-

ilar methods have been used in live cells to identify new proteins [32] and remove

unwanted fluorescence signal [33].

This theory considers a sample containing three fluorescent proteins, although it
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can be expanded for a larger number of fluorophores. Any given pixel in an image of

this sample will contain some amount of signal from each of the three colors; the goal

of this linear unmixing process is to determine the magnitudes of the contributions

from each fluorophore. A recorded image taken under some combination of excitation

and detection conditions (that is, a specific imaging condition) can be described as:

I = C1F1 + C2F2 + C3F3 =
∑
i

Ci × Fi (3.1)

where I is the intensity of the image at any given pixel, F is the unknown intensity

of one of the three fluorophores at that pixel, and C is a constant quantifying how

much signal from fluorophore i is present under that specific imaging condition. De-

termining the three F values for each pixel will create three images - one for each

fluorophore - that map out the intensities of the fluorophores across the image, and

consequently map out their locations. The system as described right now cannot be

solved, as there are three unknowns and just one equation. However, creating more

imaging conditions to measure more I’s will increase the number of equations in the

system. This linear unmixing process uses two detection channels and two excitation

pulse shapes to create a total of four different imaging conditions, providing more

than enough information to find the three unknown F values. The conditions are

combinations of exciting with pulse shapes centered at wavelengths λ1 and λ2 and

detecting long or short fluorescence wavelengths:

1. Excite with λ1 and detect long wavelengths

2. Excite with λ1 and detect short wavelengths

3. Excite with λ2 and detect short wavelengths

4. Excite with λ2 and detect long wavelengths
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The result is four equations for four different image intensities:

Iλ1,L =
∑
i

Yi × Fi (3.2)

Iλ1,S =
∑
i

Xi × Fi (3.3)

Iλ2,S =
∑
i

Zi × Fi (3.4)

Iλ2,L =
∑
i

Φi × Fi (3.5)

Here the notation is Iλn,M , where I is the image pixel intensity excited by the pulse

shape centered at λn and detected in channel M. This system of equations can be

written as a matrix equation:



Iλ1,L

Iλ1,S

Iλ2,S

Iλ2,L


=



YA YB YC YD

XA XB XC XD

ZA ZB ZC ZD

ΦA ΦB ΦC ΦD


×



FA

FB

FC

FD


(3.6)

In this form, it is clear that the weighting constants X, Y, Z, and Φ need to be

determined in order to solve for the various F values, and that they will have different

values for each fluorophore.

The first step in finding these weighting constants is to define the amount of

crosstalk between detection channels (i.e. how much fluorescence accidentally leaks

into the wrong detection channel) and the differences in excitation between the two

pulse shapes (i.e. how well each shape excites the fluorophore). The two constants

used are:

α =
Iλ1,S
Iλ2,S

=
Iλ1,L
Iλ2,L

(3.7)
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and

β =
Iλ1,S
Iλ1,L

=
Iλ2,S
Iλ2,L

(3.8)

Alpha compares image intensities under different excitation conditions, and beta com-

pares image intensities between different detection channels. The equalities in the

definitions of alpha and beta above hold because the filters used are consistent be-

tween imaging conditions. It is also important to note that each of the fluorophores

to be unmixed has its own alpha and beta due to the fact that each fluorophore

has its own excitation and emission characteristics. Experimentally, alpha and beta

are determined from reference samples containing each fluorophore individually and

imaged under all four conditions.

The system in this theory consists of fluorophores A, B, and C. The total flu-

orescence emitted by one of these fluorophores can be defined as the sum of the

contributions from that fluorophore under all 4 imaging conditions:

FA = IAλ1,S + IAλ2,S + IAλ1,L + IAλ2,L (3.9)

where FA is the total pixel intensity of fluorophore A and IAλn,M is the pixel intensity of

that fluorophore under those imaging conditions. The recorded images are the IAλn,M

but the desired result is FA. It is not possible to simply add the four different images in

practice, however, because in a generic sample containing all three fluorophores, each

pixel may contain some mixture of signal from more than one fluorophore. However,

this can be recast in terms of the previously defined crosstalk constants alpha and

beta, which makes it possible to determine the weighting of the component fluorescent

signals in each pixel. As an example, consider isolating the contribution from the IAλ1,L
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term:

FA = I1
λ1,S

+ I1
λ2,S

+ I1
λ1,L

+ I1
λ2,L

(3.10)

= βIAλ1,L + IAλ1,L +
β

α
IAλ1,L +

1

α
IAλ1,L (3.11)

=
1

α

(
αβIAλ1,L + αIAλ1,L + βIAλ1,L + IAλ1,L

)
(3.12)

=
IAλ1,L
α

(αβ + α + β + 1) (3.13)

IAλ1,L =
α

(αβ + α + β + 1)
FA (3.14)

Similar derivations can isolate each of the other three components. The final set of

four equations relating the images to the constants are:

FA =
IAλ1,L
α

(αβ + α + β + 1) (3.15)

FA = IAλ2,L (αβ + α + β + 1) (3.16)

FA =
IAλ1,S
αβ

(αβ + α + β + 1) (3.17)

FA =
IAλ2,S
β

(αβ + α + β + 1) (3.18)

However, IAλn,M cannot be measured directly - a mixture of the three fluorophores is

always imaged:

Iλ1,L = FA
λ1,L

+ FB
λ1,L

+ FC
λ1,L

(3.19)

where Iλ1,L is an actual recorded image in an experiment. Note that this is the same

as equation (3.1). Including all constants, then, the actual recorded images can be

written as linear combinations of the signal from the three fluorophores weighted
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according to the magnitudes of the crosstalk constants:

Iλ1,L =
αA

(1 + αA + βA + αAβA)
FA +

αB
(1 + αB + βB + αBβB)

FB

+
αC

(1 + αC + βC + αCβC)
FC (3.20)

Iλ1,S =
αAβA

(1 + αA + βA + αAβA)
FA +

αBβB
(1 + αB + βB + αBβB)

FB

+
αCβC

(1 + αC + βC + αCβC)
FC (3.21)

Iλ2,L =
1

(1 + αA + βA + αAβA)
FA +

1

(1 + αB + βB + αBβB)
FB

+
1

(1 + αC + βC + αCβC)
FC (3.22)

Iλ2,S =
βA

(1 + αA + βA + αAβA)
FA +

βB
(1 + αB + βB + αBβB)

FB

+
βC

(1 + αC + βC + αCβC)
FC (3.23)

Thus, the system is described by four equations with the three unknowns FA, FB, and

FC . Comparing this to equation (3.6) shows that the X, Y, Z, and Φ constants can

be found explicitly from the alpha and beta constants. Once the constants are known

and the images from the four different conditions are taken, the matrix equation is

solved for the unknown fluorescence intensities and the signals are fully unmixed.

3.3 Experimental Methods

The experimental setup is shown in figure 3.2 [31]. A Femtolasers Synergy ti:sapph

oscillator (75 MHz repetition rate, 80 nm pulse bandwidth centered at 790 nm) was

aligned into a Biophotonic Solutions Inc. femtoJock pulse shaper. This shaper utilized

a single-mask 128-pixel spatial light modulator (SLM) in a reflective 4f alignment to

phase-shape the input pulses. The beam was then sent through a variable neutral

density filter to control the laser power at the sample and aligned into the microscope.

The microscope used was an Olympus BX51WI upright microscope modified with a

57



Figure 3.2: Experimental setup for linear unmixing. M1-M5: mirrors, G = grating,
CM = curved mirror, SLM = spatial light modulator, DM1 = 660DCXR dichroic mir-
ror, DM2 = 595DCXR dichroic mirror, OBJ = 60x NA1.2 water immersion objective;
SP = 650 nm short pass filter [31].

Prairie Technologies scanning mirror assembly. The input beam was focused with an

Olympus UPlanApo 60x, 1.2NA water-immersion objective and fluorescence signal

was recollected with the same objective. The fluorescence was then separated from

the input laser light with a 660DCXR dichroic mirror; an additional short-pass filter

with a cutoff at 650 nm further blocked input laser light. The fluorescence signal

was split into two channels with a 595DCXR dichroic for simultaneous multicolor

detection with two photomultiplier tubes (PMTs).

A major concern in the setup is the introduction of dispersion by the microscope

optics, which can decrease two-photon fluorescence signal [34]. To correct for this

effect, the femtoJock pulse shaper was used to perform Multiphoton Intrapulse Inter-

ference Phase Scan (MIIPS) [35–37]. MIIPS measures the output signal from second

harmonic generation (SHG) as the SLM applies various amounts of phase; when the

maximum SHG signal is detected, the setup dispersion has been corrected and TL

pulses are achieved. The theory of this technique was described in more detail in

Chapter II of this thesis. For MIIPS to work efficiently in a microscope, the SHG

detection must take place after all optics that need to be corrected, including the
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objective. To accomplish this, a 1 mm thick beta barium borate (BBO) crystal was

mounted on a #1 glass coverslip and placed at the focus of the microscope. The

coverslip was used to protect the BBO crystal from the water needed for the water

immersion microscope objective. After the crystal, the fundamental was filtered out

using a short pass filter with a 670 nm cutoff and the SHG light was sent into a fiber-

coupled Ocean Optics compact spectrometer. The femtoJock box and its software

then performed the MIIPS routine and the final pulse shape was applied to the SLM

to create a TL baseline before application of additional shapes. MIIPS was run in

conjunction with the use of chirped mirrors for further dispersion compensation; a

total of 8 pairs of bounces with -200 fs2 per bounce was used.

To perform multicolor two-photon imaging, fluorescent proteins must be chosen

carefully such that their two-photon excitation spectra overlap with the laser band-

width. The three fluorophores used in this experiment were mAmetrine, TagRFPt,

and mKate2. mAmetrine is a yellow-fluorescing protein with a large Stokes shift [9].

mKate2 fluoresces in the far-red with improved brightness compared to several other

far-red proteins [38]. TagRFPt is a variant of the red fluorescent protein TagRFP with

improved photostability [39, 40]. Both mKate2 and TagRFPt exhibit large peaks in

their two-photon absorption spectra at shorter wavelengths than would be expected

by simply doubling their optimal one-photon excitation wavelength; this is thought

to be due to transitions to higher excited states than S1 [22, 41]. By taking advantage

of this fact and mAmetrine’s large Stokes shift, all three of these fluorophores can

be easily excited by the laser bandwidth used here. The relevant spectra are plotted

in figure 3.3 [31]. This figure shows the two-photon brightness curves, defined as the

two-photon absorption spectrum of each fluorophore multiplied by its quantum yield,

in the dashed green, orange, and red lines for mAmetrine, TagRFP, and mKate2 re-

spectively; spectra are adapted from [22]. TagRFPt is known to be spectrally similar

to TagRFP [40, 42]. Also plotted are the fluorophores’ emission spectra (solid green,
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Figure 3.3: Spectra of fluorescent proteins used for linear unmixing. Two-photon
brightness (dashed lines) and fluorescent emission spectra of mAmetrine (green),
TagRFP (orange), and mKate2 (red). TagRFP is spectrally similar to TagRFPt
[40, 42]. Also shown are the fundamental laser spectrum (black dashed line) and
dichroic cutoff (blue solid line) [31]. Spectra are adapted from [22].

orange, and red lines), the normalized fundamental laser spectrum (dashed black line),

and the cutoff position of the 595 dichroic used to separate the fluorescence (solid blue

line). It can be seen that all three fluorophores’ brightness curves overlap with the

laser, with the potential to selectively excite mAmetrine with longer wavelengths and

TagRFPt and mKate2 with shorter wavelengths. Furthermore, the emission spectra

are sufficiently distinct to be separated by the dichroic into two channels and further

separated by linear unmixing.

Two binary phase masks were created and applied to the SLM to perform the

required selective excitation, designed similarly to those described in Comstock et al.

[43].The masks themselves are shown in figures 3.4 and 3.5. They were 128 elements

long, consisting of a zero-phase section 40 nm wide centered around twice the desired

two-photon excitation wavelength maximum. The masks had a semi-random choice

of zero or pi elsewhere, based on a prime number sequence such that a flip between
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Figure 3.4: Linear unmixing binary phase mask centered at 820 nm.

Figure 3.5: Linear unmixing binary phase mask centered at 780 nm.
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Figure 3.6: Second harmonic spectra of shaped pulses. The red and blue lines show
the SH spectra of the red and blue shaped pulses, respectively; the black dashed line
shows the SH spectrum of the TL pulse [31].

zero and pi occurred at every prime number. This sequence could then be multiplied

by a spacing factor to adjust the number of pixels in each flip; these masks used a

spacing factor of 2 chosen to improve the ratio of signal in the main desired peak

to signal in undesired side peaks. The prime number sequence could also start at

different integers, providing another parameter that was similarly optimized. The

binary portion of the mask was roughly symmetric about the central flat section.

The two masks were centered at 780 nm (the blue shaped pulse) and 820 nm (the red

shaped pulse), generating second harmonic peaks at 390 nm and 410 nm respectively.

As a test, these masks were applied to the SLM and the resulting second harmonic

spectra were recorded; these are shown in figure 3.6 [31]. The blue and red lines show

the blue and red shaped pulses, respectively; the black dashed line shows the SH

spectrum of the TL pulse. This figure clearly shows that the SH spectrum is shaped

as expected and centered at the desired wavelengths.

These shapes, in addition to the TL pulse, were used to image multiple cells in
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multiple sample types. Samples consisted of COS-7 cells grown in 100 mm tissue cul-

ture dishes with 10 mL Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented

with 10% fetal bovine serum and 1% each Penicillin-Streptomycin and GlutaMAX

glutamine. Once confluent, the media was removed and the dish was rinsed with

5 mL Phosphate-Buffered Saline (PBS) at pH 7.4. After rinsing, 1 mL of 0.25%

Trypsin-EDTA was added and the dish was placed in the incubator for a few minutes

to loosen the cells. Once the cells detached, the Trypsin-EDTA was nullified by the

addition of 9 mL of media. The concentration of the cell solution was then counted

with a hemacytometer, and approximately 60,000 cells were added to each of three

35 mm tissue culture dishes. The dishes were filled to approximately 2 mL total

volume with media. These were placed in the incubator for 24 hours to allow the

cells to reattach to the dish. To prepare transfections, 100 µL of Opti-Mem reduced

serum media was placed in each of three small eppendorf tubes. For each of the three

fluorophores used, approximately 0.5 µg of purified plasmid DNA was added to one

of the eppendorfs. Finally, 3 µL of FuGene 6 transfection reagent was added directly

to the liquid in each tube, the tubes were shaken to mix, and allowed to incubate

at room temperature for 15 minutes. After incubation, the solutions were re-mixed

gently by pipetting and were added drop-wise onto the three tissue culture dishes

from the previous day such that each dish contained DNA for a single fluorophore.

