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ABSTRACT

Two-photon excited fluorescence (2PEF) is a unique photophysical process that
has benefited many diverse areas of science. Imaging the 2PEF signal offers numerous
intrinsic benefits, including low background scattering, high sample photo-stability, and
high excitation selectivity. The 2PEF signal has a nonlinear dependence on excitation
intensity, which has proven to be extremely useful for high resolution, three dimensional
microscopy. This same nonlinear dependence, in conjunction with the typically low
probability of two-photons being simultaneously absorbed, also makes 2PEF imaging
difficult to scale, leaving most two-photon microscopes with a field of view (FOV)
limited to less than a few mm?. This effectively limits the benefits of the unique
properties of 2PEF imaging to microscopic applications. This dissertation explores the
development and application of a wide FOV 2PEF imaging technique, where a FOV as
large as 10 cm? is achieved by increasing the peak photon flux of the excitation source,
and expanding the illumination region. The use of this imaging technique for the in depth
characterization and optimization of fluorescent proteins (FPs), as well as taking high
contrast images of fingermarks is described. This new wide FOV 2PEF imaging
technique greatly expands the usefulness of the unique photophysical properties of 2PEF
and allows for sensitive, high contrast 2PEF imaging on a much larger scale than was
previously possible.
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1. INTRODUCTION

Two—photon absorption (2PA) is a process where a chromophore, or light
absorbing molecule, absorbs two photons simultaneously, in a single quantum-
mechanical transition. The probability of 2PA is proportional to the square of the incident
photon flux, I, and proportional to the two-photon absorption cross section, ozpa, Where
the latter is a function of intrinsic molecular parameters of the chromophore. In this thesis
we will deal with chromophores that emit fluorescence. Most fluorophores obey Kasha’s
rule, i.e. once a chromophore has been excited to some higher excited state it will relax to
its lowest electronic singlet state and emit a photon from that state to relax to the ground
state. In practical terms, this means that the wavelength and spectrum of the fluorescence
does not depend on the method of excitation. On the other hand, the relative efficiency of
the one- and two-photon transitions may be very different, meaning that the 2PA
spectrum cannot generally be deduced from the corresponding one-photon absorption
(1PA) spectrum. The unique process of two-photon excitation of fluorescence (2PEF) has
proven to be extremely useful for biological microscopy [1-7]. Utilizing the nonlinear
dependence on I can improve image quality, reduce photo-damage, and even facilitate
deep three-dimensional imaging into biological samples. Unfortunately, the maximum
2PA cross section of most chromophores used in biological microscopy is rather small,
o2pa ~ 10 - 300 GM (1 GM = 10" cm* s photon?) [8], hampering many advanced
measurements. To compensate for the low value of o»pa, the minimum incident photon
flux needs to be increased. This is usually achieved by focusing a femtosecond laser

beam into a small, often diffraction limited, volume. However, even though tight
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focusing increases I, this also limits the maximum field of view (FOV) for 2PEF
imaging to a few mm?. This thesis explains how to considerably increase the 2PEF image
area, up to ~10 cm?, in order to encompass imaging of much larger objects than was
previously possible. This thesis is largely based on three research papers that have been
published in peer review journals. We will first theoretically analyze what factors limit
the maximum FOV for 2PEF imaging. We then demonstrate a new imaging technique
using an amplified femtosecond laser and apply this method to screen the 2PEF
properties of collections of bacterial colonies expressing genetically engineered
fluorophores [9,10]. Finally, we use our new 2PEF imaging method to detect hidden
fingermarks [11].

Chapter 2 gives a brief introduction to the principles of two-photon absorption.
The form of the two-photon absorption cross section is derived using time dependent
perturbation theory. The one- and two-photon absorption spectrum is introduced and a
simplified model of two-photon saturation is presented.

In chapter 3 of this thesis the physical principles of 2PEF imaging are explored
and a theoretical analysis of our new wide FOV 2PEF imaging technique is given. The
results of chapter 3 have been published (C. R. Stoltzfus and A. Rebane, "Optimizing
ultrafast illumination for multiphoton-excited fluorescence imaging,” Biomed. Opt.
Express 7, 1768-1782 (2016).) [12].

Chapter 4 details the application of our wide FOV 2PEF imaging technique to the
characterization and optimization of fluorescent proteins (FPs). FPs are practical protein

molecules that form, in a self-catalyzed process, a fluorophore by made up of a few
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amino acid residues. The green FPs used in chapter 4 comprises 238 amino acid residues
and the corresponding chromophore emits fluorescence in the green region of the
spectrum. Enhanced green fluorescent protein (EGFP) is used in many imaging
experiments, due to its ability to emit bright and relativly stable green fluorescence when
excited by 1PA or 2PA. Most importantly, the ability to geneticaly encode FPs into living
cells makes them powerful tools for labeling tissues and whole organisms. Biosensors
created with these FPs can be genetically targeted to specific cell types to detect a wide
variety of cellular activity [13,14]. However, because FPs are synthesized by cells and
not in a controlled laboratory process, like synthetic dyes and pigments, special
approaches are needed to manipulate their properties. The method of choice for
optimizing and creating new FPs is directed evolution. Directed evolution consists of
multiple rounds of random mutagenesis coupled with selection of the resulting mutants
with optimized fluorescence properties. Random mutagenesis replaces one or more of the
amino acid residues in the genetic sequence of the FP.

The selection criteria used in conjunction with directed evolution is typically
based on which mutagenized protein shows the brightest one-photon excited fluorescence
(1PEF). Often some other desired property such as a particular excitation and/or emission
wavelength or increased photostability is used in conjunction with the 1PEF brightness.
Repeating cycles of mutation and screening with the same selection criteria results in
mutagenized libraries that exhibit gradually improving properties [16]. Directed evolution
has resulted in FP-based fluorescent sensors of calcium [17-22], voltage [23-27],

pH [28,29], and other indicators of key cell functions [15,30,31].
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FPs showing 2PEF are instrumental for the study of deep tissues, especially for
dynamic imaging of the brain [1]. The key advantages of biological 2PEF imaging come
from the fact that one can use longer excitation wavelengths in the so-called tissue
transparency window (750 nm -1200 nm), where tissue scattering [1,32,33] and photo-
damage to cells [4,13,34] are both greatly reduced. The low 2PA cross sections of known
FPs makes imaging deep into brain tissue slow and inefficient [7,8,35,36]. If one could
develop genetically encoded probes with o2pa(max) = 10° - 10* GM, i.e. comparable to
the values of some synthetic organic chromophores [37], then that would facilitate real-
time visualization of an entire functioning nervous system [33].

All previous work involving directed evolution of FPS has focused on the one-
photon, or linear, excitation properties, while advanced applications such as imaging
deeper in the living brain with two-photon excitation microscopy requires optimization of
the two-photon properties of FPs. Considering the great success of directed evolution in
improving and diversifying the 1PEF-based properties, it would be natural to assume that
a similar approach could be applied to evolve FPs with optimized 2PEF characteristics.
To accomplish this, we use our new wide FOV 2PEF imaging technique where we are
able to simultaneously characterize the two-photon properties of thousands of FP
mutants. This information is successfully used in a two-photon version of directed
evolution. The results of the two-photon directed evolution described in chapter 4 have
been published (Stoltzfus, C.R., Barnett, L.M., Wicks, G., Mikhaylov, A., Hughes, T.E.
and Rebane, A. 2015. Two-photon directed evolution of green fluorescent proteins. Sci.

Rep. 5, (2015), 11968) [10].
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Our wide FOV 2PEF imaging technique may also have many other potential uses.
In chapter 5, it is used to take high contrast images of latent fingermarks. Latent
fingermarks are prints left behind by skin oils, salts, or other grime on fingers, which are
not visible to the naked eye. A common technique for visualizing latent fingermarks on
hard nonporous surfaces consists of cyanoacrylate fuming of the fingerprint material,
followed by staining the fingermark with a fluorescent dye. Typically this fluorescent
fingermark can easily be imaged using standard UV illumination techniques. However,
there exist critical circumstances, when the image quality is compromised due to high
background scattering, high auto-fluorescence of the substrate material, or other
detrimental photo-physical and photo-chemical effects. In chapter 5 we utilize our wide
FOV 2PEF imaging technique to significantly enhance the quality of fingermark images
obtained from such problematic surfaces. The results of chapter 5 have been published
(C. R. Stoltzfus and A. Rebane, "High contrast two-photon imaging of fingermarks," Sci.
Rep. 6, 24142, (2016).) [11].

The appendixes are organized as follows. Appendix A lays out the derivation of
the 2PEF signal measured with our wide FOV imaging system. Appendix B describes
how the images taken in chapter 4 are analyzed. Appendix C shows the 2PA spectra of
the mutants found in chapter 4. Appendix D presents additional fingermark images

described in chapter 5.
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2. PRINCIPLES OF TWO-PHOTON EXCITED FLUORESCENCE

Figure 1 shows schematically how a chromophore can absorb one, two, or three
photons. In the cases considered in this thesis, the absorption of multiple photons occurs
instantaneously, i.e. there is no population change in any of the possible intermediate
energy states other than the initial (ground) and final (excited) states. Fluorescence occurs
when the chromophore relaxes from the excited state by spontaneously emitting a single
photon of energy equal to the energy gap between the ground and excited state. In this
thesis we will assume that fluorescence obeys Kasha’s rule, which states that once a
chromophore has been excited it will first relax to its lowest singlet state of the same
multiplicity as the ground state, and only then emit a photon from that state while
returning to the ground state. In the one-photon excited fluorescence case, the
chromophore is excited from an initial ground energy state, 0, to a final energy state, f, by
one incoming photon, blue wave in Figure 1a, with a total energy equal to the energy gap
between the two energy states. In other words, if wh, Et, and Eg are the energies of the
excitation photon, final state and ground state respectively then; 7@ = Ef — Eo. The
chromophore then relaxes back to the ground state, emitting a photon, green wave, in the
process. In the 2PEF case, the sum of the energy of the two incident photons equals the
energy gap between the 0 and f energy states. In this dissertation we will only consider
degenerate 2PA, meaning the two excitation photons have equal energy, 24 ® = Ef — Eo. In
the degenerate three-photon excited fluorescence (3PEF) case, Figure 1c, the sum of the
energy of the three incident photons equals the energy gap between the 0 and f energy

states.
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Figure 1. Three simplified examples of fluorescence. (a) 1PEF. A chromophore is excited
from an initial state, 0, to a final state, f, by one incoming photon, blue wave. The
chromophore then relaxes back to the ground state, emitting a photon, green wave, in the
process. The solid black lines represent the vibrational levels of the 0 and f states. (b)
2PEF. A chromophore is excited from an initial state, O, to a final state, f, by two
incoming photons, red waves. The chromophore then relaxes back to the ground state,
emitting one photon, green wave, in the process. The dotted line represents a virtual
energy level. (c) 3PEF. A chromophore is excited from an initial state, 0, to a final state,
f, by three incoming photons, dark red waves. The chromophore then relaxes back to the
ground state, emitting one photon, green wave, in the process.

The probability per unit time of a chromophore transitioning from the ground
state to the excited state by simultaneous absorption of some integer number of photons is

given by [38,39]:

dP
e :lo-nPAIE’
dt n

(2.1)

where onpa is the n-photon absorption cross section, n is the number of photons absorbed,
and I is the incident photon flux. According to Eq. (2.1), there are two ways of
increasing the probability of n-photon absorption and, subsequently increasing the rate of
fluorescence emission. The first is by increasing the n-photon cross section and the
second is by increasing the incident photon flux. Optimizing I involves a number of

practical considerations, which are analyzed in detail in chapter 3. Increasing the
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absorption cross section can only be achieved by altering the structure of the absorbing
chromophore, which is addressed in chapter 4 using directed evolution.