The dishes were placed in the incubator for an additional 24 hours to allow for protein

expression.

To create a single tissue culture dish containing a mixture of cells, each expressing

a single fluorophore, the transfected cells were further passaged. Each of the three

single-color transfected dishes was rinsed with 1 mL PBS, then 200 µL Trypsin-EDTA

was used to remove them from the dish. Once loose, 2 mL media was added to each

plate to stop the reaction, then 800 µL of each of the single-color cell solutions was

added to a 50 mm tissue culture dish. Finally, an additional 3 mL of media was added
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to the dish and it was placed in the incubator for an additional 24 hours. Just before

imaging, the media was removed from the dish and replaced with 5 mL of Ringer’s

Buffer. Additional samples were made that contained mixed transfections of the three

fluorophores. The same protocol described above was followed, but approximately

one-third of the amount of each plasmid DNA used for the single-color transfections

was added to a single eppendorf tube. This was added to a 35 mm tissue culture dish

which was then allowed to incubate for an additional 48 hours prior to imaging.

During imaging, the tissue culture dish was placed on the microscope stage and

the objective was immersed directly into the buffer. Areas of interest to image were

found using an Exfo fluorescence lamp for excitation and the microscope eyepiece; a

pulse shape was then applied and the microscope was switched to laser excitation and

PMT detection. The incident power at the sample was approximately 3.5 mW. Prairie

Technologies’ PrairieView software was used for visualization and image acquisition.

Once the cells were in focus, an image was taken with the first pulse shape. The

beam was blocked while the second pulse shape was applied to minimize exposure

to the laser, then the second shaped pulse image was taken. Finally, the beam was

blocked again to apply the TL pulse, and a final image was taken. The order in

which the shaped pulses was applied was alternated to ensure that the results seen

were not a result of potential photobleaching or photodamage effects. The microscope

objective was cleaned with lens tissue and a mixture of acetone and ethanol between

samples. All images were 512x512 pixels, covering approximately 220x220 µm, taken

as averages of 16 frames with a dwell time of 4 µs per pixel.

After acquisition, images were loaded into Matlab for analysis. First, the images

were filtered to smooth noise using a 5 pixel by 5 pixel Gaussian filter with a sigma of

1 pixel. Next, the filtered images were background subtracted. The sum of the images

from the two channels with the TL pulse applied was used to identify background

regions without cells in the field of view and create a mask selecting two such regions.
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Both channels of the TL pulse were used for this to ensure that all cells were visible

in the image and the areas chosen as background did not contain fluorescence. This

mask was then applied to the images taken with the shaped pulses; the pixels in the

mask were averaged and this value was subtracted from each pixel in the image. A

different mask was chosen for each field of view imaged, and the background value

subtracted from each image was determined by the backgrounds in that image itself.

Cells expressing single colors were then used to calculate the alpha and beta

parameters for each fluorophore as described in the theory section above. Fields of

view were first masked to ensure that only cells expressing a particular fluorophore

and with non-saturating intensities were included in calculations. To do this, the two

images (one from each PMT) taken with the blue shaped pulse were used to create

two independent masks including non-saturating cells. This shape was used because it

excited all three fluorophores, but the fluorophores could be distinguished by the fact

that mAmetrine appeared in the short-wavelength detection channel only, mKate2

appeared in the long-wavelength detection channel only, and TagRFPt appeared in

both detection channels. The separate masks were then summed to create a final

mask with parameters set such that only one of the three fluorophores was measured

at a time. The alpha and beta calculations were performed on each pixel in the

image, and then pixels that passed the final mask were averaged to a final value.

This was repeated for each region of interest imaged, and the final alpha and beta

values were the averages of these results. The final values are discussed in detail

in the results section below. Finally, these values were used in a separate Matlab

code to solve the final linear equation and perform the unmixing. Because three

fluorophores are present, three equations are needed to find a solution. With the two

excitation pulse shapes used here and two detection channels, four imaging conditions

are available. The images acquired using the red-shaped pulse and recorded in the

red detection channel were ignored for unmixing purposes. This is because the red-
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shaped pulse primarily excites mAmetrine, but its fluorescence primarily appears in

the green detection channel. Thus this image is the dimmest of the four available and

was not used for unmixing.

3.4 Results

First, the ability to perform selective excitation was tested. A sample of cells

was created where each cell expressed a single fluorophore, but cells of all three colors

were present. This was used to confirm that the shaped pulses would selectively excite

fluorophores compared to the use of a TL pulse; figure 3.7 shows a series of images

demonstrating this [31]. Panels (a), (c), and (e) show images taken in the Green

fluorescence detection channel; panels (b), (d), and (f) show images taken in the Red

fluorescence detection channel. The first column, panels (a) and (b), show images

taken with the TL pulse applied. It is shown that all three fluorophores are excited,

as expected; the fluorescence signal is also separated between the Green and Red

channels as expected. The mKate2 cells, indicated by the solid arrowheads, appear

predominantly in the Red detection channel. The mAmetrine cells, indicated by the

solid arrows, appear predominantly in the Green detection channel. The TagRFPt

cells, indicated by the open arrows, appear in both channels, reflecting the fact that

the dichroic splits the TagRFPt fluorescence. Use of the TL pulse leads to higher

fluorescence intensities than the shaped pulses, due to the fact that there are many

more potential combinations of photons leading to excitation. As a result, lower

PMT voltages were used to acquire the TL images than were used for the shaped

pulse images, decreasing the overall intensity by a factor of approximately 7. The

TL image intensities shown here were multiplied by this scaling factor to make them

comparable to the shaped pulse images; however, they were then decreased by a factor

of 10 to prevent saturation.

The middle column, panels (c) and (d), are images taken using the blue phase
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Figure 3.7: Demonstration of selective excitation using shaped pulses. This is a
mixed sample where all 3 fluorophores are present, but each cell expresses only one.
Cells were excited by the TL (left column), blue phase shaped (middle column) and
red phase shaped (right column) pulses. The top and bottom rows indicate images
acquired in the Green and Red detection channels, respectively. The solid arrows
indicate mAmetrine cells, the open arrows indicate TagRFPt cells, and the solid
arrowheads indicate mKate2 cells. The TL pulses lead to higher image intensities
than the shaped pulses; as a result, to avoid saturation, lower PMT voltages were used
to decrease the fluorescence intensity by a factor of 7. Additionally, the brightness
and contrast of panels (a) and (b) were scaled down by 10 fold to avoid saturation in
display. Scale bar is 20 µm [31].
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shaped pulse (centered at 780 nm in the fundamental spectrum and 390 nm in the

second harmonic spectrum). The right column, panels (e) and (f), are images taken

using the red phase shaped pulse (centered at 820 nm in the fundamental spectrum

and 410 nm in the second harmonic spectrum). Comparison of the images across these

two columns shows that the shaped pulses do provide selective excitation. Comparing

panels (d) and (f) shows the effect of this on the TagRFPt and mKate2 cells. Their

fluorescence signal is noticeably brighter when excited with the blue phase shaped

pulse than when excited by the red phase shaped pulse. This corresponds to the fact

that the fluorophores’ two-photon brightness spectra are much larger at 390 nm than

410 nm, as shown in figure 3.3. In contrast, panels (c) and (e) show the effect of

the different shaped pulses on mAmetrine. As indicated in figure 3.3, the two-photon

brightness of mAmetrine is roughly equal at 390 nm and 410 nm. Consequently, the

images taken with the two different pulse shapes do not show dramatic differences in

signal intensities. The results presented in figure 3.7 demonstrate that the two pulse

shapes used in this experiment do provide selective excitation of the fluorophores,

particularly when compared to excitation from the unshaped TL pulse.

Using populations of the cells expressing single colors, the alpha and beta con-

stants for each fluorophore were determined. Alpha is defined as α =
IBlue,G

IRed,G
=

IBlue,R

IRed,R

and β =
IBlue,G

IBlue,R
=

IRed,G

IRed,R
where Blue or Red denote the blue or red shaped pulses,

respectively, and G and R denote the green and red detection channels. Approxi-

mately 10 cells expressing each fluorophore were imaged, the calculations were per-

formed, and then the results were averaged to give a final value; this average value

was used in the subsequent unmixing. All results are presented here as the aver-

age value plus/minus the standard deviation. For mAmetrine, the calculated alpha

value was α = 1.09 ± 0.06 found by comparing images excited by the two shaped

pulses and recorded in the green detection channel. The mAmetrine beta value was

β = 17.05 ± 0.74, found by comparing images excited by the blue-shaped pulse and
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recorded in the two different channels. These two values are consistent with ex-

pectations given the fluorophore spectra and filters used - the alpha value close to

one reflects the fact that mAmetrine is excited similarly by both shaped pulses, and

the large beta value reflects the fact that much more mAmetrine signal is present

in the green detection channel than in the red. For mKate2, the values found were

α = 2.08 ± 0.06 and β = 0.32 ± 0.03. The alpha was found by comparing images

taken in the red detection channel, and the beta value was found by comparing images

taken with the blue-shaped pulse. Again, these results display the expected behavior

- the alpha value of approximately 2 indicates that mKate2 is excited roughly twice

as efficiently by the blue-shaped pulse than by the red-shaped pulse, and the beta

value less than one is indicative of the fact that more mKate2 signal appears in the

red detection arm than the green detection arm. Finally, for TagRFPt, the constant

values were α = 2.4 ± 0.17 and β = 1.11 ± 0.02. The alpha value was found by

comparing images recorded in the green detection channel, and its value reflects the

expected behavior that TagRFPt is preferentially excited by the blue-shaped pulse.

The beta value was found by comparing images in the two detection channels taken

with the blue-shaped pulse and its value near one reflects the fact that its fluorescence

signal is split between the two channels.

It should be noted that the definitions of alpha and beta given in the theory sec-

tion above can be applied to comparisons across either detection channel or shaped

pulse - that is, alpha can be defined as the ratio of images taken with the two shaped

pulses and recorded in either the green or red detection channel, and beta can be

defined as the ratio of images recorded in the two detection channels and taken with

either shaped pulse applied. When compared, the alphas and betas calculated with

the two different comparisons were similar for all three fluorophores. The choice of

which value to use was determined by which produced the smallest standard devi-

ation in the final averaged result. This was physically related to which detection
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channel or shaped pulse provided higher signal. For example, the mKate2 alpha

value was based on comparisons in the red detection channel because much more sig-

nal is present there, giving reduced noise and a cleaner calculation result. Similarly,

mKate2 is preferentially excited by the blue-shaped pulse, so its beta was calculated

from comparisons using that shaped pulse for excitation.

Additionally, the images of the mixed sample (containing a mixture of cells ex-

pressing a single fluorophore) were taken on a different day from the images of the

co-transfected sample (containing cells expressing a mixture of all three fluorophores).

As a result, the alpha and beta values were recalculated for the co-transfected sam-

ple, again from populations of approximately 10 cells each expressing the single fluo-

rophores. The values can fluctuate somewhat due to slight day-to-day differences in

the laser spectrum and microscope alignment; however, all results from both days are

the same within the standard deviations. The results were as follows: for mAmetrine,

α = 1.06±0.03 and β = 17.15±0.45; for mKate2, α = 2.09±0.03 and β = 0.32±0.01;

and for TagRFPt, α = 2.24 ± 0.12 and β = 1.09 ± 0.03. The TagRFPt alpha result

for this day was taken from the red detection channel rather than the green detection

channel because it had a slightly lower standard deviation.

With the alpha and beta values determined for each of the three fluorophores,

the linear equation was solved and the three unmixed images were created. Figure

3.8(a) shows the three unmixed images, as well as a false-color merged image, for the

sample containing a mixture of singly-expressing cells [31]. The three unmixed images

in this figure clearly show that the fluorescence colors can be well-separated using

this technique. These results confirm the identifications of which cells express which

fluorophores indicated in figure 3.7 and the unmixing shows little overlap between

colors, which is expected when each cell expresses only one fluorophore. Furthermore,

panel (b) shows the unmixing results when the method is applied to the sample

consisting of co-transfected cells. In this sample, each individual cell expresses some
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Figure 3.8: Images after linear unmixing. Panel (a) shows the three unmixed images,
one for each fluorophore, and a merged image combining all three for the sample
containing a mixture of singly-transfected cells. The three colors are well separated.
Panel (b) shows the same set of images for the sample containing co-transfected
cells; it is apparent here that a broad range of colors is produced. In both panels,
mAmetrine, TagRFPt, and mKate2 are pseudo-colored in blue, green, and red re-
spectively. A gamma correction of 0.5 was applied to better show the dimly-labeled
cells. Scale bars are 20 µm [31].
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random combination of the three fluorophores; this is reflected by the fact that all cells

appear in the single-color unmixed images. The mKate2 and TagRFPt fluorophores

were not as strongly expressed in the cells as mAmetrine, leading to increased noise

in those unmixed images. Because the cells express random mixtures of all three

fluorophores, the pseudo-colored merge image of these results shows a wide spectrum

of colors.

3.5 Discussion

The results above show the development of a two-photon imaging method that

permits selective excitation of three fluorescent proteins using a single broadband

femtosecond laser and ultrafast pulse-shaping techniques [31]. When combined with

linear unmixing methods and two detection channels, the fluorescent signals from

the three fluorophores were well separated and individual cells could be identified.

Because this implementation used two phase-shaped pulses for excitation in combi-

nation with two detection channels, up to four distinct fluorescent proteins could be

unmixed without modifying this technique. The phase-shaping used in this method

may also offer benefits in reduced photodamage, depending on the experiment. Pho-

todamage may scale linearly or nonlinearly with peak intensity depending on the

sample composition (for example, pigment-rich samples may see predominantly lin-

ear photodamage) [44, 45]. The phase-shaped pulses used to achieve high two-photon

fluorescence signal have lower peak intensities than TL pulses; this reduces photodam-

age in samples where nonlinear absorption processes are a significant photodamage

mechanism.

An additional benefit to the technique presented here is that it can be easily

extended with minimal cost. The key is to have as many imaging conditions as fluo-

rophores to be unmixed. The theory can be adjusted by adding more equations to the

set and solving for the needed constants following the steps explained above. Physi-
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cally, more imaging conditions can be created by either adding detection channels or

adding pulse shapes. Adding shapes has the particular advantage of not increasing

the cost of the system, although the setup presented here comes at minimal expense

compared to similar experiments. In particular, a single laser is used, which not

only reduces the expense but also the complexity of alignment and needs for tabletop

space. The method presented here also makes it possible to reduce the number of

PMTs needed for imaging, which also greatly reduces the cost of the setup. An addi-

tional benefit of this technique is that it relies less on filter optimization than other

two-photon fluorescence imaging techniques. Because the excitation conditions are

defined by the shaped pulses, the need for excitation filters is eliminated. In addition,

only a dichroic is needed to separate the fluorescence signals; the emission bandpass

filters that are often used are removed. This is actually a key point - the removal

of these filters lets more fluorescence from unwanted wavelengths into a detection

channel, increasing the crosstalk between the channels. However, this permits a more

accurate determination of the crosstalk constants, in turn leading to an improve-

ment in the unmixing. Thus, the removal of filters not only reduces the expense and

planning constraints of the experiment, but actually improves the method overall.

This will also increase signal throughput, which is a particular benefit in deep tissue

imaging.

There are several potential avenues for future work with this method. One clear

option for improvement is to implement an ultrabroadband laser such as a Venteon

system with hundreds of nanometers of bandwidth. This would allow access to many

more fluorescent proteins and would facilitate imaging samples expressing more than

three fluorophores at a time. A simulation of the SH spectrum from such a figure,

with potential shaped pulses to excite various fluorophores, is shown in figure 3.1.

An additional opportunity for improvement is the use of an overdetermined system

of equations. Here, one unneeded image was discarded before unmixing; however,
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the method could be changed to include this extra image as a constraint in a least-

squares solution. Optimization of the crosstalk constants could be used to improve the

unmixing results. Another significant area for future work is in biological applications

of the method. One benefit of this linear unmixing technique is that in samples

co-expressing multiple fluorophores, the final pseudo-colored results give each cell a

unique color based on the amount of each fluorophore it contains. This makes it

possible to identify and track single cells based on their colors, in a manner similar

to the Brainbow method [11].
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CHAPTER IV

Fluorescence Resonance Energy Transfer

4.1 Introduction

As multiphoton microscopy has gained prevalence in the biological sciences, many

variations on its basic theme have been developed to accomplish specific goals. One

of the areas that has seen intense work is the adaptation of Fluorescence Resonance

Energy Transfer (FRET) to two-photon microscopy systems. FRET occurs when an

excited “donor” fluorophore is spatially close enough to an “acceptor” fluorophore in

the ground state such that a dipole-dipole interaction enables the transfer of energy

from the donor to the acceptor. This results in the acceptor molecule fluorescing

rather than the donor. Not surprisingly this effect is strongly distance-dependent; its

efficiency falls off as 1
R6 where R is the separation between the fluorophores [1]. Con-

sequently, by monitoring changes in fluorescence signals due to FRET, it is possible

to monitor the FRET efficiency and by extension the separation of the fluorophores.

This has earned FRET a reputation as a “spectroscopic ruler,” as Stryer and Haugland

called it in their 1967 study of the distance dependence [2]. A number of experiments

have exploited this behavior to investigate biological systems, particularly studies of

biological structures and interactions between molecules.

An interesting demonstration of FRET in a solution-based study that illustrates

the power of its distance dependence is the investigation of the conformation states of
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four-way DNA junctions conducted by Clegg et al. [3, 4]. It was thought that under

low-salt conditions, these junctions had a square shape with four arms separated by

ninety degrees; upon addition of salt ions, the structure was thought to fold into

an X shape. Adjacent arms of the structure were labeled with donor and acceptor

fluorophores and the acceptor fluorescence signal was monitored under different salt

concentrations; the FRET efficiency increased with the salt concentration, indicating

that the two arms were moving closer to each other [3]. Furthermore, the square

shape in low-salt conditions was confirmed by comparing the FRET efficiencies with

the fluorophore placed on different pairs of arms, with arms separated by 90◦ having

higher FRET efficiency than arms separated by 180◦ [4]. These results clearly show

the utility of FRET as a way to measure relative distances in biological systems.

A number of innovative studies taking advantage of FRET’s distance dependence

have been performed in the microscope as well. An early study used FRET images

to examine the aggregation of lectin proteins on cell surfaces and how DNA dyes

distribute themselves along polytene chromosomes [5]. A later study investigated the

structure and compartmentalization of the cholera toxin in live cells [6]. This was

achieved by labeling a subunit of the toxin with a fluorescent donor molecule and an

antibody with the acceptor; the FRET efficiency changed as the toxin moved through

the cell, allowing the researchers to determine its final position and conformation.

As the popularity of FRET grew, a natural extension was to implement two-

photon excitation as the initial excitation of the donor. This provides all the benefits

that two-photon excitation possesses over one-photon excitation, including reduced

photodamage and photobleaching, increased penetration depth in tissues, and intrin-

sic sectioning ability [7–10]. These benefits are discussed in detail in Chapter I of this

thesis. It should be noted that fluorophores show the same fluorescence lifetime and

emission spectra under two-photon excitation as under one-photon [1], so utilizing

two-photon excitation will not change the FRET process. An early demonstration
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of two-photon FRET pointed out that it can be used to increase the effective two-

photon absorption of fluorophores by coupling them as acceptors to donors with high

two-photon absorption and then relying on the transfer process to generate the ac-

ceptor fluorescence [11]. Two-photon excited FRET has been used to study a wide

range of biological systems, including protein interactions involved in traumatic brain

injuries [12], intranuclear dimer formation of transcription factors in pituitary cells

[13], and receptor-ligand complex clustering in apical endocytic membranes of MDCK

cells [14].

Given the potential of FRET for observing dynamics in cellular systems, it is

worthwhile to investigate potential applications of ultrafast pulse shaping to FRET

methods. This chapter and the next outline two approaches to implementing pulse

shaping in two-photon FRET. This chapter begins by giving an overview of the his-

tory and theory of Fluorescence Resonance Energy Transfer. It then describes ex-

periments demonstrating that ultrafast pulse shaping can be applied to two-photon

FRET microscopy to distinguish between FRET and non-FRET conditions in live

cells.

4.2 Fluorescence Resonance Energy Transfer

The theory of Fluorescence Resonance Energy Transfer was first developed by

Theodore Forster classically in 1946 and expanded quantum mechanically in 1948

[15, 16]. His work describes the nonradiative transfer of energy from an excited

fluorescent donor molecule to an acceptor molecule in its ground state via an induced

dipole-dipole interaction. A common misconception is that the energy is transferred

by the donor emitting a photon which is subsequently absorbed by the acceptor; this

is not the case and is the reason why it is important to note that it is a nonradiative

process. The process is sometimes called Forster Resonance Energy Transfer to clarify

this distinction [1]. Figure 4.1 shows a Jablonski diagram illustrating the energy
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Figure 4.1: Jablonski diagram of FRET process. The donor molecule starts in its
ground state D and is excited to its state D*. After vibrational relaxation, energy
is transferred to the acceptor at a rate kT . The acceptor then undergoes relaxation
to the lowest vibrational level of the first electronic excited state before emitting a
photon and returning to the ground state. Adapted from [17].

transfer process. The donor is excited from the ground state D by absorption of a

photon; it then relaxes to the lowest vibrational level of the excited state D∗. From

here, rather than transitioning back to the ground state by emission of a photon, the

energy may be transferred at a rate kT to the acceptor. This excites the acceptor,

which rapidly relaxes to the lowest vibrational level of its first electronic excited state

A∗, preventing the energy from transferring back to the donor. Finally, the acceptor

emits a photon and decays to the ground state A [17]. The acceptor does not need

to be fluorescent for FRET to occur; the final relaxation can also be nonradiative.

The characteristics of FRET, including its efficiency, are derived from a rate equa-

tion for kT . The rate is found by applying Fermi’s Golden Rule to the transition

between states (D∗, A) and (D,A∗) [17–19]. FRET occurs when the incident electric

field induces a dipole in the donor, which in turn induces a dipole in the acceptor.
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The interaction energy for this situation is given by

V ∝ 1

n2

(
~µD · ~µA
R3

− 3( ~µD · ~R)(~R · ~µA)

R5

)
(4.1)

where ~R is the vector representing the distance between the two dipoles and ~µD and

~µA are the donor and acceptor dipole moments, respectively [17, 19]. Here, the 1
n2

term appears to account for the index of refraction of the medium. This potential

can be simplified by combining all terms related to the orientation of the dipoles into

the variable κ; this leads to an interaction energy of the form [17–19]

V ∝ κ

n2

| ~µD|| ~µA|
R3

(4.2)

It is assumed that the interaction between the donor and acceptor is weak enough

such that their individual wavefunctions are not perturbed [17, 18]. According to

Fermi’s Golden Rule,

kT ∝ | 〈D∗A|V |DA∗〉 |2 (4.3)

so the rate of energy transfer kT is given by the matrix element of the interaction

energy. Solving this for the given dipole-dipole interaction yields the final rate [16–

18, 20]

kT =
1

τD

(
R0

R

)6

(4.4)

In this rate equation, τD is the fluorescence lifetime of the donor and R0 is the Forster

radius, the separation distance at which the FRET efficiency falls to 50%. This form

already shows the well-known 1/R6 distance dependence of FRET. The Forster radius
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is given (in units of angstroms) as [17]

R0 =

(
8.79× 10−5Jκ

2φD
n4

) 1
6

(4.5)

where φD is the donor quantum yield. J is the overlap integral, the mathematical rep-

resentation of the requirement that the donor’s emission spectrum overlaps with the

acceptor’s excitation spectrum. J depends on εA, the acceptor’s extinction coefficient,

as well as fD, the donor emission [17]. J can be calculated from

J =

∫
εA(λ)fD(λ)λ4dλ∫

fD(λ)dλ
(4.6)

which is in units of M−1 cm−1 nm4 [17]. Using this rate for energy transfer, it is

possible to find the FRET efficiency. The donor does not have to undergo FRET; it

can relax from its excited state by any of several pathways, each with its own rate ki.

This means the efficiency of FRET is given by [19]

E =
kT

kT +
∑

i 6=T ki
=

kT
kT + 1

τD

(4.7)

Substitution of the rate found in (4.4) leads to the well-known equation for the FRET

efficiency [17–20]:

E =
1

1 + (R/R0)6
(4.8)

This form for the efficiency highlights that the Forster Radius is the distance at which

the FRET efficiency falls to 50%; this varies depending on the fluorophores used but

is often in the range of 5-100 Angstrom [17, 18, 20].

It is important to consider the role of the orientation factor κ2 in FRET. Because

both fluorophores act as electric dipoles, their relative angular orientations affect the
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efficiency of the energy transfer process. The value of this orientation factor can

vary from 0 to 4 depending on the positions of the molecules, and as a result it is

a potential source of error in calculations of the Forster Radius or FRET efficiency

[17, 18, 20]. It is often assumed that both fluorophores have rotational freedom and

can re-orient rapidly compared to the lifetime of the excited donor, in which case

kappa averages to a value of 2/3. This assumption may not always hold, but studies

have shown that it is a good approximation in many cases [17, 18, 20].

FRET can be detected experimentally in a variety of ways. One method is to

determine the increase in acceptor fluorescence when the donor is present compared

to when the acceptor is alone, as when FRET is occurring there is an increase in

acceptor signal. Similarly, it is possible to quantify the decrease in donor fluorescence

when the acceptor is introduced to the sample, as energy being transferred to the

acceptor decreases the energy available for the donor to emit as fluorescence. A third

method is investigation of the fluorescence lifetime of the donor, as when FRET is

occurring this lifetime is decreased [1, 21]. In the next section, a method for detection

of FRET using ultrafast pulse shaping for selective excitation is presented [22, 23].

4.3 Detection of FRET Using Pulse Shaping

4.3.1 Introduction

A key requirement for FRET to occur is the overlap of the donor’s emission

spectrum with the acceptor’s excitation spectrum; this ensures that energy can be

transferred. When this is large, it can yield an improved FRET efficiency; however,

it can also lead to direct overlap between both fluorophores’ excitation or emission

spectra. This spectral overlap can complicate FRET experiments. If the two emission

spectra overlap, then it is possible to record donor fluorescence signal in the acceptor

detection channel or vice versa. If the two excitation spectra overlap, then the ac-
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ceptor may be directly excited by conditions meant to excite only the donor, leading

to acceptor fluorescence that is mistakenly recorded as being due to energy transfer.

Such spectral crosstalk must be either corrected for or avoided in order to obtain

accurate FRET measurements, and one way to try to avoid it is through selective

excitation.

In one-photon FRET experiments, selective excitation can be achieved by careful

selection of the fluorophores in the FRET pair and appropriate filters. Separation

between parts of the excitation spectra and filters placed in spectral regions where

the excitation spectrum of one of the fluorophores dominates can provide good dis-

crimination. However, in two-photon FRET experiments this can be more difficult

to achieve. The introduction of filters leads to the amplitude shaping conditions dis-

cussed in the pulse shaping chapter of this thesis, which results in a lengthened pulse

in time and lower two-photon fluorescence signal. Multicolor imaging in two-photon

microscopy has been performed using other excitation schemes, but they do not lend

well to selective excitation. For example, the use of ultrabroadband titanium:sapphire

oscillators permits excitation of multiple fluorophores via a transform-limited (TL)

pulse [24]. However, this excites all fluorophores present simultaneously; this will

lead to strong direct excitation of the acceptor and make it difficult to separate that

fluorescence from signal due to FRET. Another option is the use of tunable femtosec-

ond lasers [25]. While these will allow selective excitation, the relatively long tuning

time (on the order of seconds to minutes) makes this method difficult to apply to

rapidly-changing biological systems. As one of the benefits of FRET is its ability to

monitor how systems interact over time, a loss of temporal resolution decreases its

utility.

Fortunately, ultrafast pulse shaping is a technique which easily permits rapid se-

lective excitation in multicolor two-photon imaging. When a Spatial Light Modulator

(SLM) is used to perform phase-only shaping, masks can be changed in as little as 10
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Figure 4.2: Experimental setup for detection of FRET. SLM = spatial light modula-
tor, DM1 = 660DCXR dichroic mirror, DM2 = 595DCXR dichroic mirror, F1 = 650
nm short pass filter, F2 = 480/40 filter, F3 = 630/75 filter [22].

ms [26], greatly improving the potential time resolution of the experiment. Selec-

tive excitation using pulse shaping has been successfully demonstrated in a number

of systems, such as excitation of fluorescent proteins over autofluorescence [27, 28]

and enhancement of fluorescence from specific fluorophores [29–31]. Pulse shaping

methods have also been used to image a calcium-based FRET indicator [32]. Here, a

method is presented for selective excitation of fluorescent proteins in live cells using

pulse shaping to distinguish between FRET and non-FRET conditions, as published

in [22, 23]. This selective excitation paves the way for implementation of FRET

stoichiometry as a way to quantify the FRET results.

4.3.2 Experimental Methods

The experimental setup used for this demonstration is shown in figure 4.2[22].

A 75 MHz Femtolasers Synergy titanium:sapphire (ti:sapph) oscillator with 110 nm

bandwidth centered at 780 nm was aligned into a transmissive 4f pulse shaper setup.