Let us elucidate how the 2PA cross section depends on the molecular parameters
characterizing the chromophore. A theoretical description of 2PA was first carried out by
Maria GOppert-Mayer in 1931 [38-40]. This derivation of the 2PA cross section is based
on second-order time-dependent perturbation theory, it describes the interaction between
a molecule or atom and an externally applied electromagnetic field. We start with a

perturbed Hamiltonian:

H=Ho+V(t). (2.2)

Here Ho is the unperturbed Hamiltonian and V (t) is the perturbation. The perturbation is
given by an electric field with a molecular dipole moment operator s .
E —iwt iot\a
V(t)=—y7(e +e'Me. (2.3)

Here e is the unit vector that points along the electric field, E is the amplitude of the
electric field, and w is the angular frequency. The perturbation is switched on att = 0. We
define a wavefunction, W(r,t) , that is expressed as a linear combination of the complete

set of energy eigenfunctions, y, of the unperturbed Hamiltonian, given by:

(1) =3 a0 (e, (2.4)
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where the energy of the corresponding eigenstate is given by Ei=iai. In Eq. (2.4) |a, (t)|2

gives the probability of finding the molecule in the i" eigenstate. The wavefunction in

Eq. (2.4) must satisfy the time-dependent Schrédinger equation.

h%—\f =HY. (2.5)
Using Eq. (2.2)-(2.5) we find:
da. (t
at( ) :ihz (t)<l//f ‘V(t)‘(//,> it (2.6)

where ax = @i - ax. Assume that before the electromagnetic field is turned on, the

molecule is in the ground state, i.e. the unperturbed system is described by:

=1 2.7)
L .
a3 =0

Now we assume that the perturbation is small compared to the unperturbed Hamiltonian
and expand the a coefficients in terms of this small perturbation. Integrating Eg. (2.6)

leads to:
t o
a;(t)=a,(t :O)+%Jzai(tl)<Wf ‘V(t')“/’i>e_lw'ftdt'. (2.8)
0!

To find the 1 order perturbation, we substitute the unperturbed system, Eq. (2.7), into

the right side of Eq. (2.8).
t

al(t) :%Kl/lf ‘v(t ')‘1//0>e_iw°ftldt'_ (2.9)
0

Using Eq. (2.3), we find:
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e/ufoE G S G
af(t)= (wfo_w) + (a)f0+a)) . (2.10)

Here we have defined the electric dipole moment matrix element, ;zm, , as:

tmt = (Wmler|v) (2.11)
where e is the charge of the electron and r is the position vector. If m # |, this quantity is
called the transition dipole moment. If m = I, then this matrix element corresponds to the
permanent dipole moment in that state. In chapter 4 we describe the change of the

permanent dipole moment upon transition from the ground state to the excited state:

Aflor = g = Hog (2.12)
The two terms in brackets in Eq. (2.10) correspond to one-photon absorption (-
term) and one-photon stimulated emission (+ term). We will neglect the stimulated

emission term. We now substitute Eq. (2.10) into Eqg. (2.8) to find the second order

perturbation.

a“)(t)——jZa“’(t)@fl\/(t)\ e ar

_ JZ )(ll’lﬂ. ) (eiwoft' +e—i(wof —2w)t' _e—i(wlf “")t' _e—i(w,f ‘”)t'jdt' (2.13)

~ 4in’ (o, - o)

. () ()7 [ )

4n* (o, — ) (a)fo 2a))

In Eq. (2.13) we dropped all of the terms that are not related to 2PA by assuming that our

excitation frequency is close to resonant with the two-photon transition frequency, i.e. 2w
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~ ax. Using Eq. (2.13) we find the probability, |a(® t)|, that, at time t, the molecule will

be in the final state, f.

R e |

‘a(fZ)(t)‘ | 4h2(a)i —a)) (a)fo—Za)) ‘

(2.14)

(4) E2 ‘ 4Sin2((a)fo—2a))t/2)
) (a)fo —20))2

2

2rto (o, —20).

1
T
RN
NG

In the last step of Eq. (2.14) we substituted the sin? (xt)/(x)2 term for a Dirac delta

function using the definition of the Dirac delta function, the fact that sin? (xt)/(x)2

becomes sharply peaked for large values of t, and the integral:

0 Afn
[ %ﬁmdx _at. (2.15)

—00

The probability, per unit time, that a molecule will be excited from the ground state to an

excited state by 2PA is given by:

2

dPi~ (/Tlio‘é)(a E)EZ‘ 275 (@, , —2w) . (2.16)

dt 2 an? (

fi®
[ a)uo_a)) ‘

For a monochromatic plane wave, the photon flux is related to the amplitude of the

electric field by:



(2.17)

where n is the index of refraction of the medium. Using Eq. (2.1) we find that the 2PA
cross section is:

‘2

J(27) Z(,,,O.e)(;ﬁ.g)

o. o -2 (2.18)
2PA = (nch) S Py ‘ (0, —2w)

It is useful to introduce the line shape function, gr, which takes into account the
finite width of real electronic transitions. We also introduce the local field factor, L,
which accounts for the fact that the electric field acting on a molecule embedded in a

dielectric medium may be different than that in a vacuum. Finally, we average the
interaction over all orientations of the molecule relative to the exciting field using( ), .

The line shape function is normalized such that its integral over all frequencies is unity.
Most organic molecules typically exhibit a Gaussian gr [38]. The 2PA cross section for
the transition from the ground state, 0, to the final state, f, is given by:

B (271)3L4a)2 (ﬂuo )(Hfu'e)r o
T2pn =2 (nch)2 Z‘ (@0 — @) ‘ gf(Z ) (2.19)

Q

The summation in Eqg. (2.19) is made over all states, i, of the molecule, including
the initial and the final state. This equation tells us that the dipole moments and the state

energies determine the properties of 2PA.
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Two Level Approximation of 2PA

In Figure 2, an example of the 1PA and 2PA spectrum is shown for the commonly
used FP, enhanced green fluorescent protein (EGFP). EGFP is the FP that we will use in
chapter 4. The red line represents the measured 2PA cross section, in units of GM, left
vertical axis, and the black line represents the 1PA, in the commonly used units of molar
extinction coefficient, right vertical axis, which is related to the 1PA cross section,
o1pa = 3.82%1072!&. It is important to notice that the 1PA and 2PA spectral properties are
quite different. For example, the 1PA peak wavelength occurs at ~480 nm, where the
peak 2PA wavelength is at ~925 nm, which is different from the doubled 1PA
wavelength value of ~960 nm. The differences in the 1PA and 2PA spectra are common
to most chromophores, and are due to the fact that 1PA and 2PA transitions may have
different quantum mechanical natures. The fluorescence emission spectra, however, are

the same for both the 1PA and 2PA cases.
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Figure 2. Absorption spectra of EGFP. 2PA cross section (red line, left vertical axis) and
one-photon extinction coefficient (black solid line, right vertical axis). The structure of
the EGFP chromophore in the anionic state is shown.

In some cases, including the chromophore shown in Figure 2, the 2PA cross
section can be described using a simpler equation than Eq. (2.19). To do this we take the
summation in Eq. (2.19) over only a few essential states, instead of an infinite number of
excited states. This approximation makes calculating the 2PA cross section much more

tractable since only the dipole moments of two states are involved. This simplified

equation is given by [38-40]:



15

2

5 (27[)3 L*w? 3 (;lio'é)(;l fi 'é)

(nch)’ ~ (00— o) ‘ gf(Zw)

Q

Oopa =

2

L (2n) Lo (ﬁoooé)(ﬁfo-é)+(ﬁfooé)(ﬁﬁ-é) g,(20)  (220)

(nch)2 @ (a)fo—a)) ‘
Q
(27) Lo [t | Aty [ 2082 (B)+1
= ‘ fOH Of‘ 1(5 ) gf(2w).

> 2

(nch) (a)fo —a))

Here, @m is the difference between the permanent dipole moment of the ground state,
Uy, and the excited state, ﬁﬁ , given by Eq. (2.12), and g is the angle between the dipole

moment vectors 4, and Aty . Assuming that two times the excitation frequency is close
to the transition frequency, 2w ~ axo, then this equation simplifies to:

2c0s?(B)+1

_,(2n)'L \ﬁfo\z‘Aﬂofr[ i Jgf(za)) (2.21)

0 -

When the excitation rate of 2PEF is high, then saturation of the excited state level
can limit the rate of fluorescence emitted by the system. In the saturation limit the
chromophores will be in the excited state, and further increases in the incident laser
intensity will not increase the number of fluorescence photons. To better understand this
limiting regime we use the kinetic equations, or rate equations, that describe the
dependence of the population of the ground state, oo, and the excited state, o, on the
photon flux, I.. Assuming only one type of absorption is happening during one laser

pulse, e.g. only 2PA with no 1PA, and assuming only two energy levels are contributing
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to the absorption process (i.e. absorption is only occurring from the ground state to the
lowest electronic level with no contribution from vibrational levels etc.), the rate of

change of the population in the excited state is governed by [41,42]:

d

P 1 n
T O="00a0 (o) =2y ) 71004 O, (2.22)

where, s is the rate constant describing relaxation from the excited state, f, to the ground
state, 0. This is assumed to be much longer than the laser pulse duration.

Using Eq. (2.22), we numerically find the population of chromophores in the
excited state after one laser pulse with varying peak intensities, assuming all of the
population starts in the ground state. The results of this evaluation are shown in Figure 3
for the one- two- and three- photon cases. As can be seen in this figure, once there is a
~25% probability of the chromophore being excited, the excitation efficiency starts to tail
off. This leads us to define saturation to be when a fluorophore has 25% probability of
being excited at least once during one laser pulse. As one would expect, 2PA and three-
photon absorption (3PA) take far more photon flux to induce than 1PA. However, once
sufficient photon flux is reached for 2PA or 3PA to occur, saturation occurs with little
further increase in the excitation photon flux, i.e. the saturation curve becomes sharper
with higher order nonlinear effects. The cross sections used in the simulation, shown in
Figure 3, are representative of typical values found in nature. Increasing the cross section
will lower the necessary photon flux, but will not change the shape of the saturation

curves shown in Figure 3.
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Figure 3. Population of the excited state in %, vertical axis, plotted versus the incident
photon flux, horizontal axis. The pulse width and relaxation rate are the same in all three
cases, 7 = 100x10%° s and y#i = 10° s [43]. (@) 1PA, o1pa = 4x10° cm?. (b) 2PA, o2pa =
10 GM. (c) 3PA, o3pa = 10x10°% cm® s2 photon™2.
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3. OPTIMIZING ULTRAFAST ILLUMINATION FOR MULTIPHOTON

EXCITED FLUORESCENCE IMAGING

In this chapter we study the optimal conditions for high throughput 2PEF and
3PEF imaging using different femtosecond lasers. We derive relations that allow for the
maximization of the rate of imaging depending on the average power, pulse repetition
rate, and noise characteristics of the laser, as well as on the size and structure of the
sample. We perform our analysis using ~100 MHz, ~1 MHz and 1 kHz pulse rates and
using both a tightly-focused illumination beam with diffraction-limited image resolution,
as well loosely focused illumination with a relatively low image resolution, where the
latter utilizes separate illumination and fluorescence detection beam paths. Our
theoretical estimates agree with the experiments, which makes our approach especially
useful for optimizing high throughput imaging of large samples with a field-of-view up to

10x10 cm?.

Applications of 2PEF Microscopy

Imaging utilizing 2PEF and, since recently, 3PEF, has significantly enhanced
biological microscopy by improving image quality and acquisition speed, reducing
photo-damage to the sample, as well as by allowing deeper sample depth
penetration [1,4,6,7,13,32-34,44-46]. While a broad variety of new imaging modalities
continue to be demonstrated that take advantage of the high peak pulse intensity of

different femtosecond laser sources, optimizing the illumination- and detection conditions
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still poses an issue. One reason for this is because the average rate of multiphoton
excitation depends not only on the average incident power, as in the case of linear (one-
photon) excitation, but also on the instantaneous flux of photons, i.e. peak intensity of the
pulses. This imposes constraints on the photon budget, which, along with such factors as
the sample damage threshold, maximum laser power available, and various sources of
experimental noise, makes finding the optimal illumination and detection conditions a
challenging task.

In this chapter we provide quantitative analysis of the maximum imaging rate that
can be achieved under realistic conditions in femtosecond multiphoton excited
fluorescence systems. Faster imaging is imperative for capturing real-time processes such
as the activity of individual nerve cells, which occur on a sub-millisecond time scale, and
is also critical for reducing long scan times that currently limit multi-photon imaging of
large-area samples. We achieve our goal by taking into account different illumination-
and focusing conditions, sample properties, and the signal-to-noise ratio (SNR) of the
image data, where the latter may be affected by photon shot noise, laser pulse energy
fluctuations and fluorescence detection noise. As the first step, we consider a generic
multiphoton microscope arrangement, with coaxial illumination and fluorescence
detection beam paths, using the tightly-focused beam of a MHz pulse rate femtosecond
oscillator, and evaluate the maximum achievable shot noise limited rate of imaging
depending on the 2PA and 3PA cross section values of the fluorophores and other key
parameters such as average laser power, sample damage threshold etc. Some applications

such as early cancer detection [47] and high throughput screening [10] require much
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larger samples, that cannot be addressed by conventional coaxial illumination setups. For
this purpose, we model a wide FOV 2PEF imaging system, where the illumination- and
the fluorescence detection beam paths are separated, and where the illumination uses a
~kHz pulse rate amplified femtosecond laser. In order to verify our model, we compare
the theoretical results with published data about different multiphoton microscope
systems. We also perform experiments, where we determine the maximum imaging rate
in a CCD camera based, ~10x10 cm? FOV, 2PEF imaging system using different 1 kHz
amplified laser sources, and show that our theoretical analysis has a good agreement with
the experiments. To our best knowledge, this work presents the first quantitative analysis
of femtosecond illumination for wide FOV 2PEF imaging as well as the first theoretical
treatment of imaging speed optimization for multi-photon fluorescence microscopes.