A CRi 640 pixel, phase-only spatial light modulator (SLM) was controlled via Matlab
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and used to apply phase masks. For imaging, the shaped beam was sent into a

Prairie Technologies modified Olympus BX51WI upright microscope and an Olympus

UPlanApo 60x, 1.2NA water-immersion object was used to focus on the sample. A

variable neutral density filter was used in the beam path to control the power; at

the sample it was approximately 5.5 mW. The objective recollected the fluorescence

signal, which was then separated from the excitation light by a dichroic mirror and

a shortpass filter. A second dichroic and bandpass filters then split the fluorescence

into two PMT channels for detection.

Dispersion of the optics in the setup, including the objective, was compensated

using Multiphoton Intrapulse Interference Phase Scan (MIIPS) [33–35]; more details

on this technique can be found in Chapter 2 of this thesis. To perform MIIPS mea-

surements, a 1 mm thick beta barium borate (BBO) crystal was mounted on a #1

thickness glass coverslip and placed at the focus of the microscope. The coverslip pro-

tected the crystal from the water required for the objective immersion. The second

harmonic generated light from this crystal was then separated from the fundamental

and coupled into a compact spectrometer for detection; Matlab code written in-house

was then used to perform the MIIPS routine. To achieve a transform-limited (TL)

baseline, the result of the MIIPS process was applied to the SLM before application

of additional shapes.

Samples used in this experiment were two sets of COS-7 cells expressing the flu-

orescent proteins mCerulean as the donor fluorophore and mCherry as the acceptor

fluorophore. One sample consisted of cells expressing both fluorophores, but not in

complex, such that no FRET would occur; this was the “unlinked” sample. The cells

in the second sample expressed a construct of the two fluorophores separated by a

linker of 27 amino acids; this construct had a FRET efficiency of 22.19% as measured

by FLIM-FRET [36, 37] and was the “linked” sample. To create these samples, COS-

7 cells were grown on 100 mm tissue culture dishes with 10 mL Dulbecco’s Modified
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Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 1% each

Penicillin-Streptomycin and GlutaMAX glutamine. Once confluent, the media was

removed and the dish was rinsed with 5 mL Phosphate-Buffered Saline (PBS) at pH

7.4. After rinsing, 1 mL of 0.25% Trypsin-EDTA was added and the dish was placed

in the incubator for a few minutes to loosen the cells. Once the cells detached, the

Trypsin-EDTA was nullified by the addition of 9 mL of media. The cells were then

counted with a hemacytometer and approximately 120,000 cells were added to each

of two 35 mm tissue culture dishes; these were then filled to 2 mL with media and

allowed to incubate for 24 hours. For transfection, 100 µL of Opti-Mem reduced

serum media was placed in each of two small eppendorf tubes. For the linked sample,

approximately 0.5 µg of the purified plasmid DNA was added to the tube. For the un-

linked sample, approximately 0.25 µg of each of the two single fluorophores’ DNA was

added to the tube. Finally, 6 µL of FuGene 6 transfection reagent was added to each

tube and they were incubated at room temperature for 15 minutes. After incubation,

these solutions were added drop-wise to separate dishes of COS-7 cells. The cells

were incubated for 24 hours to allow for expression of the fluorescent proteins. Just

before imaging, the media was replaced with Ringer’s Buffer. During imaging, the

cells were kept at 37 ◦C and the water-immersion objective was submerged directly

into the buffer in the dish.

Two pulse shapes were designed to perform selective excitation, one to preferen-

tially excite mCerulean and one to preferentially excite mCherry. The designs were

based on the two-photon absorption spectra of the fluorophores, which are shown in

figure 4.3 [24]. This illustrates that mCherry has a recently discovered peak in its

absorption spectrum corresponding to an S0− SN transition [24]; the mCherry pulse

was designed to take advantage of this and is thus centered at shorter wavelengths

than the mCerulean pulse. Figure 4.4 shows the second harmonic spectra of the TL

pulse and the two shaped pulses [22]. To design the phase masks, binary phase shap-

89



Figure 4.3: Two-photon absorption spectra of mCerulean and mCherry. The one-
photon absorption curve is shown in black, the two-photon absorption is in red, and
the fluorescence emission spectrum is in blue. mCerulean is in the top panel and
mCherry is in the bottom panel. Taken from [24].
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Figure 4.4: Second harmonic spectra of the shaped pulses. To take advantage of its
large two-photon absorption, the mCherry pulse is centered at shorter wavelengths
than the mCerulean pulse [22].

ing was used similarly to techniques demonstrated in Comstock et al. [38]. Masks

consisted of a random pattern where every pixel had a phase value of either 0 or

pi; this pattern was symmetric around a flat phase section of approximately 40 nm.

The center of the flat phase section was located at twice the desired second harmonic

peak wavelength of the shaped pulse. During imaging, the shaped pulses as well as

the TL pulse were applied to multiple cells in each sample. The order in which the

shapes were applied was alternated to eliminate effects that could be caused by pho-

tobleaching, and the TL pulse was always applied last. Individual cells were chosen

in small regions of interest, and images were acquired as averages of 128 frames using

4 µs per pixel dwell times. Prairie Technologies’ PrairieView software was used for

image acquisition, and subsequent analysis was performed in Matlab. Background

images taken under the same imaging conditions with the laser beam blocked were

used for background subtraction, and cells were masked during analysis so that only

the central bright portions were used for calculations.
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Figure 4.5: Demonstration of selective excitation in the No FRET condition. The left
column displays the images from the mCherry channel and the right column displays
the images from the mCerulean channel. The top row shows fluorescence excited by
the TL pulse, the middle row is from the mCerulean pulse, and the bottom row is
from the mCherry pulse [22].

4.3.3 Results and Discussion

The unlinked set of cells, which make up the “No FRET” condition, were imaged

first. These cells were co-transfected with both the donor and acceptor but because

the fluorophores are not linked, no FRET is expected. The results are shown in figure

4.5, which shows the mCherry fluorescence in the left column and the mCerulean

fluorescence in the right column [22]. Images taken under excitation by the TL pulse

are shown in the top row; as expected, this pulse excites both fluorophores with

little distinction between the two. The middle and bottom rows show images of the

same cell taken with the shaped pulses used for excitation. These images have been

masked so that only the central bright region is shown and used for calculations; they

have also been normalized to the TL image intensity to account for differences in
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brightness and transfection efficiency between the two fluorophores. Contrast values

were calculated from these image intensities with the following definitions:

Blue Contrast =
mCerulean F luorescence−mCherry F luorescence

mCerulean F luorescence
(4.9)

Red Contrast =
mCherry F luorescence−mCerulean F luorescence

mCherry F luorescence
(4.10)

where blue contrast is found when the mCerulean pulse shape is applied and red

contrast is found when the mCherry pulse shape is applied. As figure 4.5 shows in

the middle row, when the shape tuned to preferentially excite mCerulean was used

for excitation, blue contrast of 73% was seen. In the bottom row, it can be seen

that when the mCherry pulse shape is used, red contrast of 49% resulted. Similar

results were obtained across multiple cells and repeated applications of the pulse

shapes. This demonstrates that the shaped pulses do provide selective excitation of

the target fluorophores compared to the TL pulse.

Next, cells in the FRET condition were imaged. These cells expressed the linked

construct of the donor mCerulean and acceptor mCherry designed to facilitate FRET.

Under these conditions, the use of the shaped pulses for selective excitation is expected

to yield slightly different results compared to the No FRET condition. When the

mCerulean pulse is used for excitation, the excited donor will transfer some of its

energy to the acceptor in the energy transfer process, causing a decrease in donor

fluorescence and an increase in acceptor fluorescence. This will result in a decrease in

blue contrast compared to the No FRET condition. However, when the pulse designed

to excite mCherry is used, some of the donor fluorophores will still be excited due to

spectral overlap of the fluorophores’ two-photon absorption spectra. These excited

donor molecules can still transfer energy to the acceptor, resulting again in an increase

of acceptor fluorescence and a decrease in donor fluorescence. Thus, an increase in

the red contrast compared to the No FRET condition is expected when the mCherry
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Figure 4.6: Demonstration of selective excitation in the FRET condition. The left
column displays the images from the mCherry channel and the right column displays
the images from the mCerulean channel. The top row shows fluorescence excited by
the TL pulse, the middle row is from the mCerulean pulse, and the bottom row is
from the mCherry pulse [22, 23].

pulse shape is used for excitation.

The images shown in figure 4.6 are taken from the linked sample and support

these hypotheses [22, 23]. As before, the top row shows excitation by the TL pulse,

the middle row shows excitation by the mCerulean pulse shape, and the bottom row

shows excitation by the mCherry pulse shape. The left column shows the mCherry

fluorescence and the right column shows the mCerulean fluorescence. The images

are masked again to consider only the central bright regions, and as before they are

normalized to the TL image intensity. As in the No FRET condition, excitation by

the TL pulse leads to bright fluorescence from both donor and acceptor but little

distinction between them. In the middle row, excitation with the mCerulean pulse
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shape leads to the expected decrease in blue contrast compared to the No FRET

samples, with it decreasing from 73% to 53%. Excitation with the mCherry pulse

is shown in the bottom row; the red contrast increased from 49% to 69% between

the two sample types. Multiple cells and repeated applications of the shaped pulses

showed similar results.

This demonstrates that selective excitation via ultrafast pulse shaping works when

applied to two fluorophores in a linked construct in live cells. Furthermore, it shows

that this pulse-shaping-based method is able to distinguish between a FRET and non-

FRET condition in live cells [22, 23]. The use of ultrafast pulse shaping gives this

method improved temporal resolution compared to other two-photon FRET modali-

ties, facilitating the study of biological interactions. While this method permits the

study of cellular systems by monitoring the extent of FRET via changes in contrast,

it does not provide quantitative results. This is actually a common problem in FRET

studies - while some measurements of FRET efficiency and separation distance can be

obtained, they are usually in arbitrary units and only meaningful in the experiment

at hand. For FRET studies to be truly useful, they should provide more quantitative

information such as stoichiometric data. Techniques to quantify FRET exist, but

they have generally been limited to one-photon FRET. The extension of quantitative

FRET microscopy methods to two-photon FRET by implementing ultrafast pulse

shaping is the subject of the next chapter.
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CHAPTER V

Fluorescence Resonance Energy Transfer

Stoichiometry

5.1 Introduction

As discussed in the previous chapter, Fluorescence Resonance Energy Transfer

(FRET) has become an important tool in biological imaging [1, 2]. Its strong dis-

tance dependence makes it possible to learn a great deal about the structure of and

interactions in biological systems. Traditional FRET techniques do have limitations,

though. In particular, while FRET results can provide useful qualitative data, they

often do not give much in the way of quantitative information. Although the FRET

efficiency and relative distances can be determined with some techniques, more use-

ful details about the stoichiometry of the interaction are difficult to measure. With

increasing use of FRET in the microscope, techniques were developed to quantify

FRET results by correcting for detector crosstalk, one of the major complicating fac-

tors in FRET studies. Measurements of FRET efficiency are often based on acceptor

fluorescence signal detected under donor excitation conditions. However, not all ex-

cited donor molecules will transfer their energy to the acceptor molecules, resulting

in some donor fluorescence; if this overlaps spectrally with the acceptor fluorescence,

it will be erroneously recorded as signal due to FRET. Likewise, it is possible that
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the acceptor molecule could be directly excited by the wavelengths used to excite the

donor. Fluorescence resulting from this direct excitation would also potentially be

recorded as signal due to FRET.

The first step in quantifying FRET is correcting for these crosstalk problems, and

several methods have been proposed to do this. Gordon et al. [3] developed FRETN,

a method which uses a series of images taken with different filter cubes to determine

the magnitude of the crosstalk terms and then correct for them. This method also

corrects for differences in donor and acceptor concentration. FRETN was used to

investigate the behavior of Bcl-2, an anti-apoptotic protein, and Beclin, a protein that

potentially acts as a tumor suppressor [3]. Xia and Liu [4] developed a similar method,

NFRET , which incorporates fluorescent proteins and accounts for differences in protein

expression in different cells. These methods rely on the ability to selectively excite

the donor and acceptor fluorophores in order to determine the magnitude of these

crosstalk factors; an additional study by Erickson et al. [5] attempted to quantify

FRET when selective excitation of each individual fluorophore was not possible.

The above examples were performed under one-photon imaging conditions, but

work has been done in two-photon FRET imaging as well. Wallrabe et al. [6] de-

veloped a pixel-based FRET correction algorithm, PFRET, and compared its use

in both one- and two-photon excited FRET imaging. Like the methods discussed

above, PFRET explicitly corrects for crosstalk between detection channels; PFRET

takes the additional step of comparing pixels of similar intensities to yield pixel-

specific results. The method was easily extended to two-photon excited FRET and

found “comparable” FRET efficiency values between the two excitation conditions

[6]. Transitioning to two-photon excitation provides several significant benefits for

biological imaging over one-photon microscopy as discussed in Chapter I, including

reduced photodamage and photobleaching, increased penetration depth in tissues,

and intrinsic sectioning ability [7–9].
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An additional technique used to quantify FRET is Fluorescence Lifetime Imaging

Microscopy (FLIM). This method takes advantage of the decrease in donor fluores-

cence lifetime that accompanies FRET [2]. When the donor and acceptor are in close

proximity, energy transfer can occur quickly compared to the rate of other relaxation

pathways, so most of the energy is transferred to the acceptor. This works to de-

crease the donor fluorescence lifetime as FRET efficiency increases [2]. FLIM-FRET

measures the donor fluorophore lifetime in conditions when FRET does and does

not occur and compares them to estimate the FRET efficiency. This method can

be used for both one- and two-photon excited FRET, as it has been demonstrated

that the fluorescence lifetimes are generally similar for both excitation methods [10].

Early FLIM-FRET studies investigated intranuclear dimer formation [11, 12] as well

as amyloid-beta plaques [13]. FLIM-FRET suffers from the disadvantage of requiring

an expensive and complicated time-correlated photon-counting setup. In addition, it

has relatively long image acquisition times, often on the order of minutes.

While the methods described above have attempted to quantify FRET in the

microscope, the results have been limited. Often, the results are measured in arbitrary

units, facilitating comparisons between conditions within a given experiment but not

necessarily valid outside of those parameters. They are also generally limited to values

for the FRET efficiency and by extension the separation between the interacting

molecules. However, when studying a biological interaction, these results are only

moderately useful. Stoichiometric information, such as ratios of donor- and acceptor-

labeled molecules present, would provide more detail about the interaction. Hoppe

et al. developed FRET stoichiometry, an imaged-based method to determine just

this type of stoichiometric data about a FRET interaction [14]. Specifically, FRET

stoichiometry reveals the fractions of donor and acceptor in complex in the sample as

well as the molar ratio of acceptor to donor. This method was used to examine the

behavior of small G proteins during phagocytosis in macrophages [15].
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FRET stoichiometry has not previously been implemented in two-photon mi-

croscopy. As a result, the previously mentioned benefits of two-photon imaging have

not been realized for these types of stoichiometric measurements. This chapter de-

tails efforts to extend FRET stoichiometry to two-photon microscopy with the use of

ultrafast pulse shaping methods. Pulse shaping allows for selective excitation of both

the donor and acceptor fluorophores, something that has been difficult to achieve in

earlier implementations of multicolor two-photon fluorescence microscopy. The use

of ultrabroadband titanium:sapphire (ti:sapph) oscillators permits multicolor imag-

ing but excites the distinct fluorophores simultaneously; this prohibits the selective

excitation that is needed to determine the extent of the crosstalk between channels.