A generic two-photon fluorescence microscope operates by focusing a ~100 MHz
pulse rate mode-locked femtosecond laser beam to a diffraction-limited, ~1 um diameter,
spot that is raster-scanned over the FOV using different beam steering devices such as
galvanometric mirrors, AO modulators etc. [4]. The emitted fluorescence is collected by
the focusing objective, where the fluorescence wavelengths are separated from the
excitation laser light with spectral filters and detected using either a photomultiplier tube
(PMT) or photodiode. The maximum FOV in this case is determined primarily by the
maximum illumination beam scan angle and by the corresponding characteristics of the
microscope objective such as the maximum acceptance angle, numerical aperture (NA),
off-axis aberrations etc. In addition to the latter being directly related to the maximum

achievable image resolution, there are also important tradeoffs between FOV and the
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maximum imaging rate (frame rate), SNR and, experimental complexity. Recently Tsai et
al. demonstrated a nearly diffraction-limited spatial resolution two-photon microscope
system with a 10x10 mm? FOV by using specially designed compensation optics to
reduce the aberrations caused by large scan angles, while sacrificing part of the maximum
frame rate and resolution [48].

Provided that the spatial resolution requirement could be relaxed to ~10 um, the
optical paths for the illumination may be separated from the fluorescence detection path,
which facilitates an increase of the FOV. One alternative approach takes advantage of
light-sheet illumination combined with a camera that detects the fluorescence image in a
direction perpendicular to the propagation direction of the excitation beam [8]. In this
case, the maximum achievable FOV is limited by the size of the illumination beam and
the image resolution is limited by the camera optics [2,45,49-53]. One possible way of
achieving a large FOV while maintaining diffraction-limited resolution is by using
structured illumination, which uses a series of exposures with specially designed spatial
illumination patterns, however, this comes at the cost of substantially reduced imaging
speeds [54,55]. Various other two-photon microscopy techniques have been discussed
elsewhere [3,5,6,33,34].

In the wide FOV 2PEF imaging systems considered here, the spatial resolution is
further relaxed to >100 um, such that the FOV could be increased to 10 cm or more.
Because the illumination laser power must be spread out over a large area, the
corresponding two-photon excitation photon budget becomes a major issue. To achieve a

sufficiently high excitation rate, a non-conventional ultrafast excitation laser with a
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particularly high peak power may be required. In the past our group used a 1 kHz pulse
repetition rate near-IR femtosecond optical parametric amplifier for the 2PEF-based
detection of cancer cells in live mouse tissue [47]. Our group, including the autor of this
thesis, recently demonstrated 2PEF imaging of FP-expressing bacterial colonies on a 10-
cm diameter Petri dish by scanning the sample with a 1 kHz femtosecond regenerative
amplifier beam focused into a stripe. As is described in chapter 4, imaging FP-expressing
bacterial colonies facilitates identifying mutants with enhanced two-photon
efficiency [10]. Because the efficiency of 2PEF is influenced by a range of inter-
dependent and often contradicting factors, optimizing wide FOV two-photon illumination

and imaging systems has remained a daunting task.

2PEF and 3PEF Imaging with Coaxial lllumination

Figure 4(a) shows the femtosecond laser beam that emanates from the output
aperture of a high-NA microscope objective and converges onto a diffraction-limited 3D
spot inside a sample of thickness, d. If we would neglect potential side-effects associated
with the femtosecond illumination, such as photo-bleaching and saturation of the 2PA
transition, then the number of the fluorophores excited by a single laser pulse may be

expressed as Eq. (3.1) [4,34,36],

0

Uzsz J'J'J'C(x, Y, z)ﬂ[ 17(x, y,z,t)dt]dXdde, 3.1)
v

N2PA =

—00
where o»pa is the 2PA cross section of the fluorophores at the illumination wavelength,

AL, IL is the photon flux (number of photons per unit area and per unit time), C is the
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concentration of 2PEF-active fluorophores, and the integration is carried out over the
duration of the pulse and over the entire volume of the sample. If we assume, for
simplicity, that the fluorophore concentration is constant throughout the sample, then
most of the 2PEF signal will be produced by the volume confined inside the focal region
(voxel), where the photon flux is the highest. In the case of a Gaussian spatial beam
profile, the voxel may be defined by the closed surface, where the peak photon flux

decreases by factor e from its maximum value,
V., = 53.0 =2, (3.2)

where ax is the beam waist related to the numerical aperture of the objective, an = AL(n
NA)?, and the length is given in meters. If we approximate the temporal intensity profile
with a Gaussian with FWHM value, 7, and if the Rayleigh length of the focus, Azr=
(man?)/ AL, is much less than the sample thickness, Azr << d, e.g. as shown in Figure 4(a),

then, by carrying out the integral over the voxel volume, Eq. (3.1) simplifies to:

2
N ~1.24 CO-ZPAX’LSIn 2 Pave , (33)
2PA T, zghc

where Pav is the average excitation power in W, g is the pulse repetition rate in s, h is
Planck’s constant and c is the speed of light (both in MKS units). The above relation
illustrates the well-known fact that the number of excited fluorophores is proportional to
the square of the incident power and to the 2PA cross section. It also shows, provided that
the voxel is entirely contained inside the sample, the independence of the excitation rate
on NA, or on how tightly the beam is focused. Eq. (3.3) may be recast in a more familiar

way, that was first introduced by Denk et al. [4]:
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2
~ Topn [ PaeNA? 3.4
N,p, =1.30 V,,C ., [ ohci , (3.4)

where the quantity enclosed in the square brackets is the number of photons absorbed per

fluorophore per pulse.
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Figure 4. Schematic of a generic coaxial illumination and fluorescence detection
microscope. (a) The laser beam emanates from the output aperture of a high-NA objective
and converges onto the focus voxel (dashed line); d is the sample thickness, 4zr is the
Rayleigh length of the focus, A. is the laser wavelength, and Ar is the fluorescence
wavelength. (b) Simplified raster scan pattern, where the step size is equal to the lateral
size of the focus spot, Ax.

For multiphoton microscopy the focus point is scanned in the x-y directions over
the entire FOV area, e.g. in a raster pattern shown in Figure 4(b), and a 2D image is built
pixel-by-pixel from the recorded 2PEF signals. The lateral resolution is determined either
by the focus spot size or by the raster step size, whichever of the two is larger. Here, for
simplicity, the 2D focus spot is shown as a square pixel of area, AS=4x?, and the raster-

scan step size is set equal to Ax. The average number of the fluorophores excited in the

n'" pixel is then proportional to the number of laser pulses delivered at that pixel:
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(NZPA)n =074,Napa, (3.5)
where zw is the pixel dwell time. The total number of pixels in the FOV is:

FOV

AS (3.6)

IVIFov =

The inverse of the minimum time required to scan the whole FOV is called the frames-per-

second, or FPS, and may be expressed as:

1
FPS=——~
TawM Fov

(3.7)
Simultaneously maximizing the FPS as well as the image resolution is imperative
for capturing fast real-time processes such as the activity of individual nerve cells, which
occur on a sub-millisecond time scale. In the coaxial microscope arrangement, the
objective used for illumination also collects the fluorescence photons, which are then

passed on to a photo-detector (not shown in Figure 4). The number of fluorescence

photons detected from one laser pulse is:

(F2PEF )n = Thioett (NZPA)n , (3.8)
where &f is the fluorescence detection efficiency and nwo is the fluorescence photon
collection efficiency. Assuming that the fluorescence photons are not scattered by the
sample, and using the definition of the numerical aperture; NA=nsin(#), where n is the
index of refraction of the sample and @ is the half angle of the cone of light collected by

the objective, we can express the fluorescence collection efficiency as [56]:
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_1y (N 3.9
Mo =5\ 1=\ 1===1 | (3.9)

Spectral band-pass filters are used to reject scattered laser light as well as any other
spurious photons, while allowing the fluorescence photons to pass through to the

detector. The overall fluorescence detection efficiency may be expressed as:

Eeit :Iq)FL (/IF)¢F (ﬂ”F)KD (A’F)d//l’F’ (3.10)

where @r(AF) is the differential fluorescence emission quantum efficiency of the
fluorophores, ¢ (1r) is the spectral filter transmission function, and xp(Af) is the quantum
efficiency of the photo-detector. The integration in Eq. (3.10) is performed over all
fluorescence wavelengths.

Ultimately, the utility of any image depends not only on the highest attainable
resolution and fastest FPS, but also on whether the sought-after information may be
extracted in the presence of the inevitable noise. In order to quantify the latter, we

introduce the per-pixel SNR defined as:

F
SNR = (Farer ), , (3.11)
\/53h0t+52 +52

laser

where ot Stands for the photon shot noise, daser is the noise due to laser pulse-to-pulse
energy fluctuations, and o represents detection noise, e.g. due to electronic amplifiers.
The pulse-to-pulse energy fluctuations of mode-locked femtosecond lasers operating at

high pulse rates, g > 1 MHz, are usually small, while & can be minimized by using
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photon counting detection schemes. This leaves ot as the main contributing factor to the

noise, in which case, Eq. (3.11) may be expressed as:

SNR = (Fyper ) (3.12)

.
By solving Eq. (3.5) for zw, and using the relations Eq. (3.8), (3.12), and (3.3), we can

express Eq. (3.7) for the maximum attainable frame rate as:

FPS, ., ~1.247m0% CT2pnh BIN) (e V' (3.13)
mex 97,M oy SNR? 7hc

min
Eq. (3.13) illustrates the well-known fact that the highest attainable imaging rate
in a 2PEF microscope system is limited by the maximum incident power, i.e. excitation
photon budget. Figure 5(a) presents the value of FPSmax, plotted as a function of Paye, for
g = 100 MHz, SNRmin = 10, AL = 790 nm, and FOV = 100x100 um?. Other parameter
values used in this calculation are listed in the figure caption. Increasing the average
power allows for a decreased dwell time, which in turn increases the maximum frame
rate. However, damage to the samples due to overheating etc. usually limits the average
laser power to about, Pave < 50 mW. On the other hand, if the fluorophores possess large
oopa, then the 2PA transition may approach saturation. Here we use the same definition
of the saturation limit as was discussed in chapter 2, e.i. when a fluorophore has 25%
probability to be excited at least once during one laser pulse. In Figure 5(a) the two-
photon saturation limit is represented by the horizontal dashed line. With all these factors
taken into account, we obtain, FPSmax ~10°. At this point it is useful to introduce the rate

of imaging, right vertical axis of Figure 5(a), defined as,

ROIm = FOV x FPS . (3.14)
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The estimated maximum attainable rate is then, ~10* cm? s, thus the minimum time
needed to scan a large object, such as a 10 cm diameter Petri dish, is on the order of

~10%s.
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Figure 5. Solid lines - Dependence of FPSmax on the average power, Pa. (a) 2PEF
FPSmax calculated using Eqg. (3.13) with g = 100 MHz and A =790 nm. (b) 3PEF FPSmax
calculated using Eq. (2.17) with g = 1 MHz and AL =1700 nm. Different ozpa and ozpa
values are indicated above the corresponding lines. The common parameters used in both
these calculations are: 7, =150 fs, NA=0.9, n = 1, C = 2x10?* m?, and numo~&#=0.1. The
red dotted horizontal line represents the saturation limit, when 25% of the fluorophores
are excited during one pulse. Imaging rates estimated from literature data are represented
by: (a): (o) — Denk et al. [4], () — Fan et al. [57], (m) — Lee et al. [58], (o) — Clancy et
al. [59], (0) - Voigt et al. [60]; (A) — Tal etal. [51]; (A) — Murayama et al. [45]. (b):
Horton et al. [61] (#) — at sample surface, (¢) —0.8 mm in sample, and ('¥)-0.8-1.4 mm in
sample.

At this point it would be useful to check our theoretical estimates with respect to
real microscope systems. To accomplish this comparison, in Figure 5(a) we have
collected some ROIm values, and FPSmax values assuming FOV=100x100 pum, deduced
from published descriptions of different 2PEF microscope systems, including the
pioneering demonstration by Denk et al. (hollow circle) [4], where the size of the image

and the frame rate were both relatively small, FOV ~40x30 um?, FPSmax ~ 0.01 s%. Later,
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Fan et al. (solid circles) [57] and Lee et al. (solid square) [58] took advantage of high-
speed resonance scanners to facilitate faster image acquisition over a larger FOV~
200x200 um?. Clancy et al. (hollow square) [59] used a commercial two-photon
microscope (Sutter Instruments MOM) to image neural activity in a behaving animal with
FOV=160x160 um?. Voigt et al. (hollow diamond) [60] used a custom-built system to
simultaneously address two cortical areas in a live mouse brain, each with FOV =
200x300 um?. Note that even though different implementations obviously represent quite
different experimental conditions, including variation of the fluorophore concentration,
cross section etc., the corresponding ROIm values agree well with our theoretical
predictions.

Instantaneous 3PA is a process where the transition from the ground to the final
excited state occurs due to simultaneous absorption of three longer-wavelength photons.
The version of multiphoton microscopy using 3PEF takes advantage of the ability of
longer-wavelength photons to penetrate even deeper into scattering tissues, and can also
potentially achieve a tighter excitation confinement than 2PEF. In the case of degenerate

3PA, the 3PA equivalent of Eq. (3.1) is:

3

—00

N,,, = 23PA mC(x, Y, z)[ T 13(x, Y, z,t)dt]dxdydz, (3.15)
\Y%

where ozpa is the 3PA cross section at the wavelength AL. Integrating over the voxel

volume gives the number of fluorophores excited by one laser pulse:

2 3
~ ZL Pave 3.16
Np, =0.60Ca,,,8In 2[%%} {ﬂghcj : (3.16)
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If we assume, as before, that the accuracy of measuring the 3PEF signal is limited by the
photon shot noise, then the corresponding maximum attainable frame rate is:

2
¢.Co...8In(2 3
FPS . 0,60 MO e = T3pn" @ A | (Pae ] (3.17)

min

Peak values for the three-photon cross section of organic fluorophores are even
smaller than two-photon cross section values. Typically they are in the range, osa ~ 1082
-10%* cm® s? photon [35,46,62]. In practical terms, this means that the relative efficiency
of 3PEF is lower compared to that of 2PEF, assuming similar illumination conditions. On
the other hand, the maximum average power is still limited by the sample damage
threshold, Pave < 50 mW. A suitable solution to this issue was demonstrated by Xu et
al. [46], who used a laser with about two orders of magnitude lower pulse repetition rate,
which boosted the peak photon flux by about the same factor. Figure 5(b) presents the
dependence of FPSmax 0n Pave for g = 1 MHz, and for different ospa values. The
saturation limit is represented again by the horizontal dashed line. Other parameter values
are listed in the figure caption. The estimated maximum imaging rate, ~0.6x102 cm? s,
turns out to be about one order of magnitude less compared to the 2PEF rate at the same
average power. Unfortunately, there is currently a lack of commercially available, near-
IR few-MHz pulse rate femtosecond lasers providing sufficient output power. The
symbols in Figure 5(b) represent the ROIm values deduced from the work of Horton et
al. [61], where they used a self-built 1 MHz laser, operating at 1675 nm, for 3PEF
imaging of an intact mouse brain. 3 mW of average power was sufficient for high-

resolution imaging at the surface (filled diamond), whereas increasing the power
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facilitated access to increasingly deeper layers, up to 0.8 mm (empty diamond) and
1.4 mm (filled triangle). Beyond 1.4 mm there were too few fluorescence photons to
achieve a meaningful SNR.

2PED and 3PEF Imaging Using Separated
Illumination and Fluorescence Beam Paths

Our goal here is to perform a similar photon budget and maximum imaging rate
analysis as above, but with a much larger FOV. For example, if the sample encompasses
a 10 cm diameter Petri dish, then a straightforward extrapolation of the above estimates
predicts that it would take at least 10% s to acquire a two-photon image of the whole plate.
Even if we would disregard the excessively long acquisition time, aberrations caused by
large beam scan angles [48,63] would render the coaxial arrangement rather incompatible
with multiphoton imaging of large FOV objects.

An alternative approach is to increase Nzpa by increasing the peak photon flux.
This may be achieved using amplified femtosecond lasers that operate at ~kHz pulse
rates. Such lasers have been commercially available since the 1990-ies and are capable of
delivering up to 10° times higher peak power compared to mode-locked femtosecond
oscillators. Regeneratively amplified femtosecond lasers typically operate at about 10°
times lower pulse repetition rates (1 kHz) than 100 MHz oscillators. Using low repetition
rates, they provide a factor of about 10° larger peak photon flux than 100 MHz lasers.
This high peak intensity allows the laser spot size to be expanded by several orders of
magnitude, up to several millimeters, while maintaining the large laser intensities

required for 2PEF. With a larger laser spot size a small number of excitation beam
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positions can cover the entire sample area, which is crucial for achieving high accuracy
and fast throughput wide FOV 2PEF imaging. The averaging needed to deal with the
high pulse to pulse energy fluctuations of the lower repetition rate lasers is taken into
account in the model described below.

To take full advantage of the high power of kHz lasers, an entirely different
illumination- and detection system design strategy is on order. First of all, diffraction-
limited focusing becomes impractical because the resulting extremely high peak intensity
may damage not only the sample, but also the objective along with other setup
components. Secondly, the much lower focusing requirements makes it advantageous to
separate the optics collecting the fluorescence photons from that of the excitation beam
path. Figure 6(a) shows the principle of a wide FOV imaging setup, where the
multiphoton excitation is induced by a loosely-focused amplified femtosecond laser
beam, while the fluorescence is collected by a camera objective. Due to the small
effective NA of the illuminating beam, the corresponding Rayleigh length is now
comparable to or even exceeds the sample thickness, Azr > d. As will be discussed below,
the shape of the beam will be optimized according to the available laser power and
properties of the sample, but its lateral size rarely exceeds ~0.1 - 2 cm. To cover the
entire FOV, the beam is moved in the x-y directions, e.g. in a raster scan pattern depicted
in Figure 6(b), where we have again assumed, for simplicity, a rectangular beam area, AS
= AxAy, and that the scan proceeds in equidistant steps without overlap between the
neighboring positions. The fluorescence is collected by a lens, as shown in Figure 6(b),

and then focused on the imaging sensor of a camera (not shown). The image resolution is
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now determined by the lens and the camera sensor, while the maximum FOV is
determined either by the camera FOV or by the maximum beam scan area, whichever of

the two is smaller. For simplicity, let us assume that the resolution equals the pixel size,

{A%pix, AYpix}-

v =

Figure 6. The image of the fluorescence on a camera in a wide FOV imaging setup. The
square illuminating laser spot (red squares) is raster scanned over the surface of a sample
with a homogeneous distribution of fluorophores. (a) Side view of the sample. d is the
thickness of the sample and Azr is the Rayleigh length of the focused laser. (b) Front
view of the sample. Ay and Ax are the vertical and horizontal laser spot sizes respectively.
For simplicity a square laser illumination spot with even illumination intensity is shown.
The camera pixels have height Aypix, and width Axpix.

By following a similar procedure that led to Eq. (3.5), we express the number of

fluorophores that are excited within the effective pixel volume as:

V. Co,onTun (P A 2
N — eff 2PA % dw ave , 318
(Nzen), = =5 s (3.18)
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where, Vet ~ dAXpixAYpix, and zaw is the illumination beam dwell time on the area AS. The

number of fluorescence photons detected per one image pixel is:

(szEF )n = Neobett (NZPA)n : (3.19)
where &t is the camera detection efficiency and 7co is the fluorescence collection
efficiency. When considering the image noise we need to account for the fact that the
output of femtosecond amplifiers is noisier than the output of mode-locked oscillators.
For example, a typical regenerative Ti:Sapphire amplifier displays short-term root mean
square pulse-to-pulse energy fluctuations of about 5 - 20% (RMSaser = 0.05 — 0.2). Let us
assume, for simplicity, that the photon shot noise and the electronic camera detection
noise are small and may be neglected compared to the random laser pulse energy
fluctuations. In this case, the image pixel SNR increases in proportion to the square root
of the number of laser pulses that are averaged at each pixel, which leads us directly to

the following simplified expression for the maximum imaging rate:

gAS
(SNR)

ROIM, ,, ~ (3.20)

4RMS?

2
laser min
Inserting into Eq. (3.20), the typical parameter values, g = 10° Hz, 4S = 0.1 cm?,
RMSiaser = 0.2 and (SNR)min =10, yields ROImmax = 6 cm? s, Even though this value
exceeds the maximum coaxial 2PEF imaging rate by about two orders of magnitude, one
should remember that this is accomplished at the expense of a much lower spatial
resolution. Tal et al. [51] demonstrated a CCD -based detection system combined with

single-axis line-scan illumination, and achieved FPS = 10 with FOV ~120x80 um?, at

Pave ~ 10 mW. Maruyama et al. [45] used light-sheet illumination at a 100 kHz laser
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pulse rate and camera-based detection and demonstrated FOV~ 1x1 mm? at Paye ~
30 mW. The estimated ROIm values are, correspondingly, ~ 10 cm? s and ~ 0.05 cm?
s1, and are shown in Figure 5(a). Because these practical ROIm values fall substantially
short of the estimation, we take this as a clue that a rectangular beam shape may not be an
accurate enough approximation. The excitation beam profile is better described by an

asymmetric Gaussian, which in our case may be expressed as:

L= exp| —4in(2) ~2 -2 AT (3.21)

_2|:In(16)TJ2 leave t2 y2 n X2
732 AxAyz ,ghc )

where Ax and Ay are the beam spot sizes in the x and y directions. It is also important to
consider that the illumination beam position is moving continuously over the FOV, rather
than in discrete, non-overlapping steps. In practical terms, this means that each pixel is
being illuminated not just by one pulse but by multiple pulses, with a different effective
photon flux every time, as the spatial distribution, given by Eq. (3.21), moves over the
corresponding area. Furthermore, because the number of photons available per
illumination pulse is limited by the maximum power of the laser, it is imperative to
optimize the beam size (AS=A4xAy) as well as the scan speed (dwell time), such that, for
each image pixel, the desired minimum SNR is achieved. In other words, a realistic
simulation requires an illumination scheme with a moving, low pulse repetition rate
Gaussian beam, where each pulse is added up and averaged individually. These rather

involved, inter-dependent conditions may be summarized in the following relation:

P
fs =—2—~const., (3.22)
g7,AS
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where the empirical parameter fs represents the optimal average power density, which
needs to be determined for each particular experiment and/or type of sample. All the
above aspects are taken into account by our numerical model that is described in detail in
Appendix A. The results of the numeric simulation are presented in Figure 7(a). The
calculation assumes the following parameter values: o»pa=10 GM, g = 1 kHz, 7=150 fs,
C=2x10" m3, nco~&f = 1x10*, and SNRmin=10. The power parameter is, fs ~
2.0x10* W m, which corresponds to the optimal illumination intensity for imaging of E.
coli bacteria colonies expressing fluorescent protein mutants [10]. As before, the lower
horizontal axis of the figure corresponds to the average power, which is in this case
limited to 4W. The upper horizontal axis shows the corresponding optimal beam spot
area determined from Eq. (3.22). As expected, the maximum imaging rate depends
strongly on the laser noise and on the available maximum power, and in the case of
RMSiaser = 0.2, with ozpa ~10 GM peak cross section fluorophores, reaches, ~0.01 —
0.1 cm? s, According to this calculation, the minimum number of pulses needed to
achieve SNR=10, is 50, 200, or 800 pulses for RMSjaser ~ 5%, 10%, and 20%,
respectively. We may conclude that given a typical amplified femtosecond laser, a 2PEF

image may be collected from an entire 10 cm diameter Petri dish within less than an hour.
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Figure 7. The rate of imaging with amplified laser pulses as a function of average power
(lower horizontal axis). Top axis shows the corresponding optimized illumination spot
area. (a) Solid red lines - 2PEF in a spatially homogeneous sample with different laser
noise levels. SNRmin= 10, g = 1 kHz, 5= 150 fs, C = 2x10%! m?3, 5jco~&f = 1x107,
AL=790 nm; Solid blue line - 2PEF in a spatially inhomogeneous sample comprised of
fluorescent features with an ideal noise-less laser. & = 2,000, SNRmin = 10, g = 1 kHz,
=150 fs, C = 2x10% m™3, ncox&ir= 1x104, A.=790 nm, c2pa=10 GM, Ar=1 mm,
Vik=1.1 mm?. Dashed black line — the same sample parameters as the blue line but in the
case of a femtosecond oscillator with g = 100 MHz. Comparison to experimental
implementations: (@) - Clark MXR CPA-1000 Ti:Sapphire regenerative amplifier; (0) -
Coherent Legend-HE Ti:Sapphire regenerative amplifier; (o) - Light Conversion
TOPAS-C optical parametric amplifier. (b) 3PEF in a spatially inhomogeneous sample
comprised of fluorescent features with an ideal noise-less laser in the case of different
three-photon cross sections. ¢ = 2,000, SNRmin =10, g =1 kHz, 7= 150 fs, C =