Another potential solution is the use of tunable titanium:sapphire oscillators, but the

relatively long tuning time of these lasers (on the scale of minutes) hurts the tem-

poral resolution of studies of dynamic biological processes. Ultrafast pulse shaping

provides fast selective excitation of a range of fluorophores, making it an ideal tool for

application of FRET stoichiometry to two-photon microscopy. This chapter begins

by reviewing the theory of one-photon FRET stoichiometry. The required modifica-

tions for a two-photon version of FRET stoichiometry are then introduced and a new,

fully general version of the theory is derived. Finally, current experimental results

are discussed and potential avenues for future work are outlined.

5.2 Theory of One-Photon FRET Stoichiometry

FRET stoichiometry is an image-based technique that makes straightforward ex-

tensions to existing FRET theory. It relies on a set of 3 images taken under different

excitation and emission (detection) conditions:

1. IA: Acceptor excitation conditions and acceptor emission conditions

2. ID: Detector excitation conditions and detector emission conditions
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3. IF : Detector excitation conditions and acceptor emission conditions

In other words, IA and ID are images taken under conditions ideal for the acceptor

and donor alone, while IF is the image taken under conditions ideal for detection of

FRET. These three images are recorded for each of a series of samples which are cells

expressing different combinations of fluorophores: donor only, acceptor only, donor

and acceptor in complex (such that FRET can occur), and the experimental samples

of unknown combinations of donor and acceptor. A sample expressing both donor and

acceptor, but not in complex, can also be used as a non-FRET control. To calculate

the full stoichiometry it is important to also know the characteristic FRET efficiency,

E, of the linked donor-acceptor complex; however, a modified stoichiometry can be

determined without knowledge of this parameter. While IA, ID, and IF are physically

images, in the rest of this derivation these terms refer to the pixel intensity values

of the images, as all calculations are performed on a pixel-by-pixel basis. That is,

when IA appears in an equation below, the mathematical value to use is the intensity

recorded at a specific pixel of the IA image. The equation is then solved for each pixel

in the image.

The equations for FRET stoichiometry are derived from existing equations for

FRET efficiency. FRET can be detected in two different ways - the decrease in

fluorescence signal from the donor and the increase in fluorescence signal from the

acceptor. Each of these methods leads to an equation for the FRET efficiency that

depends on the emitted fluorescence and the fraction of donor or acceptor in complex

- key pieces of the stoichiometry to be determined. For the measurements based on

the decrease in donor fluorescence observed [14, 16], the FRET efficiency E is given

by

E =

[
1− FDA(λexD λ

em
D )

FD(λexD λ
em
D )

](
1

fD

)
(5.1)
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Here, the notation indicates what sample the fluorescence is being recorded from

in the F and its subscripts, and the lambda terms in parentheses indicate the spe-

cific combination of excitation and emission wavelengths being used. That is, the

terms are of the form FX(λ†#λ
†
#). FX denotes which fluorophore the signal originates

from, † indicates the excitation or emission condition, and # indicates the acceptor

or donor wavelength. For example, FD(λexD λ
em
D ) is the donor fluorescence observed

at the donor’s excitation and emission wavelengths; this combination of excitation

and emission wavelengths is analogous to the ID image described above. Similarly

FDA(λexD λ
em
D ) is the donor fluorescence recorded under the same conditions but in

the presence of the acceptor fluorophore. fD denotes the fraction of donor molecules

in complex with the acceptor; this is the population of donor molecules that could

transfer energy in FRET. For measurements of FRET efficiency based on the increase

of acceptor fluorescence [14, 16],

E =

(
εA(λexD )

εD(λexD )

)[
FAD(λexD λ

em
A )

FA(λexD λ
em
A )

− 1

](
1

fA

)
(5.2)

This follows the same notation described above. FAD(λexD λ
em
A ) denotes the fluorescence

recorded from the acceptor in the presence of the donor under the FRET imaging

condition (that is, excite with the donor’s wavelength and record at the acceptor’s

emission wavelength). FA(λexD λ
em
A ) is the fluorescence from the acceptor without the

donor present under the same imaging conditions. Similarly to fD, fA is the fraction

of acceptor in complex with the donor. This equation for FRET efficiency has an

added term, (
εA(λexD )

εD(λexD )
), compared to (5.1). This term is the ratio of the extinction

coefficient of the acceptor to that of the donor at the donor’s excitation wavelength.

It is important to note that this equation for the efficiency only holds when the

donor does not emit at the acceptor’s emission wavelength; however, this can happen

experimentally and is one of the major potential problems in FRET. A correction for
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this will be introduced later in the theory.

The FRET stoichiometry derivation begins by considering the case presented in

(5.2). The challenge is to relate the fluorescence terms in that equation, namely

FAD(λexD λ
em
A ) and FA(λexD λ

em
A ), to the three ID, IA, and IF images described above

that can be measured in the available samples. In particular, the contribution from

the acceptor alone must be determined even when the donor is there as well, since

in an unknown sample both fluorophores may be present. The potential donor emis-

sion signal at the acceptor emission wavelength must also be corrected. First, some

assumptions are made about the ability of filters in the system to separate the donor

and acceptor fluorescence. It is assumed that the contribution from the acceptor flu-

orophore when excited by the donor wavelength and detected in the donor channel is

zero:

FA(λexD λ
em
D ) = 0 (5.3)

Likewise, it is assumed that the contribution from the donor fluorophore when excited

by the acceptor wavelength and detected in the acceptor channel is zero:

FD(λexA λ
em
A ) = 0 (5.4)

Using this, and assuming that the fluorescence from the acceptor is not changed by

the interaction with the donor (i.e. weak coupling) [14],

FAD(λexA λ
em
A ) = FA(λexA λ

em
A ) (5.5)

This states that the fluorescence from the acceptor in the presence of the donor, under

the ideal excitation and emission conditions for the acceptor, is the same as if the

donor was absent. It is evident that this relies heavily on the assumption that the
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donor does not contribute significant signal under the acceptor imaging conditions.

With the use of a proportionality factor and as long as the emission from the acceptor

at one excitation wavelength is proportional to the emission due to excitation at

another wavelength, the fluorescence from the acceptor in the presence of the donor

can be used to determine what the fluorescence would be in the absence of the donor

[14]:

FA(λexD λ
em
A ) = αFAD(λexA λ

em
A ) = αIA (5.6)

where alpha is defined as

α =
FA(λexD λ

em
A )

FA(λexA λ
em
A )

(5.7)

and is measured in a sample containing the acceptor fluorophore only [14].

This has still not been corrected for spectral leakthrough of donor emission into

the acceptor’s detection channel. This leads to contamination in the IF , or FRET,

image:

F (λexD λ
em
A ) = FAD(λexD λ

em
A ) + FDA(λexD λ

em
A ) = IF (5.8)

Fortunately, another proportionality factor can be used to determine the contribution

of the donor fluorescence under these conditions.

FDA(λexD λ
em
A ) = βFDA(λexD λ

em
D ) = βID (5.9)
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Here, ID is the image taken under donor imaging conditions and β is the proportion-

ality constant found from samples containing donor fluorophores only [14]:

β =
FD(λexD λ

em
A )

FD(λexD λ
em
D )

(5.10)

Now that the spectral leakthrough has been corrected and the contribution from the

acceptor without the donor present has been determined even for conditions includ-

ing the donor, these results can be substituted into (5.2) to find the final efficiency

equation:

E =

(
εA(λexD )

εD(λexD )

)[
F (λexD λ

em
A )− βFDA(λexD λ

em
D )

αFA(λexA λ
em
A )

− 1

](
1

fA

)
(5.11)

This can be rewritten in terms of the three images acquired in the microscope to give:

E = γ

[
IF − βID
αIA

− 1

](
1

fA

)
(5.12)

where γ is used to represent the ratio of the extinction coefficients [14]. A simple

rearrangement of terms leads to an equation for the fraction of acceptors in complex,

one of the desired stoichiometric quantities [14]:

fA =
[C]

[AT ]
= γ

[
IF − βID
αIA

− 1

](
1

E

)
(5.13)

The first equality in this formula explicitly states how this fraction relates to the

concentration of the molecules present, where [C] is the concentration of the donor-

acceptor complex and [AT ] is the total concentration of free and complexed acceptor.

This also assumes knowledge of the characteristic FRET efficiency of the interaction

being studied, E. This can be measured by a number of techniques such as fluorescence

lifetime imaging. However, if this is not known, the apparent efficiency of energy
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transfer to the acceptor, denoted EA, can still be found as EA = EfA. While not the

same as directly knowing the fraction of acceptors in complex, this result still reflects

changes in that quantity [14].

The above portion of the derivation has looked at detection of FRET by observing

the increase in acceptor fluorescence; this provided a way to determine the fraction

of acceptor in complex. However, the fraction of donor in complex is another stoi-

chiometric quantity of interest. This can be determined from (5.1), with its explicit

dependence on that fraction; this means that FDA(λexD λ
em
D ) and FD(λexD λ

em
D ) must be

determined in terms of the images that can be recorded. It is helpful to begin with

(5.8) with the recognition that the term for fluorescence from the acceptor in the

presence of the donor consists of two parts [14]:

F (λexD λ
em
A ) = FAD(λexD λ

em
A ) + FDA(λexD λ

em
A ) (5.14)

= FA(λexD λ
em
A ) + FT (λexD λ

em
A ) + FDA(λexD λ

em
A ) (5.15)

This explicitly shows that the fluorescence from the acceptor in the presence of the

donor under the FRET imaging conditions contains a component of fluorescence due

to FRET (the FT term) and a component of fluorescence due to accidental direct

excitation of the acceptor (the FA term). The FRET term can be rewritten in terms

of the already-defined alpha and beta constants and other images:

FT (λexD λ
em
A ) = F (λexD λ

em
A )− αFAD(λexA λ

em
A )− βFDA(λexD λ

em
D ) (5.16)

The FD(λexD λ
em
D ) term still has to be written in terms of images that can be recorded.

This represents the total fluorescence emitted from the donor if the acceptor were not
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present and can be thought of as

FD(λexD λ
em
D ) = FT (λexD λ

em
A )(

ξ

γ
) + FDA(λexD λ

em
D ) (5.17)

which is the fluorescence from energy transfer, corrected for differences in acceptor

and donor detection channels and acceptor quantum yield by the ξ term, plus the

fluorescence from the donor in the presence of the acceptor [14]. Substituting this

into (5.1) yields

E =

[
1− FDA(λexD λ

em
D )

FT (λexD λ
em
A )( ξ

γ
) + FDA(λexD λ

em
D )

](
1

fD

)
(5.18)

By recognizing that the FDA(λexD λ
em
D ) is the same as the ID image and the FT (λexD λ

em
A )

term is the IF image, (5.18) can be rewritten in terms of images as

E =

[
1− ID

(IF − αIA − βID)( ξ
γ
) + I +D

](
1

fD

)
(5.19)

A simple rearrangement of terms leads to the equation for the fraction of donor in

complex [14]:

fD =
[C]

[DT ]
=

[
1− ID

(IF − αIA − βID)( ξ
γ
) + I +D

](
1

E

)
(5.20)

Again, the first equality shows the explicit dependence of the concentrations of com-

plex and total donor. As with the equation for the fraction of acceptor in complex, this

assumes that the FRET efficiency E is already known. If not, an apparent efficiency

for the donor can be found similarly to that for the acceptor [14]:

ED = EfD (5.21)
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Figure 5.1: Example of FRET stoichiometry. The left side illustrates the fA, fD, and
r values for a sample with no fluorophores in complex. The right side shows the same
fluorophores, but now two complexes have formed. Note that the fractions change
but the molar ratio does not. Image adapted from [17].

The final stoichiometric quantity desired is the molar ratio of acceptor to donor. It

is straightforward to find this by combining the equations for the fractions of donor

and acceptor in complex already found. By considering the actual concentrations,

the molar ratio r is given by [14]

r =
[AT ]

[DT ]
=

(
ξ

γ2

)
αIA

(IF − αIA − βID)( ξ
γ
) + ID

(5.22)

Thus, FRET stoichiometry provides three key pieces of information that cannot

normally be obtained from FRET experiments:

1. The fraction of donor in complex

2. The fraction of acceptor in complex

3. The molar ratio of acceptor to donor
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Figure 5.1 illustrates this information in two different sample conditions [17]. The

left side shows a sample with a mixture of acceptor and donor fluorophores but none

in complex; the right side shows the same sample after two complexes have formed.

The molar ratio is unchanged between the two situations, because no fluorophores

have been added or removed, but the fractions in complex are different. Having this

type of stoichiometric information makes it possible to gain a fuller understanding of

a biological interaction.

Hoppe et al. demonstrated FRET stoichiometry in macrophages, and their re-

sults are shown in figure 5.2 [14]. This shows the FRET stoichiometry data from

cells expressing combinations of Cyan Fluorescent Protein (CFP) as the donor fluo-

rophore and Citrine as the acceptor fluorophore. Column A is the intensity images of

cells expressing the FRET construct CFP-Citrine plus excess Citrine. The intensity

variations in the cells are due to differences in protein expression or cell thickness.

Column B shows the FRET stoichiometry results from the same cells, with the molar

ratio R (r in the notation of this thesis) in the top image, the fraction of acceptor

in complex in the middle image, and the fraction of donor in complex in the bottom

image. In these cells, the donor is limited, as the cells are expressing the one-to-one

complex with extra acceptor. As a result, the fraction of donor in complex is one;

this is verified in the bottom image of Column B. The fraction of acceptor in complex

is less than one, as expected. In addition, the molar ratio is inversely correlated with

the fraction of acceptor in complex. As the amount of free acceptor present in the

sample increases, the fraction of acceptor in complex decreases while the molar ratio

of acceptor to donor increases. Column C shows a different set of cells expressing the

CFP-Citrine complex with excess CFP; here, the fraction of acceptor in complex is

one and the fraction of donor in complex is less than one. The molar ratio is corre-

lated with the fraction of donor in complex - as the amount of donor is increased by

adding more free donor, the fraction in complex goes down as does the molar ratio
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of acceptor to donor. Finally, Column D shows cells expressing free CFP and free

Citrine such that no FRET will occur between them. In this situation, the fractions

are both zero, since no complex is present. Over the course of an interaction, this

type of information can give a much clearer picture of the process than traditional

FRET measurements.