2x102t m3, ncor&r = 1x1074, 4=1700 nm, Are=1 mm, Vi=1.1 mm?®,

Typical scientific-grade cameras have a read-out noise of about ~10 -100 counts
per pixel. If we would assume that the laser noise is absent, then, to guarantee a minimum
per-pixel SNR = 10, the fluorescence signal should be at least ~10? — 10° counts per pixel.
Note that at such a relatively high signal level the shot noise may be disregarded.
However, a notable complication arises if the distribution of the fluorophores in the

sample is not uniform. Figure 8(a) shows a representative case, where the fluorophores

are concentrated primarily in distinct features, such as bacterial colonies expressing
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fluorescent proteins [10]. The goal of the multiphoton imaging experiments is, in this
case, to determine the total fluorescence emitted by each feature, which are randomly
distributed over the entire FOV. Therefore, we need to augment our model by including
the illumination of each feature. Figure 8(b) provides the x-y view of the model sample,
along with the outline of the asymmetric Gaussian beam and the corresponding raster
scan pattern. The fluorescent features are depicted as circles, where the radius is larger

than the image pixel size, but less than the illumination spot size.
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Figure 8. The object plane of a 2PEF imaging setup. The illuminating laser spot is raster
scanned over the surface of the sample. (a) Side view. (b) Front view.

If the sample is homogeneous, or if the pulse repetition rate is high, then the
ROIm would not need to account for the details of the illumination patter. In our case,
however, we need to calculate explicitly how much fluorescence is emitted by each
feature excited with each pulse. To facilitate this, we divide the 10x10 cm? FOV into an

illumination matrix comprised of imax elements in the x direction and jmax elements in the
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y direction, where each element {i, j} represents one excitation beam position. The
number of fluorophores excited in the k™ feature may then be then expressed as:
imax ]

(NZPA)k = GZZPA _Z(; gj_LICk(K Y)IE(X—Xi,y—yj,t)dxdydt, (3.23)

where the photon flux IL(x, y) is given by Eq.(3.21) and Ck(x,y) is the effective
fluorophore concentration in the k" feature. Details of the numerical simulation are given
in Appendix A. Briefly, we start by creating a random pattern of fluorescent features to
be detected, and determine the optimal beam area, A4S, corresponding to the average
power value, Pave, using Eq. (3.22). We set the Gaussian beam parameters such that AxAy
= AS , and the degree of asymmetry matches the experimental conditions. Because the
FOV is constant, the choice of imax and jmax determines the raster step size in the x- and y-
direction, respectively. We now calculate the total number of fluorescence photons
detected from each feature using Eq. (3.23) and (3.19) for a range of different scan
speeds, or equivalently, different imaging matrix sizes, which allows us to determine
when the minimum SNR per feature is achieved. The results are shown as the blue line in
Figure 7(a), and the corresponding parameter values are listed in the figure caption.
At this point we may conclude that, given an ideal, noise-free 1 kHz amplified
femtosecond laser, one should achieve rather fast 2PEF imaging of large area samples at
a rate of at least ROIm ~ 1 cm? s, even at moderate average powers < 0.1 - 1 W.

It is also of interest to estimate how a 100 MHz source would perform under
similar conditions. This simulation is shown as the dashed line in Figure 7(a). Even

though relatively high average power > 1W will be needed to achieve ROIm ~
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0.1 cm? s-1, this type of illumination source may also be considered as viable, provided,
of course, that technical issues such as large scan angles, small illumination sizes, etc. can
be resolved.

Figure 7(b) shows the maximum imaging rate obtained by applying the same
calculation to three-photon excitation of fluorescence with different ozpa values. Since a
further increase of the peak photon flux per pulse is not practical, useful imaging rates
may be achieved only for fluorophores with exceptionally large 3PA cross sections, on

the order of 108 ¢cm® s2 or more.

Experimental Implementation of Wide FOV 2PEF Imaging

Figure 9 shows the schematic of the wide FOV 2PEF imaging experimental setup.
Variations on this general setup are described in chapters 4 and 5, as well as in
references [9,10]. The output beam of a 1 kHz pulse rate femtosecond laser is shaped by
two cylindrical lenses (L1, L2) and is scanned over the area of a standard 10 cm diameter
Petri dish using a bi-axial motorized mirror mount (Zaber T-OMG). The fluorescence
emitted from the sample is collected with an objective lens and is detected with a TE-
cooled CCD camera (Hamamatsu C4742-98) with an estimated image resolution of
200 um. A stack of band-pass filters (F1) placed in front of the camera objective cut off
scattered laser light. A reference photodiode (PD) is used to monitor and correct for long-
term (~minutes) changes of the laser power. As the model sample, we use E. coli colonies

expressing EGFP-type fluorescent proteins [9,10]. The beam steering and data collection
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are controlled by a LabView routine, and the data is analyzed using custom MatLab code

as described in [10].
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Figure 9. Schematic of the wide FOV femtosecond 2PEF imaging setup. L1, cylindrical
lens; L2, spherical lens; PD, photo diode; SM, scanning mirror; F1, fluorescence band-
pass filters.

The symbols in Figure 7(a) show the maximum imaging rate obtained with three
different 1 kHz femtosecond lasers sources: (a) Clark MXR CPA-1000 Ti:Sapphire
regenerative amplifier (solid circle); (b) Coherent Legend-HE Ti:Sapphire regenerative
amplifier (empty rectangle) and (c) Light Conversion TOPAS-C optical parametric
amplifier (empty circle). In both regenerative amplifier laser systems, the pulse-to-pulse
instability was, RMSjaser ~0.1. Because the maximum average power of the first system
was limited to Pae ~500 mW at 4.=790 nm, the resulting maximum imaging rate was

about ~0.08 cm? s, while the maximum average power of the second laser system, Paye

~1300 mW, allowed, at the same excitation wavelength A.=790 nm, about twice as fast
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imaging rate, ~0.2 cm? s, In the third case, the wavelength was converted by OPA to

=925 nm, which is closer to the peak of the 2PA spectrum of EGFP than

AL=790 nm [10]. However, because the OPA had less maximum output power, Paye

~80 mW, and also because this source had more pulse-to-pulse instability, RMSjaser >

0.15, the maximum imaging rate was lower, ~0.007 cm? s%. Figure 10 shows plots of the

corresponding beam profiles. The beam area was determined in all three cases according

to Eq. (3.22), but the aspect ratio, i.e. Ax vs. Ay was chosen based on convenience of

steering the beam over the sample.

Ax=11mm
Ay=2 mm

Figure 10. Contour plots of the laser beam at the sample. (a) Clark MXR CPA-1000
beam, A.= 790 nm, Pae= 0.5 W. (b) Coherent Legend-HE beam, A.= 790 nm,
Pae=1.3 W. (c) Light Conversion TOPAS-C beam, A.= 925 nm, Pa,=0.08 W.
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Figure of Merit of Wide FOV Multiphoton Imaging Systems

The widespread availability of 100 MHz oscillators makes it important to discuss
the implications that use of these lasers have compared to the amplified laser systems
discussed above. The black dashed line in Figure 7(a) shows the imaging rate for a
100 MHz system calculated using the optimum spot sizes shown in Table 1. For a
100 MHz laser based system about 1 W of average laser power would be needed to
achieve a high throughput imaging rate capable of imaging 10 Petri dish samples per day
with a minimum SNR ~ 10. With a minimum spot size of 16 um a 100 MHz laser would
take approximately 107 beam positions to scan over the area of a standard Petri dish.
However, scanning such a tightly focused laser over a large area is technically involved,
due to the difficulty of reliably scanning the tightly focused laser across the large sample
area with high efficiency and simultaneously collecting fluorescence. As can be seen in
Figure 7(a), even with a relatively high noise level, the 1 kHz laser system offers a
distinct advantage over the 100 MHz laser system [45,61,64].

It is useful at this point to introduce a figure of merit, FOM, with which different
wide FOV imaging systems can be compared.

_ ROIm,,,,FOV (3.24)
10°3

res

FOM

In Eq. (3.24) fres is the resolution of the imaging system in units of cm. The experimental
systems described above have FOM=0.04, FOM=0.1, and FOM=0.01 for systems (a), (b)
and (c) respectively. The theoretically achievable FOM values, and the corresponding

illumination parameters are given in Table 1.
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Table 1. Optimum laser parameters and FOM for wide FOV 2PEF imaging. A4S was
calculated using the Eq. (3.22), FOM was calculated using Eq. (3.24) assuming a
resolution of 200 pm and FOV of 10x10 cm? for all systems.

Average 100 MHz laser 1 kHz laser 1 kHz laser

power (0% noise) (10% noise)
Pave AS, mm?2 | FOM | AS, mm?2 | FOM | A4S, mm? | FOM
0.01W 2.6x10° 10 0.3 102 0.3 103
0.1W 2.6x10° | 103 3 10" 3 102
1W 3x10° 10 30 1 30 10

At high laser powers, high noise 1 kHz regenerative amplifier lasers and 100 MHz
oscillators have a similar FOM. However, 100 MHz lasers, due to their low pulse energy,
must be focused much more tightly and scanned much faster than 1 kHz lasers. This
could possibly be overcome using specialized aberration correcting scanning optics,
which would make 100 MHz laser sources a viable option for wide FOV 2PEF
imaging [48].

In some applications wavelength tunability is more important than achieving the
maximum imaging rate. An OPA used at the output of a 1 kHz regenerative amplifier
typically yields a broad wavelength tunability range (560 nm-2,000 nm) with average
laser powers upwards of 50 mW. As seen in Figure 7, by utilizing a laser with 10% noise,
1 kHz repetition rate, and 50 mW of average laser power, a 9x10° cm? s imaging rate is
possible. With this imaging rate it would take approximately 3 hours to image the 2PEF
of a 10x10 cm? sample, which is fast enough for many applications.

The theoretical imaging rates in Figure 7 were calculated within the framework of
imaging colonies of fluorescent bacteria growing on Petri dishes because the overlap
between a single laser pulse and the definite shape and distribution of fluorophores in a

colony is relatively simple to calculate. To generalize these calculations the distribution
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of fluorophores in some arbitrary features of interest in an arbitrary sample could replace
the thickness in Eq. (a.6) (see appendix A). This substitution would not change the
fundamental dependence of the 2PEF signal on the laser power and repetition rate
meaning the optimization of the laser parameters found here can be applied to wide FOV
2PEF imaging of most arbitrary samples.

When imaging small animals and tissue phantoms, thick (~1 cm) samples are
typically used [47]. In this application the laser should have a Rayleigh length greater
than the thickness of the sample. For a 1 kHz laser source with high pulse energies no
additional beam expansion is needed and the estimations of the imaging in Figure 7 are
still valid. For a 100 MHz system, however, the laser must be expanded in order to
accurately image the sample. In this case the optimum spot size of the laser should be
larger than 50 um resulting in a reduced imaging rate.