5.3 Theory of Two-Photon FRET Stoichiometry

The above derivation for FRET stoichiometry was based on one-photon imaging

conditions. As a result, it does not translate directly to the two-photon imaging

case, and a modified theory is required. In particular, the assumptions of equations

(5.3) and (5.4) do not necessarily hold. These statements assert that the donor

fluorescence is negligible when excited at the acceptor’s wavelength and detected in

the acceptor channel, and similarly that the acceptor fluorescence is negligible when

excited at the donor’s wavelength and detected in the donor channel. There are

two key reasons why these statements may not always hold in two-photon imaging.

First, two-photon FRET imaging often removes bandpass filters from the detection

channels, relying solely on dichroics to separate the fluorescence appropriately. This

is because two-photon imaging is frequently used to image deep in tissues, which can

significantly scatter the fluorescence signal before it is detected. Removing bandpass

filters helps improve overall signal levels. In addition, removing bandpass filters has

an added benefit when performing FRET stoichiometry calculations. This increases

the crosstalk between detection channels, leading to more accurate determinations of

the crosstalk constants and potentially more accurate stoichiometric measurements.

The second factor making the assumptions of (5.3) and (5.4) potentially fail in

two-photon imaging is the potential overlap between the excitation spectra of the

donor and acceptor fluorophores. This depends in part on the actual FRET pair

used. Some level of overlap is generally present due to the requirement that the
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Figure 5.3: Two-photon cross-section of TagRFP. The two-photon absorption spec-
trum is shown in red, the one-photon absorption spectrum in black, and the fluores-
cence emission spectrum in blue. Taken from [19]. Note the sharp rise in two-photon
absorption at wavelengths below 800 nm; this is not expected based on the one-photon
absorption spectrum.

donor’s emission spectrum overlaps with the acceptor’s excitation spectrum for FRET

to occur. However, the specific pair used may have more or less overlap between the

excitation spectra and thus cannot always be assumed to be negligible. An additional

factor important in two-photon imaging is the increasing use of transitions to higher

excited states in certain red fluorescent proteins [18, 19]. These transitions have

significant two-photon cross-sections at shorter wavelengths than would be expected

by doubling the peak wavelengths for one-photon absorption. Figure 5.3 shows an

example of this behavior in the red fluorescent protein TagRFP [19]. This increases

the overlap of the donor and acceptor excitation spectra, in turn increasing the chances

of accidental direct excitation of either fluorophore.

Given this flexibility in which assumptions may or may not hold for two-photon

excited FRET stoichiometry, this section presents a new theory for the most general

case. This derivation does not make any assumptions about certain fluorescence

contributions being negligible and instead follows all possible contributions through

the entire theory, leading to new equations for the fractions of donor and acceptor in
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complex and the molar ratio of acceptor to donor. It follows the same structure as

the one-photon case and utilizes the same equations for FRET efficiency. To begin,

a random sample containing both donor and acceptor fluorophores is considered.

Some, but not all, of these fluorophores will be in complex such that FRET can occur

between them. The fluorescence signal from this sample will have three components:

1. FD: Fluorescence from donor

2. FA: Fluorescence from acceptor

3. FC : Fluorescence from the donor-acceptor complex

The FC term itself can be broken into three parts, following the equation FC =

FT + FDC + FAC . These parts are:

1. FDC = Fluorescence from the complexed donor

2. FAC = Fluorescence from the complexed acceptor

3. FT = Fluorescence from energy transfer

The FDC term is non-zero because the FRET efficiency is not 100% - some donor

molecules will be excited which will emit donor fluorescence rather than transferring

that energy to the acceptor. Similarly, the FAC term is non-zero because it can be

directly excited by incident light even at the donor’s excitation wavelength; thus, it is

not solely dependent on energy transfer to fluoresce. However, it is important to note

that the fluorescence from the complexed donor cannot be distinguished from the fluo-

rescence from the free donor. Likewise, the fluorescence from the complexed acceptor

cannot be distinguished from the fluorescence from the free acceptor. Consequently,

the FD and FA terms already contain the signal from the complexed fluorophores and

no additional terms beyond these two are required.

In this general sample situation, then, there are three signal components to con-

sider:
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1. FD = all fluorescence from donor fluorophores

2. FA = all fluorescence from acceptor fluorophores that is NOT due to FRET

3. FT = all fluorescence due to energy transfer

The notation moving forward in this derivation is the same as that used in the one-

photon case; namely, terms are of the form FX(λ†#λ
†
#). FX denotes which fluorophore

the signal originates from, † indicates the excitation or emission condition, and #

indicates the acceptor or donor wavelength. As an example, FD(λexA λ
em
D ) denotes

fluorescence signal from the donor when excited at the acceptor’s wavelength and

detected in the donor’s emission channel.

For a theory that is applicable in the microscope, this derivation must be in terms

of images that can be recorded. There are three images to consider:

1. IF = F (λexD λ
em
A ) = FD(λexD λ

em
A ) + FA(λexD λ

em
A ) + FT (λexD λ

em
A )

2. IA = F (λexA λ
em
A ) = FD(λexA λ

em
A ) + FA(λexA λ

em
A ) + FT (λexA λ

em
A )

3. ID = F (λexD λ
em
D ) = FD(λexD λ

em
D ) + FA(λexD λ

em
D ) + FT (λexD λ

em
D )

Thus, the IF image looks at the FRET imaging condition, and the IA and ID images

look at the imaging conditions ideal for the acceptor and donor fluorophores, respec-

tively. Depending on the experimental conditions actually being used, it is possible

that some of these terms will be negligible and can be set to zero. However, as dis-

cussed above, this derivation retains all terms to find the stoichiometric equations

for the most general case. It is important to note that rejecting the assumptions of

(5.3) and (5.4) has a broader effect than just keeping the FD(λexA λ
em
A ) and FA(λexD λ

em
D )

terms. In particular, FT (λexA λ
em
A ) cannot be assumed to be zero because the donor

fluorophore can be directly excited by the acceptor’s excitation condition, which could

lead to FRET. Similarly, FT (λexD λ
em
D ) is not necessarily zero because fluorescence from

the acceptor may leak into the donor emission channel.
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The one-photon FRET stoichiometry derivation begins by finding an equation

for fA, the fraction of acceptor in complex, by considering the equation for FRET

efficiency calculated from the increase in acceptor fluorescence given in (5.2). The

theory presented here for the two-photon case will also use this equation as a starting

point. The ratio of the extinction coefficients, given by the parameter γ, applies in the

one-photon case. It is expected that in the two-photon case, this is replaced by the

ratio of the two-photon absorption cross-sections. This factor normalizes the energy

absorbed by the acceptor to that absorbed by the donor at the donor’s excitation

wavelength; at this wavelength both the donor and acceptor individually are excited

via two-photon absorption, so the cross-section values should be valid to determine

how the direct excitation of the acceptor compares to that of the donor. The factor

is called γTPE in this derivation and is found using the same method as in the one-

photon case.

Moving forward with this equation for the FRET efficiency, it is necessary to de-

termine FAD(λexD λ
em
A ) and FA(λexD λ

em
A ) from images taken in the microscope. Those

values can then be substituted into the equation for the efficiency. As in the one-

photon derivation, the potential leakthrough of the donor fluorescence into the accep-

tor detection channel will be corrected. This begins by recognizing that FAD(λexD λ
em
A ),

the fluorescence from the acceptor in the presence of the donor, can be written as

FAD(λexD λ
em
A ) = FA(λexD λ

em
A ) + FT (λexD λ

em
A ) (5.23)

However, this definition does not account for donor fluorescence that could be present

in the acceptor emission channel. Taking this into account, FAD can be rewritten as

FAD(λexD λ
em
A ) = IF − FD(λexD λ

em
A ) (5.24)

based on the earlier definition of the image IF . In order to substitute this into the
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equation for the efficiency, FD(λexD λ
em
A ) has to be determined in terms of recorded

images. Using the definition of the beta constant from the one-photon derivation

given in (5.10),

FD(λexD λ
em
A ) = βFD(λexD λ

em
D ) (5.25)

Using the earlier definition of the ID image,

FD(λexD λ
em
D ) = ID − FA(λexD λ

em
D )− FT (λexD λ

em
D ) (5.26)

At this point, a substitution is needed for the FA and FT terms. A new crosstalk

constant η is defined as

η =
FA(λexD λ

em
A )

FA(λexD λ
em
D )

=
FA(λexA λ

em
A )

FA(λexA λ
em
D )

(5.27)

This equality holds because η determines how the acceptor fluorescence is split be-

tween channels, regardless of how the fluorescence is excited. Assuming that the

acceptor fluorophore emits at the same wavelengths regardless of whether it is di-

rectly excited or excited via FRET, η can also be used to determine how the FT

signal splits between detection channels:

η =
FT (λexD λ

em
A )

FT (λexD λ
em
D )

=
FT (λexA λ

em
A )

FT (λexA λ
em
D )

(5.28)

Using this η constant to substitute back into equation (5.26) for FD(λexD λ
em
D ) gives

FD(λexD λ
em
D ) = ID −

1

η
(FA(λexD λ

em
A )− FT (λexD λ

em
A )) (5.29)
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Using this in the equation for FAD(λexD λ
em
A ) yields

FAD(λexD λ
em
A ) = IF − β[ID −

1

η
(FA(λexD λ

em
A )− FT (λexD λ

em
A ))] (5.30)

However, FAD(λexD λ
em
A ) was also previously defined in (5.23). Using this definition

leads to a final formula for FAD(λexD λ
em
A ):

FAD(λexD λ
em
A ) =

IF − βID
1− β

η

(5.31)

As FA(λexD λ
em
D ) and FT (λexD λ

em
D ) approach zero, as in the original one-photon deriva-

tion, η goes to infinity. In this limit, (5.31) goes to IF − βID, matching its form in

the original one-photon derivation.

To complete the equation for the FRET efficiency, the FA(λexD λ
em
A ) term still needs

to be determined. While this is the fluorescence from the acceptor alone, this deriva-

tion is considering a general sample that contains donor fluorophores as well, so that

needs to be taken into account. To do this, another new crosstalk constant, θ, is

created:

θ =
FD(λexD λ

em
D )

FD(λexA λ
em
D )

(5.32)

so that

θFD(λexA λ
em
D ) = FD(λexD λ

em
D ) (5.33)

Because θ looks solely at differences in excitation, it should hold for the acceptor’s

emission channel as well.

Using the initial definition of IA given at the beginning of the derivation, this
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definition of θ, and the β constant, an equation for FA(λexA λ
em
A ) can be found:

FA(λexA λ
em
A ) = IA −

1

θ
FD(λexD λ

em
A )− FT (λexA λ

em
A ) (5.34)

= IA −
β

θ
FD(λexD λ

em
D )− FT (λexA λ

em
A ) (5.35)

Further substitutions in this equation can be made by rewriting the FD(λexD λ
em
D ) term

as a reorganization of the formula for the ID image, using the η constant, and using

the previously found form of FAD(λexD λ
em
A ):

FA(λexA λ
em
A ) = IA −

β

θ
[ID −

1

η
FAD(λexD λ

em
A )]− FT (λexA λ

em
A ) (5.36)

It is still necessary to determine the FT (λexA λ
em
A ) term. With the assumption that

FRET efficiency is constant regardless of the excitation wavelength used to excite

the donor, θ can be used to relate the FT signal under both excitation conditions.

Consequently,

FT (λexA λ
em
A ) =

1

θ
FT (λexD λ

em
A ) =

1

θ
[FAD(λexD λ

em
A )− FA(λexD λ

em
A )] (5.37)

Now, a number of substitutions and algebraic simplifications can be performed to

finally arrive at an expression for FA(λexD λ
em
A ). Namely, (5.37) can be substituted into

(5.36); the already-defined alpha crosstalk constant from the one-photon derivation

can be applied; and (5.31) can be used to simplify the final expression. This gives a

final result of

FA(λexD λ
em
A ) =

θα

θ − α
IA −

α

θ − α
IF (5.38)

In the limit where the assumptions of (5.3) and (5.4) are kept, θ approaches infinity.

Under these conditions, (5.38) goes to αIA as in the original one-photon derivation.
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Now, the two terms needed for the equation for FRET efficiency measured by

the increase in acceptor fluorescence are finally known in terms of images that can

be recorded in the microscope. Substituting (5.31) for FAD(λexD λ
em
A ) and (5.38) for

FA(λexD λ
em
A ) into (5.2) gives

E = γTPE

[
η

η−β IF −
βη
η−β ID

θα
θ−αIA −

α
θ−αIF

− 1

](
1

fA

)
(5.39)

This equation can be used to determine the gamma factor by setting fA = 1 (such as

in a sample containing only complexed fluorophores) and rearranging:

γTPE = E

[
η

η−β IF −
βη
η−β ID

θα
θ−αIA −

α
θ−αIF

− 1

]−1

(5.40)

Similarly, this can be rearranged to find the first of the key stoichiometric quantities

fA, the fraction of acceptor in complex:

fA = γTPE

[
η

η−β IF −
βη
η−β ID

θα
θ−αIA −

α
θ−αIF

− 1

](
1

E

)
(5.41)

In the limit of η, θ → 0 to match the conditions of the original derivation, these

equations for E, γTPE, and fA simplify to their original forms.

At this point in the derivation, it is useful to introduce the sensitized emission.

This is the increase in acceptor fluorescence due to energy transfer, and it can be

calculated from microscope images. Experimentally, determination of the sensitized

emission can serve as a confirmation that FRET is occurring. The sensitized emission

term is FT (λexD λ
em
A ) and it can be found using the relation for the IF image:

FT (λexD λ
em
A ) = IF − FD(λexD λ

em
A )− FA(λexD λ

em
A ) (5.42)

The FD term here can be found by combining the definition of the β constant with
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the definitions of FD(λexD λ
em
D ) found in (5.29) and FAD(λexD λ

em
A ) found in (5.31) to

give:

FD(λexD λ
em
A ) =

β

η − β
(ηID − IF ) (5.43)

The FA term in (5.42) was found previously in (5.38). Substitution of these results

and simplifcation leads to the following equation for the sensitized emission:

FT (λexD λ
em
A ) =

(
ηθ − βα

(θ − α)(η − β)

)
IF −

(
βη

η − β

)
ID −

(
αθ

θ − α

)
IA (5.44)

Up to this point, the derivation has found the fraction of acceptor in complex using

the equation for FRET efficiency based on the increase in acceptor fluorescence, as well

as the sensitized emission. This leaves two stoichiometric quantities of interest to be

determined, the fraction of donor in complex and the molar ratio of acceptor to donor.