The imaging rates calculated in this chapter depend on many different parameters
that can change depending on the particular application. The concentration of
fluorophores in the sample, for example, can be anywhere from 1-100 uM [65,66]. This
affects the detectable 2PEF signal and subsequently the imaging rate. Thus, actual
imaging rates of real world systems with identical laser parameters can vary over at least
an order of magnitude depending on the sample used [57]. Nevertheless, the benefits of
the 1 kHz laser system over a 100 MHz system are still evident due to the dependence of
these imaging rates on the various laser parameters optimized here. Even with the
uncertainty of the sample parameters, the experimental imaging systems described above

achieved 2PEF imaging rates within our predicted ranges for 1 kHz laser systems.
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Conclusions

In this chapter we analyzed the performance of femtosecond multiphoton excited
fluorescence imaging systems using different illumination- and focusing modalities,
while taking into account the minimum required SNR and dominant sources of noise,
such as photon shot noise, laser pulse energy fluctuations and fluorescence detection
noise. In the case of a tightly-focused beam in the coaxial arrangement, using a 100 MHz
illumination source to produce 2PEF, the maximum rate of imaging is limited by the
fluorescence photon shot noise, by light-induced damage to the sample, and by saturation
of the two-photon transition, and may reach about ~10* cm? s%, depending on the 2PA
cross section and concentration of the fluorophores. In the case of coaxial 3PEF imaging
with a 1 MHz illumination source, the effect of saturation limits the maximum imaging
rate to about ~102 cm? s, However, due to aberrations, in a coaxial illumination system
it is difficult to access a FOV much larger than a few mm?. To achieve wide FOV 2PEF
imaging, up to 10x10 cm?, we take advantage of ~kHz pulse rate femtosecond amplifiers
and use separated illumination- and fluorescence imaging beam paths. We show that the
highest rate of imaging, up to 1 cm? s, may be achieved with a virtually noise-free
amplified laser, and is limited just by the camera detection noise. If the laser pulse-to-
pulse fluctuations are significant, then the maximum imaging rate decreases due to time
averaging of the signal, leading to a maximum ROIm ~0.1 - 1 cm? s™*. We perform
experiments using three different 1 kHz pulse rate femtosecond lasers with different
characteristics and find good agreement with our theoretical estimates. The results of this

chapter and the accompanying experimental 2PEF imaging systems, demonstrate that
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fast, scalable, and reliable 2PEF imaging is both theoretically possible and
experimentally verified.

With this analysis of wide FOV 2PEF imaging systems in hand we can now
develop 2PEF screening procedures to facilitated optimization of two-photon fluorescent
probes. Specifically, our wide FOV 2PEF imaging technique can be used to optimize the
two-photon and higher-order multi-photon properties of different FP types.
Characterizing the two-photon brightness with our setup enables a detailed quantitative

comparison of mutant FPs.
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4. TWO-PHOTON DIRECTED EVOLUTION OF GREEN FLUORESCENT

PROTEINS

Here we take advantage of the wide FOV 2PEF imaging system that was
developed and analyzed in the previous chapter to perform, for the first time, two-photon
directed evolution. Directed evolution has been used extensively to improve the 1PA
properties of a variety of FPs. Evolutionary strategies, however, have not yet been used to
improve the 2PA properties of a FP, properties that are important for two-photon imaging
in living tissues, including the brain. Here we demonstrate a technique for quantitatively
screening the 2PEF efficiency and 2PA cross section of tens of thousands of mutant FPs
expressed in E. coli colonies. We use this procedure to move the popular FP, EGFP,
through three rounds of two-photon directed evolution leading to new variants showing
up to a 50% enhancement in peak 2PA cross section and brightness within the near-IR

tissue transparency wavelength range.

Properties of EGFP

EGFP is recognized as the fluorescent probe of choice in most demanding two-
photon imaging experiments because of its superior photostability and high fluorescence
quantum yield [7,13,14,28,43,68—72]. However, the maximum 2PEF efficiency of EGFP,
in particular its peak 2PA cross section of o2pa (900 nm) = 40 GM, see Figure 2, lags
behind the best values reported for some other types of FPs, notably the red FPs

(tdTomato has o2pra (1050 nm) =278 GM) [8], leaving ample room for improvement. In
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this chapter we present a method of improving o2pa of green FPs using two-photon
directed evolution. Attempts to increase the 2PEF efficiency by introducing smart point
mutations into the EGFP framework have been hampered by the complex and mostly
unknown relationship between c2pa and the protein structure [73]. Directed evolution
offers an alternative route but requires fast, yet sufficiently accurate, screening of the
two-photon properties of a large number of FP mutants [15,16,18,74]. Until now, this has
proven to be an exceedingly challenging task. Even though 1PEF and 2PEF share some
fluorescence characteristics, such as the emission wavelength and the emission yield, the
2PEF brightness is proportional to the value of o2pa, Which cannot be deduced from one-
photon properties alone, making two-photon screening imperative. We address this issue
using the wide FOV 2PEF imaging setup, described in chapter 3, which quantifies both
the 1PEF and the 2PEF efficiency of tens of thousands of mutant FPs expressed in E. coli
colonies. This allows us to pick mutants showing promising increases of o2pa, Which isan

important property of FPs used in two-photon imaging of living tissues [1,6,7,33,74,75].

Principles of Quantitative Measurement of the 2PEF Efficiency

The small o»pa values of FPs imply that large photon flux is needed to achieve a
practical two-photon excitation rate. In a typical 2PEF microscope setup a minimum peak
photon flux of ~10% photons cm st is obtained by using ~100 MHz repetition rate,
~100 fs duration femtosecond oscillator laser pulses focused to a nearly diffraction-
limited spot, which is then raster-scanned over a sample area of ~1 mm?or less [3-6].

However, two-photon directed evolution experiments would require measuring the 2PEF
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from a much larger sample area, typically a standard (9 cm diameter) Petri plate, which is
hardly practical. In this chapter we will use the Clark MXR CPA 1000 wide FOV 2PEF
imaging system described in the previous chapter. Using this system we can scan this
stripe over an entire Petri plate area within about 20 min, while the fluorescence image of
the entire plate is captured by a CCD camera. Here we will need to quantitatively
compare the 1PEF and the 2PEF signals, thus a slightly different imaging setup than the
one shown in Figure 9 will be used. This setup, shown in Figure 11, includes both UV

illumination and laser illumination paths.

light shielding enclosure
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Figure 11. Schematic of the 2PEF and 1PEF imaging setup. L1, cylindrical lens; L2,
spherical lens; PD, photo diode; SM, scanning mirror; F1, fluorescence detection filters;
F2, one-photon excitation wavelength selection filters; D, diffuser.

In the 2PEF image, the E. coli colonies appear as a collection of distinct small

bright areas or spots, where each spot corresponds to the fluorescence from a particular

mutant FP (see Figure 14). The 2PEF intensity integrated over the spot area is
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proportional to the two-photon brightness of the corresponding FP (defined as the product
of o2ra and the fluorescence yield). The integrated fluorescence also scales linearly with
the total number of the mature FP chromophores in each colony, where the last parameter
varies broadly from one colony to another depending on many secondary factors such as
the bacteria replication rate, FP production, folding efficiency, protein maturation rate
etc. [16,76], and is notoriously difficult to determine. Fortunately, we can take advantage
of the fact that the integrated 1PEF signal has the same linear dependence on the FP
chromophore concentration as the 2PEF signal, i.e. FPs follow Kasha’s rule. By
measuring both the 2PEF and 1PEF from each colony and by evaluating the ratio
between the integrated 2PEF and 1PEF values, we can effectively minimize the
uncertainly due to varying expression and maturation rates, which allows us to evaluate
the relative two-photon brightness of each of the FP mutant colonies on a whole plate in a
reasonably short amount of time. Furthermore, by calibrating the fluorescence of the
mutated FPs with respect to a reference sample containing only non-mutated EGFP
colonies, we can quantitatively compare the two-photon efficiency of a whole library of
mutants, usually expressed on tens of different plates and measured at different times, to
the non-mutated parent FP. Bringing all the above together, the screening parameter that
we use to identify the most promising mutants may be expressed as the ratio between the

normalized integrated 2PEF and 1PEF signals of the ki mutant given by:

n
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where ozpak(A2pra) is the two-photon absorption cross section of the k" mutant at the

excitation wavelength, Aopa, ed{A1ra) is the molar extinction coefficient of the mutant at

the one-photon excitation wavelength, Aipa, and C. and C”,

- . are, respectively,
proportional to the average 2PEF and the average 1PEF signals of the reference sample
(see Methods section of this chapter for details about the reference correction and this
calculation). The quantity enclosed in the large brackets is constant for all samples in a
particular library, which means that the screening parameter given by Eq. (4.1) turns out
to be simply a constant times the ratio between the 2PA and 1PA cross section values at
the respective excitation wavelengths. Large 7 corresponds to higher two-photon
brightness. Our goal is to increase 7, i.e. to make new FPs with higher two-photon
brightness and thus augment a variety of applications in two-photon microscopy and
imaging.

The screening parameter given by Eq. (4.1) is not unique, in the sense that it
depends on the choice of the excitation wavelengths A2pa and A1pa because both o»pa and
&x are wavelength dependent. In principle, the wavelengths can be selected to guide the
evolution in different directions e.g. shifting and/or maximizing the peak two-photon
wavelength. In this first demonstrative experiment, however, we were restricted to Azpa =
790 nm by our laser system, which is ~100 nm below the 2PA peak of EGFP. We chose
the one-photon wavelength to also be below the 1PA peak, at Aipa = 450 nm, in order to
maximize the effect that mutations can have on 7, thus augmenting the efficacy of the
screening procedure. This circumstance has consequences regarding the final evolution

outcome, as will be described below.
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Experimental Methods and Demonstrations

Measurement of the 2PEF and 1PEF Signals

The laser system shown in Figure 11 is described in part in chapter 2. Briefly, it
consists of a Ti:Sapphire oscillator (Coherent Mira 900 ) pumped by a 6 W cw DPSS
532 nm laser (Lighthouse Photonics Sprout 6W) and a Ti:Sapphire regenerative amplifier
(Clark MXR CPA-1000) pumped by a 1 kHz frequency-doubled Nd:YAG laser (Clark
MXR ORC-1000). The peak photon flux at the sample is approximately ~10? photons
cm? s, The software programs used to analyze the images taken in this experiment are

given in appendix B.
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Figure 12. Log-Log plot of the two-photon excited fluorescent signal versus the incident
average laser power. The slope of the linear fit corresponds to a power exponent of 2.007.
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The Hamamatsu C474-98-24KAG cooled CCD camera and Petri plate were
enclosed in a semi-light-tight box and the room lights were shut off to reduce background
light. A stack of color filters with a center wavelength of 535 nm and 40 nm band pass
were used in front of the CCD camera (F1 in Figure 11) to select for the desired
fluorescence emission wavelength and block any scattered excitation light. A
combination of a band pass filter with a center wavelength of 450 nm and a band pass of
50 nm and a neutral density filter (F2 in Figure 11) were used in front of the lamp source
to select for the one-photon excitation wavelength and to adjust the excitation photon
flux. A glass diffuser plate (D in Figure 11) was used in front of the lamp source to
provide spatially uniform intensity on the sample. A PC with Windows XP was used to
control the camera, monitor the laser power, and control the Zaber T-OMG motorized x-
y-axis optical mount through a custom program written in LabVIEW. In order to
quantitatively compare the fluorescence images from different Petri plates in a library the
illumination intensity each Petri plate receives should be relatively similar. To
accomplishing this goal the laser and lamp were allowed sufficient time to reach an
equilibrium temperature before each measurement was made. Before each library was
scanned, the laser system was allowed to warm up for at least one hour. The camera was
also given some time to reach its equilibrium CCD temperature of -30 °C. While the laser
was warming up, the first Petri plate was inserted into a custom built mounting plate that
holds the Petri plate vertically with the E. coli colonies facing the camera. The LabVIEW
program was initialized, and the Sutter Instruments LBXL-148 lamp source was turned

on and allowed to warm up. While the lamp was reaching its optimal operating
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temperature, the first set of images was taken. The sample was illuminated by white light
to capture a scattered light image showing the position of all of the bacterial colonies on
the Petri plate including non-fluorescent colonies. Once the lamp source was at its
optimal operating temperature, four images of the 1PEF were captured, averaged together
in LabVIEW, and saved. For all images captured, both 1PEF and 2PEF, an 8 second
exposure time was used. To measure the dark background, the lamp was shut off and four
images with no illumination (both the lamp and laser were blocked) were averaged
together and saved. These images were used to subtract any background signal from all
of the fluorescence images. Finally, the shutter blocking the laser was opened and the
2PEF was collected. This was done by scanning the laser illumination across the Petri
plate vertically once per image and stepping the horizontal position of the laser stripe
after each image. In our measurement of mutagenized EGFP libraries a total of 60
horizontal steps and two laser passes (two images) per step were taken, resulting in 112
total images being used to calculate the final 2PEF image for each Petri plate. Measuring
the 2PEF of one plate took approximately 20 minutes. Averaging of the images was done
in LabVIEW such that the final output was a single image of the 2PEF. During the
collection of the 2PEF image, the laser power as a function of position of the vertical
illumination stripe on the Petri plate was recorded, using a Molectron P4-35 power
detector, and saved. These steps were repeated for each Petri plate in the library being
scanned. Collected data were imported into a MATLAB program that calculates the
2PEF and 1PEF signals of each colony and evaluates the 2PEF versus 1PEF ratio.

Neither the camera nor the samples were disturbed while the 2PEF and 1PEF images
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were captured which ensured both final images overlapped exactly with each other
facilitating quantitative comparison of the 1PEF and 2PEF fluorescence data. The
estimated spatial resolution of the imaging setup is 7 lines per mm. Figure 12 shows the
dependence of 2PEF signal, y axis, on the incident laser power, x axis. For verification
that the 2PEF image represents the true 2PEF of the sample the exponent of the measured
fluorescent signal’s power dependence was measured and found to be 2.0 + 0.01 [9].

Measuring the Two-Photon
Absorption Cross Section

The 2PA spectra were measured for multiple unique FP mutants using the
fluorescence excitation method described in detail in [36]. The 2PA spectra of all of the
mutants selected from the three mutagenized libraries, described below, were measured
with respect to the reference standard fluorescein in pH11 buffer solution. The quadratic
power dependence of the 2PEF signal was checked at either 770 nm and 930 nm or
750 nm and 950 nm. The exponent of the power dependence measurement was 2.0 £0.05.
The 1PA spectra were measured using either a Perkin EImer Lambda 950 or a Perkin
Elmer Lambda 900 spectrometer. The quantum yields were measured by comparing the
ratio of the fluorescence and optical density of the samples to that of fluorescein. The
fluorescence spectra were measured using a Perkin Elmer LS 50 B spectrofluorometer.
The one-photon extinction coefficients were measured for a select number of mutants
using the alkaline denaturation method [77]. Extinction coefficients of the anionic form

of the chromophore for all mutants measured were found to be 55+6 x 10° M cm™. A
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value of 55 x 10° M cm for the extinction coefficient of the anionic form of the

chromophore was used for all calculations of the two-photon cross section.

Analysis of the 2PEF and 1PEF Images

The digital images of the 1PEF, 2PEF, and background for each Petri dish and
calibration sample were imported into a custom program written in MATLAB. The
program first subtracts the background image for each Petri plate from the corresponding
fluorescence images to account for scattered ambient light and noise in the camera. The
1PEF image is corrected for variations in the distribution of the lamp source illumination
intensity and the 2PEF image is corrected for changes in laser power throughout the scan.
The lamp source illumination variation was measured by recording the average 1PEF
from a piece of uniformly fluorescent paper placed in a Petri plate and held in the Petri
plate holder in the imaging setup. The paper should be placed on top of a piece of
cardboard to assure that it is at the same height in the Petri plate as the E. coli colonies in
a typical library. This average 1PEF as a function of position in a Petri plate, shown in
Figure 13, was normalized to its peak value and any pixels outside the Petri plate in the
resulting averaged 1PEF image were set to 1 to avoid division by 0. The 1PEF images of
the Petri plates containing the mutagenized FP expressing E. coli colonies are then
divided by this normalized image. The pixel values of the normalization image ranged
from 1 at the center of the 1PEF normalization image to 0.2 at the edge of the Petri plate.
For the three libraries in the validation study, no corrections to the 2PEF images due to

laser power variations were necessary.
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Figure 13. Average 1PEF as a function of position on a Petri plate.

If the laser power does change over the course of the measurement, then this can
be accounted for by multiplying each column of the image (if the laser stripe is scanned
vertically as it was here) by a correction factor based on the normalized laser power
recorded while that column of the image was being illuminated. When corrections must
be done to the 2PEF image it is important to take into account the fact that the 2PEF
depends on the square of the laser power. These corrections are necessary to assure
accurate comparison of the signals from different E. coli colonies in different positions on
a given Petri plate. Unfortunately, agar at the edge of most Petri plates climbs up the side
of the plate resulting in odd artifacts in the edge of the fluorescence images. To deal with
this problem, any pixels within 2 mm of the edge of the Petri plate were set to zero. The
total fluorescence of each colony was found by identifying the brightest pixel in the 1PEF
image, recording the position of that pixel, saving the sum of the pixel values for an area
around the selected pixel in both the 1PEF and 2PEF images, and then setting that area to
zero in the original image such that the next brightest pixel, representing the next

brightest colony’s fluorescence signal, could be found. The size of the area that is
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summed depends on how large the colonies were allowed to grow and the camera setup
used. Typically this is set once for each library to be about the size of the largest colony,
usually 1-2 mm, such that no fluorescence is missed. For the colonies used in this chapter
this was typically an 11 pixel by 11 pixel area. This process was repeated until all of the
fluorescing colonies were identified and their corresponding 1PEF and 2PEF signals
recorded. The total 1PEF and 2PEF signals were all normalized relative to the
corresponding average 1PEF or 2PEF fluorescent signal of the colonies from the
reference scan. A more in depth description of the image analysis method is given in
appendix B.

Demonstration of the Variable Absolute Brightness
of FP Expressing E. coli Colonies

Figure 14 shows the 2PEF (a) and 1PEF (b) images of a sample containing two
kinds of E. coli colonies growing in particular patterns. The first type expressed the
mTFP1 protein (“NIH” letter pattern in the center of the plate) and the second expressed
the mWasabi protein (colonies distributed randomly across the plate). The individual
colonies appear as bright spots on dark background. mTFP1 and mWasabi are known to
have notably different 2PA properties at the excitation wavelength 790 nm: the 2PA cross
section of mTFP1 is, oopa(790 nm) = 10 GM, while that of mWasabi is, o»pa(790 nm) =
1 GM. Due to this difference, the mTFP1 colonies appear, in the 2PEF image (in Figure
14 (a)) on average as brighter spots than the corresponding m\Wasabi colonies. At the
same time, the 1PA cross section and the 1PEF brightness of the two types of FPs is

comparable. Accordingly, in Figure 14 (b) both types show similar fluorescence signals.
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Figure 14 (a) and (b) reveals a fairly large variation of the colony size as well as
2PEF brightness, some of the colonies emitting several times more overall fluorescence
than other colonies expressing the same type of FP. One can imagine that if we would
need to differentiate between thousands of unknown mutants, where the mutations can
further affect these factors, these variations would make any quantitative comparison and
selection of the best two-photon mutants highly problematic. Fortunately, the ratio
between the 2PEF and 1PEF signals from the same type of FP is more or less constant
and appears to be unaffected by these factors. Figure 14(c) shows the correlation plot
between the 2PEF signal (vertical axis) and 1PEF signal (horizontal axis) from each
individual colony from Figure 14 (a) and (b). Every point on the plot represents the
normalized fluorescence intensity integrated over the whole area of the corresponding
colony. The data shows that nearly all colonies fall into two distinct groups according to
their type and that each group approaches a distinct linear fit line. It should be noted that
background signals or possibly growth factors of the colonies of the bacteria can affect
the intercept of the linear fit. The slope of this line, however, can serve as a practical
quantitative measure of the 2PEF efficiency that is both independent of most growth-

related factors, as well as reproducible from one plate to another.
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Figure 14. Fluorescence images of a Petri plate with intermixed E. coli colonies. Colonies
are expressing mTFP1 (“NIH” pattern) and mWasabi (randomly distributed); (a) 2PEF
image; (b) 1PEF image. (c) Normalized integrated 2PEF signal (vertical axis) from each
of the mTFP1 (black symbols) and mWasabi (red symbols) colonies plotted versus the
corresponding normalized integrated 1PEF signal (horizontal axis). Each point on the
graph represents an individual colony of E. coli bacteria expressing either one or the
other FP type. Dashed lines are the linear fits to the corresponding data points.

Preparation and Handling of Biological Samples

Preparation of Non-Mutated Mixed FP
Plates Pictured in Figure 14

For the purpose of demonstrating the differences between the 1PEF and 2PEF of
different known FPs, we prepared the plates shown in Figure 14. The encoding regions of
mWasabi and TFP1.0 were first cloned into the same plasmid used for constitutive
bacterial expression in our EGFP mutant screening (pCP, from Nathan Shaner) using the
same ligation-independent cloning protocol used for EGFP. E. coli expressing mWasabi
and TFP1.0 were then manually spotted on the black LB agar plates using a thin wire into
a pattern constituting either the background or the “NIH” pattern, respectively. The plates
used were the same 9cm Petri plates containing black LB Agar with Ampicillin as used

for the mutant EGFP libraries. This method of manually spotting the E. coli colonies on
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the plate places more than one bacterium at each position leading to greater variation in
final colony size after incubation than does plating E. coli using glass beads, as we did
with our mutant libraries. The spotted E. coli plates were allowed to incubate overnight at
37°C and then scanned the next day using the same procedures used for scanning the
mutated libraries.

Once the 2PEF and 1PEF images were captured and averaged in LabVIEW they
were imported into a custom MATLAB program. This program first cropped the 1PEF
and 2PEF images to include only the Petri plate. The images were then converted to
matrices of pixel values. The 1PEF and 2PEF matrices were normalized to their
maximum values. A threshold was used on both matrices such that small background
pixels were set to a value of 1. This ensured that nothing was divided by 0. The 1PEF
threshold was set to 0.17 and the 2PEF threshold was set to 0.09. The 2PEF matrix was
divided by the 1PEF matrix. A threshold was imposed on the final matrix of ratios of
0.2<matrix<1. All pixel values outside this range were set to 0. The 1PEF and 2PEF
background pixels that were initially set to 1 in the threshold were set to 0. Finally the

matrices were converted back to images and saved.

Random Mutagenesis of EGFP

The biological sample preparation was carried out in collaboration with Thomas
Hughes’ lab in the Cell Biology Neuroscience department at Montana State University.
Error-prone polymerase chain reaction (PCR) was used to randomly mutate EGFP. PCR
is a commonly used technique that generates, from a few copies, thousands or millions of

copies of a piece of DNA. All error-prone PCR was performed using Taqg DNA
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Polymerase (New England BioLabs) in the presence of 0.04uM MnCl. All primers used
to amplify EGFP and the mutant variants were complementary to the translation initiation
and the 3’ end of the EGFP sequence and included 15 base pair joints of sequence
complementary to the cloning plasmid on the 5* and 3’ ends for ligation-independent
cloning (In-Fusion® HD, Clontech). The gene shuffling used in the PCR reactions of the
second and third round of mutagenesis consisted of an initial series of brief elongation
steps (6 rounds total) of increasing time (from 10sec to 60sec) before the start of 30
rounds of traditional PCR. All DNA sequencing was performed by GenScript
(http://www.genscript.com).

For the first round of mutagenesis, the encoding region of EGFP was amplified
using error-prone PCR. From the first round screening results, 100 colonies were selected
above an arbitrary value of 2PEF/1PEF ratio.

For the second round of mutation, two reactions were used to determine the ideal
DNA template for amplification. The template pool for the first reaction (named m2.59)
included all 59 of the 100 colonies selected from the second screening of the first round
library that reproducibly showed a larger 2PEF/1PEF ratio compared to the parent EGFP.
The m2.59 reaction used only error-prone PCR. The template for the second, more
exclusive reaction (m2.18) was the top 18 of the 59 reproducibly different 2PEF/1PEF
ratio colonies from the second screening of the first round library. The m2.18 reaction
used error-prone PCR and gene shuffling. Both libraries produced similar results,
therefore 96 colonies with improved 2PEF/1PEF ratios were selected from both m2.59

and m2.18 libraries and sent off for DNA sequencing.
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The 11 unique mutant GFP variants identified by DNA sequencing moved on as

DNA template for the third and final round of error-prone PCR and gene shuffling.

Cloning and Library Preparation

In-Fusion cloning reactions (Clontech) were used to insert the randomly mutated
FP coding region from the aforementioned PCR reactions into our cloning plasmid and
then transform E.coli (dh5-a High Efficiency chemically competent cells, New England
BioLabs). The cloning plasmid was selected for constitutive expression of his-tag
proteins in bacteria (pCP, generous gift from Nathan Shaner). The transformation
reactions were then diluted with SOC media and plated with glass beads on multiple (10-
14) Petri plates (9cm) with black LB agar and Ampicillin. Black LB agar plates were
made by adding Rublev Lamp Black pigment (a natural carbon pigment for artists,
www.naturalpigments.com) to the LB agar. The Lamp Black agar plates significantly
reduced laser scatter and background fluorescence from the LB agar. Plates were
screened within 2 days of transforming E. coli.