The derivation of the one-photon FRET stoichiometry theory used the equation for

FRET efficiency based on the decrease in donor fluorescence to determine the fraction

of donor in complex, and that process will be repeated here. This equation is given in

(5.1). It depends on the fluorescence from the donor in the presence of the acceptor

(in the numerator) as well as the fluorescence from the donor as if the acceptor were

absent (in the denominator), so these quantities must be determined in terms of

images from the microscope. The fluorescence from the donor in the presence of the

acceptor is found from the expression for the ID image:

FD(λexD λ
em
D ) = ID − FA(λexD λ

em
D )− FT (λexD λ

em
D ) (5.45)

The original derivation defined the fluorescence from the donor alone, as if the accep-
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tor were not there, as

FDO(λexD λ
em
D ) = FT (λexD λ

em
A )

(
ξ

γTPE

)
+ FDA(λexD λ

em
D ) (5.46)

That is, the fluorescence from the donor alone can be thought of as the fluorescence

from the donor with the acceptor present plus some portion of the FRET signal. Here,

the constant ξ has the same meaning and definition as in the original derivation, where

it accounts for factors such as quantum yield and detector sensitivity to relate the

amount of sensitized emission detected to the amount of donor fluorescence lost.

To continue, the quantities in (5.45) have to be replaced with images. This can

be done using the η constant and the definition of FAD(λexD λ
em
A ) from (5.31). These

substitutions give the fluorescence from the donor in the presence of the acceptor as

FDA(λexD λ
em
D ) =

(
1

η − β

)
(ηID − IF ) (5.47)

As η approaches zero, this reduces to ID, as in the one-photon equation. To complete

the efficiency equation, the FT (λexD λ
em
A ) term is needed for the formula for the fluores-

cence from the donor without the acceptor present. This was found as the sensitized

emission in (5.44). Placing all of these new terms in the equation for the FRET

efficiency determined by the decrease in donor fluorescence gives the final result:

E =

[
1−

( 1
η−β )(ηID − IF )

( ξ
γTPE

)(( ηθ−βα
(θ−α)(η−β)

)IF − ( βη
η−β )ID − ( αθ

θ−α)IA) + ( 1
η−β )(ηID − IF )

](
1

fD

)
(5.48)

Setting fD to one, as is the case in a sample containing all linked fluorophores, leads

to an equation for the constant ξ:

ξ =
γTPEE( 1

η−β (ηID − IF ))

(1− E)(( ηθ−βα
(θ−α)(η−β)

)IF − ( βη
η−β )ID − ( αθ

θ−α)IA)
(5.49)
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By rearranging (5.48) an equation for the fraction of donor in complex can be found:

fD =

[
1−

( 1
η−β )(ηID − IF )

( ξ
γTPE

)(( ηθ−βα
(θ−α)(η−β)

)IF − ( βη
η−β )ID − ( αθ

θ−α)IA) + ( 1
η−β )(ηID − IF )

](
1

E

)
(5.50)

Now that the fractions of donor and acceptor in complex are known, the last of

the three stoichiometric quantities to be determined - the molar ratio of acceptor to

donor, r - can be found. This is defined as fD/fA, just as in the one-photon derivation.

Performing the division and some simplification yields a result for r:

r =

(
ξ

γ2
TPE

)


(( ηθ−βα
(θ−α)(η−β)

)IF − ( βη
η−β )ID − ( αθ

θ−α)IA)( θα
θ−αIA −

α
θ−αIF )

( ξ
γTPE

)(( ηθ−βα
(θ−α)(η−β)

)IF − ( βη
η−β )ID − ( αθ

θ−α)IA)

×(( η
η−β IF −

βη
η−β ID)− ( θα

θ−αIA −
α
θ−αIF ))

+(( 1
η−β )(ηID − IF ))(( η

η−β IF −
βη
η−β ID)− ( θα

θ−αIA −
α
θ−αIF ))


(5.51)

This completes the derivation of FRET stoichiometry for the most general two-photon

case.

5.4 Current Results

5.4.1 Experimental Methods

The experimental setup used to acquire images for FRET stoichiometry is similar

to that described in Chapter III for linear unmixing experiments. A diagram of this

setup is shown in figure 5.4. Pulses from a Femtolasers Synergy titanium:sapphire

(ti:sapph) oscillator (75 MHz repetition rate, approximately 80 nm pulse bandwidth

centered at approximately 790 nm) were used for shaping with a Biophotonic Solutions
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Figure 5.4: Experimental setup for FRET stoichiometry. M1-M5: mirrors, G = grat-
ing, CM = curved mirror, SLM = spatial light modulator, DM1 = 660DCXR dichroic
mirror, DM2 = 550DCXR dichroic mirror, OBJ = 60x NA1.2 water immersion ob-
jective; SP = 650 nm short pass filter.

Inc. femtoJock pulse shaper. A single-mask 128-pixel spatial light modulator (SLM)

in a reflective 4f setup is used in the femtoJock for phase shaping of the input pulses.

A variable neutral density filter was used to control the laser power at the sample.

The laser was aligned into an Olympus BX51WI upright microscope modified with

a Prairie Technologies scanning mirror head. An Olympus UPlanApo 60x, 1.2NA

water-immersion objective was used for both focusing into the sample and recollecting

the fluorescent signal. A 660DCXR dichroic mirror separated the fluorescence from

the input laser light, and further blocking of the fundamental was performed by a

short-pass filter with a cutoff at 650 nm. Finally, a 550DCXR dichroic was used to

separate the fluorescence signal into two photomultiplier tube (PMT) channels for

simultaneous multicolor detection.

Dispersion in the setup was corrected via implementation of Multiphoton Intra-

pulse Interference Phase Scan (MIIPS) with the femtoJock pulse shaper [20–22]. The

theory of this technique is reviewed in Chapter II of this thesis. In short, MIIPS

records the output second harmonic (SH) signal from a beta barium borate (BBO)

crystal as the SLM applies varying amounts of phase to the pulse. The SH signal is
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maximized when the dispersion is minimized; at this applied phase, the dispersion in

the system is compensated and TL pulses are achieved. For accurate compensation in

the microscope, MIIPS must be performed after all microscope optics including the

objective. This means that the SH generation step must occur after the objective. For

the use of the water immersion objective, this was accomplished by mounting a 1 mm

thick BBO crystal on a #1 glass coverslip and placed at the focus of the microscope.

The cover slip served to protect the BBO crystal from the water used for immersion.

After the crystal, a 670 nm short-pass filter was used to block the fundamental light

and the SH light was coupled into a spectrometer. The MIIPS routine was performed

by the femtoJock box and its associated software. The final pulse shape was applied

to the SLM as a TL baseline, and additional shapes were added to this. Further

dispersion compensation was achieved with chirped mirrors using a total of 8 pairs of

bounces with -200 fs2 per bounce; this was used in conjunction with MIIPS.

When choosing fluorophores for two-photon FRET microscopy, two key factors

must be considered. The first is that for FRET to occur efficiently, the emission

spectrum of the donor must overlap with the one-photon excitation spectrum of the

acceptor. This holds for two-photon excited FRET, as the fluorescence emission of the

donor is unchanged [16] and the dipole-dipole energy transfer of FRET is unaffected

by the method of donor excitation. The second is that the two-photon excitation

spectra of the fluorophores should overlap with the spectrum of the laser. It must be

possible to selectively excite both the donor and the acceptor fluorophores in order

to acquire all images needed for FRET stoichiometry calculations, so the overlap of

the laser spectrum with the acceptor’s excitation spectrum must be considered in

addition to that of the donor. The spectrum of the laser is shown in figure 5.5 and

the two-photon cross-sections of the fluorophores used in this experiment are shown

in figure 5.6 (taken from [19]). In figure 5.6, the two-photon absorption spectrum is

in red, the one-photon absorption spectrum is in black, and the emission spectrum
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Figure 5.5: Spectrum of the laser used for FRET stoichiometry experiments.

is in blue. The donor in this experiment was mTFP1.0 (referred to as TFP) and

the acceptor was TagRFPt. The spectrum for TagRFP is shown, but the two are

spectrally similar [23, 24]. The emission spectrum of TFP overlaps with the one-

photon absorption spectrum of TagRFPt over wavelengths of approximately 500-600

nm, satisfying that requirement for FRET. In addition, comparison of these spectra

with the laser spectrum shows that with phase shaping, both fluorophores can be

selectively excited. This takes advantage of the fact that TagRFPt shows a large

peak in its two-photon absorption spectrum at shorter wavelengths than expected.

It is thought that this is due to transitions to excited states higher than S1 [18, 19].

The TFP-TagRFPt construct used in this experiment had a FRET efficiency of 9%

measured by acceptor photobleaching.

To perform the required selective excitation of both the donor and acceptor fluo-
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Figure 5.6: Two-photon cross-sections of fluorophores used for FRET stoichiometry.
The two-photon absorption spectrum is shown in red, the one-photon absorption
spectrum is in black, and the emission spectrum is in blue. mTFP1.0 was the donor
and TagRFPt (spectrally similar to TagRFP [23, 24]) was the acceptor. Note that
the emission spectrum of TFP overlaps with the one-photon absorption spectrum of
TagRFPt, facilitating FRET. Spectra are taken from [19].
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Figure 5.7: Phase mask for selective excitation of TagRFPt.

rophores, two phase masks were created and applied to the SLM. These were designed

following the method outlined by Comstock et al. [25]. For excitation of the acceptor

TagRFPt, a phase mask centered at 780 nm in the fundamental (corresponding to

390 nm in the SH) with a 50 nm central flat section was created; this is shown in

figure 5.7. The mask is 128 elements long, with the flat section centered around the

desired two-photon excitation wavelength maximum. The mask is symmetric around

this region and consists of a semi-random choice of zero or pi at each point based

on a prime number sequence. The sequence could be multiplied by a spacing factor

to adjust the number of pixels in each zero or pi region before flipping to the other

value, and the prime number sequence could start at different integers. These acted

as optimization parameters for the masks. Due to TagRFPt’s strong two-photon

absorption at shorter wavelengths [18, 19], this phase shape is actually centered at

shorter wavelengths than the mask designed for TFP. The TFP mask, shown in figure

5.8, is centered at 820 nm in the fundamental (corresponding to 410 nm in the SH)

with a 50 nm central flat section. It was designed following the same methods used
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Figure 5.8: Phase mask for selective excitation of TFP.

for the TagRFPt mask. The SH spectra of the TL pulse and the two shaped pulses

are shown in figure 5.9. They are centered appropriately, at 390 nm and 410 nm.

The shaped and TL pulses were used to image multiple cells in different sample

types. To determine the constants used in FRET stoichiometry (i.e. the α, β, θ,

and η values), samples of the acceptor and donor only are required. In addition, a

sample containing only the linked donor-acceptor construct is needed to determine the

gamma and xi factors, and a sample containing both the donor and acceptor unlinked

so that FRET cannot occur is used as a control. The experimental samples consist

of the linked construct plus excess donor or acceptor. All samples were COS-7 cells

expressing the various combinations of TFP, TagRFPt, and TFP-TagRFPt. The cells

were initially grown in 100 mm tissue culture dishes with 10 mL Dulbecco’s Modified

Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 1% each

Penicillin-Streptomycin and GlutaMAX glutamine. When the cells were confluent

enough to split, the media was aspirated and 5 mL Phosphate-Buffered Saline (PBS)

at pH 7.4 was used to rinse the dish. The PBS was then also aspirated and 1 mL of
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Figure 5.9: SH spectra of shaped and TL pulses for FRET stoichiometry.

0.25% Trypsin-EDTA was added. The dish was placed in the incubator for several

minutes to allow the cells to loosen from the surface of the dish. Once the cells

detached, 9 mL of the DMEM-based media was added to nullify the Trypsin-EDTA.

A hemacytometer was used to count the cells, and approximately 60,000 cells were

added to each of six 35 mm tissue culture dishes. This created one dish each for TFP-

only cells, TagRFPt-only cells, TFP-TagRFPt (the FRET construct) cells, TFP +

TagRFPt (unlinked, no FRET) cells, TFP-TagRFPt + TFP (construct plus excess

TFP) cells, and TFP-TagRFPt + TagRFPt (construct plus excess TagRFPt) cells.

The dishes were filled to approximately 2 mL final volume with media and placed in

the incubator for 24 hours.

For transfection, 100 µL of Opti-Mem reduced serum media was placed in each

of six small eppendorf tubes, one for each dish to be transfected. A total of approx-

imately 0.5 µg of purified plasmid DNA was added to each eppendorf, split evenly

between the number of fluorophores being introduced. For example, the TFP-only

cells used 0.5 µg of TFP DNA, but the TFP + TagRFPt cells used 0.25 µg of each of
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the two individual DNAs. To perform the transfection, 3 µL of FuGene 6 transfection

reagent was added to each tube, then the tubes were shaken to mix and allowed to sit

at room temperature for 15 minutes to incubate. The solutions were then remixed by

gentle pipetting and added dropwise to the six tissue culture dishes from the previous

day, one eppendorf tube for each dish. The cells were then returned to the incubator

for an additional 24 hours to allow protein expression.

Just before imaging, the media in the dishes was removed and replaced with 2

mL of Ringer’s Buffer. The dishes were kept at 37◦ C during imaging and the objec-

tive was immersed directly into the buffer for image acquisition. To choose a region

of interest for imaging, the dish was viewed with the microscope eyepiece and and

Exfo fluorescence lamp for excitation. The microscope was switched to laser exci-

tation and PMT detection just before image acquisition; laser power at the sample

was approximately 3.5 mW. Visualization and image acquisition were performed with

Prairie Technologies’ PrairieView software. After focusing on the cells, the an image

was taken with the first of the two pulse shapes used for excitation. The beam was

blocked to minimize laser exposure and the second pulse shape was applied, then its

image was taken. The beam was then blocked for a final time while the TL pulse

was applied and the final image was acquired. Consequently, the data is organized

in fields of view, corresponding to each imaged area of interest, with three images

acquired from each field of view. To prevent confusion with potential photobleaching

or photodamage effects, the order in which the two shapes were applied was alter-

nated. This was repeated for multiple cells in each sample dish and for all six samples;

the objective was cleaned between samples with lens tissue and a mixture of ethanol

and acetone. Images were 512x512 pixels, corresponding to an area of approximately

220x220 µm, and were taken as averages of 16 frames with a 4 µs per pixel dwell

time. In addition to the cell samples, images were acquired from uniformly-doped

fluorescent plastic slides to determine the shading patterns across the field of view.
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These images were taken under the same conditions as the cell images, with only the

PMT voltages adjusted to compensate for the brighter fluorescence from the slide.

After acquisition, all image analysis was performed in Matlab. First, image-

specific background subtraction was performed. The images from the two PMT chan-

nels taken under TL excitation conditions were summed, and that resulting image

was used to identify two regions in each field of view with no fluorescence signal.

These regions were used to create a mask which was then applied to the images taken

with the shaped pulses from that field of view. The pixels in the mask were averaged

to find a single background value which was subtracted from each pixel in the image.

The background values varied by less than 2% across the image field, indicating that

any shading patterns present did not affect the background subtraction. Each field

of view imaged used a different mask, and the backgrounds of each individual im-

age determined the background value subtracted from that image. After background

subtraction, shading correction was performed using the images from the fluorescent

slide. The fluorescent slide images were first corrected for bias by subtracting an

image taken under identical imaging conditions but with the beam blocked. Then,

all other images were corrected according to the equation [14]

Corrected Intensity = (Maximum Intensity of Shading Image)∗
Experimental Image

Shading Image
(5.52)

Following these image correction steps, the pixel intensities in individual cells are

averaged to a single value. These averaged values from the cell in each of the IA,

ID, and IF images are used as the IA, ID, and IF terms in the FRET stoichiometry

equations. Before averaging, the images are masked such that saturated pixels are

excluded. The user then identifies each individual cell so that only the pixels in that

cell are included in the average. An example showing a corrected image of several
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cells expressing TagRFPt and its corresponding mask is shown in figure 5.10. Note

that the saturated cell in the top portion of the image is excluded, as are isolated

saturated regions in one of the central cells. Four cells are passed by the mask for

averaging and use in subsequent calculations.

5.4.2 Results

The first step in the FRET stoichiometry calculations is to determine the constants

α, β, η, and θ. The alpha constant is defined as α = IF/IA and it quantifies the

extent to which the acceptor fluorophore is accidentally directly excited by the donor

pulse shape. It is measured in samples containing acceptor (TagRFPt) only. Over

a sample of 15 cells, α = 0.43 ± 0.02 calculated using the average cell intensities.

This value indicates that the intensity in the IA image is larger than that in the IF

image, reflecting the fact that the pulse shape designed for the acceptor does in fact

excite it more efficiently than the pulse shape designed for the donor. Next, the beta

constant is found; this quantifies how the donor fluorescence is split between detection

channels. It is defined as β = IF/ID and is calculated from cells expressing the donor

(TFP) only. Over a sample of 19 cells, beta is found to be β = 0.06±0.004. The very

small beta value makes sense, as it is due to much more donor fluorescence appearing

in the donor emission channel than the acceptor emission channel.

The remaining constants, eta and theta, are the constants that are new to two-

photon FRET stoichiometry. To determine these, the image IN is introduced, which

is the image taken under acceptor excitation conditions and in the detector’s emission

channel. That is, it is the opposite of the FRET condition. IN is implemented here

because it facilitates calculation of eta and theta without relying on images which give

only very dim fluorescence - using such images in calculations makes it difficult to

obtain accurate results. Eta is the equivalent of beta, but for the acceptor. It defines

how the acceptor fluorescence is split between detection channels and is calculated as

135



Figure 5.10: Sample corrected image and corresponding mask for cells expressing
TagRFPt. Note that the saturated cell in the top portion of the image is excluded,
as are isolated saturated regions in one of the central cells.
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η = IA/IN from a sample containing acceptor only. Using the average intensities of 15

cells, eta is η = 3.46±0.11. This value is in agreement with the expectation that more

acceptor fluorescence is detected in the acceptor detection channel than in the donor

detection channel. Finally, theta is the equivalent of alpha, but for the donor. It

determines how much the donor can be directly excited by the acceptor pulse shape.

Based on a population of 19 cells, theta is found to be θ = 1.08± 0.05 based on cell

intensity averaging. This value for theta indicates that the donor is more effectively

excited by its pulse shape than by the shape designed for the acceptor, although the

value close to one indicates that the improvement is small.

With these constants determined, the next step is to use them in the determination

of gamma, which is calculated according to equation (5.40). This is found by looking

at the sample containing the linked construct of donor and acceptor and making the

assumption that all acceptors present are in complex. To find gamma, the term in

the denominator using the average intensity values is calculated for each cell and then

an average result is found. The final subtraction of one and division of the FRET

efficiency is performed with this average value. For a population of 18 cells, the

intermediate result was 1.16±0.09 leading to a final gamma value of γTPE = 0.57. Xi

is also found from the cells expressing the linked construct with the assumption that

all donors present are in complex. Calculation with equation (5.49) and all previously

found constants gives ξ = 0.67± 0.65 from 18 cells.

Continuing to work with the cells expressing the linked construct permits a test

of the equations for the fractions of donor and acceptor in complex. These values

should be approximately one for the linked construct, as all fluorophores present are in

complex. Furthermore, the values of γTPE and ξ to be used in these calculations were

derived under the assumption that the fractions equal one. The fraction of acceptor

in complex, fA, is found using equation (5.41); using the averaged intensities of 18

cells yields fA = 1.00± 0.58. Similarly, the fraction of donor in complex, fD, is found
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with equation (5.50) to be fD = 1.6 ± 0.89. These values are both one to within a

single standard deviation, although the standard deviations are relatively large. This

calculation can be repeated for the sample of cells containing both free acceptor and

free donor; in this sample, there is no FRET because no fluorophores are in complex.

Consequently, both the fraction of donor and fraction of acceptor in complex should

be zero. For a sample of 10 cells in this sample condition, fA = 0.40 ± 0.48 and

fD = 0.29 ± 0.38. Again, these values are within one standard deviation of the

expected result.

The final set of samples to consider are the samples of unknown stoichiometry,

which contain either complex plus excess donor or complex plus excess acceptor. The

fractions of donor and acceptor in complex can be calculated in these as well as a test

of FRET stoichiometry. First, the sample containing complex plus excess acceptor is

considered. In this sample, it is expected that fD = 1 and fA < 1. For a sample size

of six cells, these fractions were found to be fA = 0.45±0.54 and fD = 1.53±2.02. In

the sample of complexed fluorophores plus excess donor, it is expected that fD < 1

and fA = 1. Calculated results for these fractions were fA = −0.41 ± 0.5 and

fD = −0.19± 0.27.

5.5 Future Work

The results presented above are significant progress toward the implementation of

FRET stoichiometry in two-photon microscopy. A new theory considering all possible

fluorescence contributions was derived to adapt FRET stoichiometry for two-photon

microscopy experiments. It was then applied to images of live cells and promising

results were obtained - although the standard deviations were large, indicating vari-

ation across cells, calculated results were generally within one standard deviation of

the expected values. Simulations of FRET stoichiometry image data and calculations

are currently being implemented to determine how to improve the results. Active

138



areas of investigation include methods to decrease the large standard deviations and

transitioning to pixel-by-pixel calculations, where the individual pixel intensities from

the images are used as the IA, ID, and IF values in the stoichiometry calculations.This

would make it possible to view the stoichiometry results as images, giving a clearer

picture of the interaction in individual cells.

Several ideas are currently being investigated in the simulations. One of these is

the use of a non-optimal dichroic to separate the fluorescence channels. This would

serve to increase the fluorescence crosstalk; the idea that this may be beneficial is

counterintuitive. The amount of crosstalk is used directly to determine the beta and

eta constants needed for the stoichiometric calculations. When this crosstalk is very

small - as is the case for well-chosen dichroics - the image intensities used to determine

the constants are small, potentially introducing extra noise and uncertainty into the

results. This effect may already be present in the data presented here - beta is very

small compared to the other constants, indicating low crosstalk between the detection

channels. Likewise, eta effectively looks at the inverse of beta and is relatively large.

Purposefully choosing a “bad” dichroic to boost the fluorescence crosstalk boosts the

signal in the images used for calculations, potentially leading to a better determination

of the constants.

Two additional ideas are being tested in simulations. The first is to improve

the overall fluorescence signal in the sample by using brighter fluorophores. The

relatively narrow bandwidth of the laser used for these experiments limited the choice

of fluorescent proteins that could be used, as both the donor and acceptor two-

photon absorption spectra had to overlap with the laser. The second is to choose

a FRET pair with a higher FRET efficiency. The TFP-TagRFPt pair used here has

an efficiency of 9%, but pairs with efficiencies around 20% are possible. As with the

overall fluorophore choice, this was dictated by the available laser bandwidth. The

FRET stoichiometry system described here is currently being transitioned to use with
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Figure 5.11: Spectrum of Venteon ultrabroadband laser.

a Venteon Pulse:One laser, which has a larger bandwidth; this is shown in figure 5.11.

This increases the number of fluorophores that can be excited and can thus be used

to create new FRET pairs. With improvements such as these, two-photon FRET

stoichiometry should be viable for a range of biological systems.
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CHAPTER VI

Conclusion

This thesis has demonstrated the potential of ultrafast pulse shaping to enable

new measurements in two-photon fluorescence microscopy. Utilizing phase shaping to

perform selective excitation of fluorescent proteins expressed in live cell samples - the

common theme in the work presented here - overcomes many of the barriers that exist

in performing multicolor two-photon imaging with conventional methods. Current

methods for such multicolor imaging fall into one of three broad categories: the use

of tunable lasers, which limits the temporal resolution of the experiment; the use of

multiple beams, which require expensive laser systems that can be difficult to align;

and the use of broadband lasers, which provides no selectivity in which fluorophores

can be excited. The implementations of ultrafast pulse shaping demonstrated in this

thesis use a single broadband titanium:sapphire laser in a straightforward optical

setup for rapid, selective excitation of multiple fluorophores.

First, the use of linear unmixing to perform three-color fluorescence microscopy

was demonstrated [1]. This technique used two different excitation pulse shapes,

coupled with two detection channels, to create four imaging conditions. By using a

linear unmixing algorithm based on the intensities of these images, the contribution

of each of the three fluorophores was calculated and used to identify individual cells.

In samples containing cells expressing single fluorophores, the fluorescent signals were
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well separated and cells were easily identified based on the fluorophore present. In

samples containing cells expressing all three fluorophores, the linear unmixing calcu-

lation gave each cell a different color, allowing the cells to be uniquely identified. This

method has several benefits over other three-color imaging techniques; one is reduced

cost. Existing methods rely on physically distinct excitation and detection channels

for each fluorophore present, which becomes prohibitively expensive as the number

of colors increases. However, the method presented here can be easily extended to

more fluorophores by creating new shaped pulses for excitation and adapting the

equations. Linear unmixing also relies less on filters than other existing methods.

While this does help to reduce the cost, it also makes linear unmixing a promising

technique for use in tissue studies. Because the fluorescence signal can be decreased

by scattering in biological systems, removing filters leads to improved signal to noise

over other imaging methods.

Next, the potential of ultrafast pulse shaping in two-photon Fluorescence Reso-

nance Energy Transfer (FRET) microscopy was investigated [2, 3]. Shaped pulses

were successfully used to distinguish between FRET and non-FRET conditions. This

also demonstrated that selective excitation via shaped pulses works for a linked con-

struct of two fluorescent proteins in live cells. Compared to existing two-photon FRET

methods, the use of pulse shaping has improved temporal resolution, as it does not

depend on tuning a laser to access different fluorophores or acquiring photon counts to

generate Fluorescence Lifetime Imaging Microscopy (FLIM) results. The next step

is to use these ultrafast pulse shaping techniques to develop a quantitative FRET

microscopy method based on FRET stoichiometry. Several steps towards that goal

were presented in this thesis. A thorough investigation of the theory behind FRET

stoichiometry was conducted, which found that several assumptions made for the

one-photon case do not hold for the two-photon case. As a result, a new, fully gen-

eral theory of two-photon stoichiometry was derived and presented here. This theory
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was then applied to images of live cells acquired with phase shaping, and the results

were largely consistent with the expected stoichiometry. Although these results are

promising, the technique needs to be perfected, and simulation studies are ongoing

to investigate potential solutions. Ideas being actively investigated include the use

of less-than-optimal filters, brighter fluorophores, and more efficient FRET pairs. An

additional possibility is the use of pulse shaping to perform selective excitation in

the other quantitative FRET methods discussed in Chapter V; while these methods

do not provide the full stoichiometry of the interaction, they do provide informa-

tion about the FRET efficiency that can be used to investigate how the interaction

progresses over time.

Beyond completing the implementation of two-photon FRET stoichiometry, there

are several other avenues to be explored to improve the use of ultrafast pulse shaping

in two-photon microscopy methods. One of the these is the advent of ultrabroad-

band titanium:sapphire oscillators, with bandwidths of hundreds of nanometers. This

larger bandwidth increases the available library of fluorescent proteins that can be

excited by the laser, making it possible to choose fluorophores that are ideal for their

brightness or other characteristics beyond simply their spectra. An example of this

is shown in Chapter III in figure 3.1. This shows the SH spectrum of the Femtolasers

Synergy oscillator used for the work presented in this thesis compared to the sim-

ulated second harmonic spectrum of an ultrabroadband Venteon oscillator, showing

that the Venteon spans an approximately 3 times larger spectral range. Figure 3.1

also shows several potential shaped pulse spectra for excitation of common fluorescent

dyes and proteins. It is evident that switching to the Venteon will allow access to a

much broader spectrum of fluorophores. This also makes it possible to choose more

efficient FRET pairs, as the spectral overlap needed for FRET can be prioritized over

the spectral overlap of the fluorophores with the laser.

Moving beyond phase shaping to create single second harmonic peaks for highly
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selective excitation and into the creation of multiple peaks is another area of active

exploration. Expanding to two shaped peaks rather than one allows simultaneous

excitation of two fluorophores while still excluding others that may be present in

the sample. It also makes it possible to adjust the excitation efficiency for the two

fluorophores by adjusting the relative second harmonic peak heights of the shaped

pulses. This can be easily achieved by designing the phase masks with different flat

phase widths. Another possibility for designing double-peak phase masks is the use

of genetic algorithms. These have been implemented experimentally, using fluores-

cent signals to determine the best pulse shapes for selective excitation of individual

fluorophores [4–7]. While the work presented in this thesis demonstrates that genetic

algorithms are unnecessary for the creation of single peaks - all masks used here were

designed based solely on knowledge of the fluorophores’ two-photon excitation spectra

- they may be helpful in designing more complex masks.

The field of microscopy has seen significant changes and improvements over its

hundreds of years, with the implementation of fluorescence as a contrast mechanism,

the introduction of FRET for observing dynamic interactions, and the use of two-

photon excitation for imaging live biological samples such as cells and tissues. The

addition of ultrafast pulse shaping is further changing the field, and the applications

presented in this work - linear unmixing for multicolor imaging, the detection of

FRET, and the quantification of FRET via two-photon FRET stoichiometry - further

enhance the tools available for studying biological systems. These new methods

will enable applications such as tracking of interacting species with stoichiometric

information from FRET, unique identification of cells expressing multiple fluorophores

in a manner similar to Brainbow [8], or the ability to quantitatively image multiple

interacting or non-interacting FRET pairs [9].
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