For each mutation round, one plate of non-mutated parent EGFP was also plated
and screened under identical experimental conditions for reference. The parent EGFP
reference corrected for day-to-day fluctuations in equilibrium laser power, changes in
camera settings, and other minor variations in the experimental conditions. By using a
reference sample, the need to fully characterize all of the detection and laser parameters
of the system each day was avoided, and different libraries scanned under different

conditions could be quantitatively compared.
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Selection and Acquisition of Mutated FPs

In all three rounds of EGFP mutation the following procedures were used to pick
interesting mutants. Once the fluorescence signal was cataloged for each colony, the
selection criterion to be used to screen the mutated FPs was defined. This was done using
a custom MATLAB program where the user can select mutants by either setting a
threshold (1.3 for the first library) for the ratio of the 2PEF and 1PEF signals or by
manually selecting mutants (picked out of the apparent groups of mutants for the second
and third libraries) from the correlation plot of the 2PEF versus 1PEF signals. As long as
the Petri plates containing the library being analyzed are properly stored, selection of
interesting mutants can be done at any time after the fluorescence signals have been
recorded for as long as the E. coli remain viable. Once the desired selection parameters
are defined, the MATLAB program generates an image showing which Petri plate each
particular mutant fitting the selection criteria is from and where on that Petri plate that
mutant colony is located. We then manually pick the mutated colonies of interest from
their respective Petri plates, label them, and keep them for use in later libraries and for
further characterization. Colonies of interest were picked individually with a sterile loop
and used to inoculate an overnight culture of LB broth with Ampicillin. These overnight
cultures were then used to extract the plasmid DNA for each mutant using PureLink

Quick Plasmid Miniprep Kit (Invitrogen).

FP Purification

Purified proteins in a buffered H>O solution were used for measuring the 2PA

spectra. E. coli colonies expressing fluorescent protein (in pCP, Nathan Shaner) were
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picked and grown at 34°C for 48 hours in 125mL of Circlegrow (MP Biomedicals) and
Ampicillin. The expressing E. coli culture was pelleted and excess Circlegrow broth was
removed. E. coli pellets were lysed using BugBuster (Novagen) and Benzonase
(Novagen). Cleared lysates were then purified using Protino Ni-TED 2000 packed
columns (Macherey-Nagel). Purified fluorescent proteins were eluted in 1x Protino Ni-

TED stock pH8 buffer solution.

Derivations and Relations

Evaluating the Relative Two-Photon Brightness

The relative brightness was found using the following two equations:

0 = C)Dsample (480nm) * FI fluorescein (512nm) (4 2)
el I:Isample (512nm) ODfluorescein (480nm)
- UZPA,an,sample¢rel.,sample
Brightness = (4.3)

O2pA an,EGFP Prel. EGFP
where ¢xrel. is the quantum yield of the sample relative to fluorescein, OD is the optical
density of the sample measured using a Perkin EImer Lambda 950 or a Perkin Elmer
Lambda 900 spectrometer, Fl is the fluorescence of the sample measured using a Perkin
Elmer LS 50 B spectrofluorometer, and ozpaan is the two photon cross section of the

anionic form of the sample as reported in Table 2.
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Derivation of Equation 4.1

Using the number of fluorophores excited in some k™ colony of bacteria (defined
in appendix A, Eg. (a.5)), we can find the number of 2PEF photons detected per k™

colony:
(FZPEF)k =Tlcoesf (NZPA)k (4.4)

We can find the number of 1PEF photons detected per colony starting from the
equation for the number of 1PEF photons detected of the entire Petri plate, given by:

F

iper =N (4.5)

1PAT1PEFTTcOetf

Where N1pa is the number of molecules excited per unit time and ziper is the exposure
time of the camera. Note that 7co, and &, will be the same functions as in the 2PEF
case. In the case of one k" colony of bacteria, the number of molecules excited per unit
time by 1PA is given by:

'a:" (x,y)dxdy  (4.6)

(N.pu) = 382310 %5, (o0 )O, Y)d ()

Where s A1pa) is the one-photon extinction coefficient of the fluorophores in the k™
colony of bacteria as a function of one-photon excitation wavelength Aipa. C and dxk
represent the concentration of FPs and thickness of the colony of bacteria, liamp represents
the intensity of the lamp source, and v is the lamp frequency. Under lamp illumination the
illumination light is fixed with respect to the Petri plate and can be considered constant
over the area of a single colony. Using the function for the thickness of the k™ colony,
defined in equation (a.6), we can write down the number of molecules excited per unit

time per kth colony of bacteria, (N1pa)k.
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Finally, we find that the 1PEF for the k" colony is given by:

I am
(Fuper ) =3-82X00 7 70 10 £ Vi Cot Ih_vp (4.8)

In our experiment we take special care that the excitation and the fluorescence
detection conditions remain constant during both 1PEF and 2PEF signal collection. This
allows us to make good use of a reference sample, consisting of a Petri plate with E. coli
colonies expressing a non-mutated FP such as EGFP. A fresh reference sample is
prepared along with each new library. We normalize both the 1PEF and 2PEF signals
from each mutagenized library relative to the corresponding average 1PEF and 2PEF
signals obtained from the reference sample under identical conditions. Normalization of
the 1PEF and 2PEF signals makes comparison of mutant FPs to the non-mutated FP
being evolved much simpler. The normalized integrated 1PEF signal may be expressed

as:

(F1PEF)k
Tlco et <VrCr >ref Eret (Apa) lamp *1PEF

(FlrlljoEfp)k = = ClrS];EFVkCEk (Apa) @, (4.9)

where <...>rgf Stands for the average over all colonies in the reference sample and @ is
the fluorescence emission quantum efficiency of the fluorophores in the k™ colony. The

normalized integrated 2PEF signal is:

(Faper
TlcoCert <(N2PA)r>ref

= Czrle:’fEFVkCGZPA,k (Aopn) @y, (4.10)

(Foper ) =

By taking the ratio of equations (4.9) and (4.10) we find equation (4.1):
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(Faer i :(C;GJEF Jam,k(w (4.12)

(Fpgr ) K Clr;:a: & (Aipn)

Results of Two-Photon Directed Evolution of EGFP

Figure 15 and Figure 16 summarize the screening data of about 15,000 individual
fluorescent colonies from three consecutive cycles, or rounds, of directed evolution
starting with EGFP. Figure 15 shows the scatter graphs (left panel), where each colony is
plotted in the integrated and normalized coordinates of the 1PEF (horizontal axis) and
2PEF (vertical axis) signals. The red dots represent the individual mutagenized colonies,
whereas the black dots correspond to the individual non-mutagenized reference colonies.
The dashed diagonal line represents idealized non-mutagenized EGFP (7= 1). In the
right panel the same data is arranged in the form of a histogram, which shows the
frequency of a particular 2PEF/1PEF ratio, », both for the mutants (red solid line) and the
reference (black dashed line). Our goal is to evolve FPs with as large a value for 7 as
possible.

Because the mutation rate in the 1% round was expectedly low, approximately 1
mutation per FP, there were only a few mutants that significantly deviated from the
parent EGFP, with the majority of the red dots in Figure 15 (a) lining up close to = 1.
The corresponding histogram plot in Figure 15 (b) and Figure 16 shows that in about
99% of cases n < 1.3, i.e. the mutants were virtually indistinguishable from the parent
EGFP. However, among the remaining population there were about 100 colonies (out of

the ~7,500 colonies in the 1% library) that showed a potentially enhanced 2PEF/1PEF
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ratio, and thus lied above the 7 =1.3 line (solid black line in Figure 15 (a)). 59 of these
colonies were picked and subjected to further error prone PCR and gene shuffling that
created the 2" generation mutagenized library. Figure 15 (c) shows that in the 2" library
more of the red dots are shifted above the dashed diagonal line indicating that the 2"
generation of mutants has a much larger population of colonies with useful mutations.
The corresponding histogram (Figure 15 (d) and Figure 16) shows that ~42% of the
colonies have > 1.3.

The increase of 7 may follow either from an increase of the two-photon cross
section at A2pa or from a decrease of the one-photon cross section at Aipa (or both). The
fact that most of the 2" round mutants in Figure 15 (c) show a substantial increase of 7
points in the direction of a shifting or changing 1PA spectrum, which is accompanying
the change of o»pa. It is also interesting to note that on the scatter graph the mutants
appear to congregate in distinct groups that have similar 7. To verify this observation, we
performed DNA sequencing of colonies picked from each of the six groups outlined in
Figure 24 with high values of 7 compared to EGFP (total of 96 colonies) and confirmed

that each group indeed corresponds to a particular mutation.
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Figure 15. Fluorescence data of randomly mutagenized EGFP. Left panel: Normalized
2PEF signal plotted versus normalized 1PEF signal of the mutagenized (red symbols) and
non-mutagenized (black symbol) colonies. Each point represents a single colony. The
black dashed line corresponds to 7 =1, the average slope of non-mutated EGFP colonies.
Right panel: Histogram representation of the data shown in the left panel in terms of
percentage of the colonies (vertical axis) with a particular ratio value 7 (horizontal axis).
(a, b), The 1% generation library. The black solid line corresponds to 7 =1.3. Mutants that
appear above this line were used as the DNA template for the second library. (c, d), The
2" generation library. Black arrows highlight the normalized integrated fluorescence and
the normalized ratio of the colony expressing mutant 2.18.01. (e, f), The 3™ generation
mutagenized library. The 1% 2" and 3" libraries contained 7,536, 3,192, and 3,423
colonies respectively. Colonies that could not be reliably identified, e.g. due to low
fluorescence signal, spatial overlap between neighboring colonies, or close proximity to
the Petri plate’s outer rim, were eliminated from consideration.
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Figure 16. Cumulative distribution functions of fluorescence data of randomly
mutagenized EGFP. Cumulative percentage of the colonies (vertical axis) with a
particular ratio value 7 (horizontal axis). (a), The 1% generation library. (b), The 2"
generation library. (c), The 3" generation mutagenized library.

Among the total 12 unique mutants found in the 2" round, only one (labeled
2.18.01 indicated by an arrow in Figure 15 (c)) featured a chromophore structure altering
mutation, T65S, and was thus excluded from further rounds of mutagenesis. The other 11
mutants preserved the EGFP chromophore structure, and were used as the DNA template

for the 3 and final round of error prone PCR and gene shuffling. The histogram plot in

Figure 15 (f) and Figure 16 shows that about 93% of the mutagenized colonies had 7 >
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1.3 in this final round. From those, 50 of the most promising colonies were picked and 11
new unique mutants were identified.

Two-photon directed evolution clearly resulted in mutants with a dramatically
increased value of 7. However, to better understand how the two-photon properties of the
resulting mutated FPs were effected, the 2PA spectra and 2PA cross sections of the most
promising mutants, i.e. those with the large values of 7, were measured according to the
procedures described in the methods section of this chapter. Table 2 and Table 3 present
the peak 1PA and 2PA wavelengths and the peak 2PA cross sections of 23 unique
mutants identified from the three evolution rounds. It is known that depending on the
environment, GFP and related chromophores are observed in different ionization
states [43,69]. EGFP under physiological conditions is found predominantly in the
anionic form with the 1PA peak at 488 nm, and only a small fraction resides in the
neutral form with the 1PA peak at 395 nm. Many of the mutants showed enhanced 1PA
at shorter wavelengths, which is most likely a result of our choice of A2pa and Aipa
preferring the selection of the neutral form over the ionic form. Based on this, we
classified the mutants into three categories: (1) analog of the anionic form of EGFP; (2)
analog of the neutral form of EGFP and (3) variants that exhibit traits of both the anionic
and neutral forms of EGFP. Representative mutant 2PA and 1PA spectra from each of the
three categories along with the non-mutagenized EGFP are shown in Figure 17. Further
2PA spectra are shown in appendix C. The 1PA shape and the peak extinction coefficient
of mutant 3.18 (Figure 17 (a)) closely resemble those of EGFP (Figure 17 (d)), however

the 2PA peak is increased by about 50% to o»pa = 61 GM. The other 14 mutants from the
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same category showed similar features, with peak 2PA values in the range of ozpa = 40—
60 GM. In mutant 2.18.01 (Figure 17 (b)) the 1PA and 2PA peaks are almost entirely
switched to shorter wavelengths. The 2PA spectrum closely resembles that of
mAmetrine, which has a peak 2PA cross section of 56 GM at 809 nm [8]. The DNA
sequence reveals the mutation T65S which is a characteristic of FPs dominated by the
neutral form [43,78]. The spectra of mutant 3.06 (Figure 17 (c)) appear to be a
superposition of the neutral and anionic form spectra, where the absolute cross sections of
each of the forms remains hard to determine because of the unknown relative
concentrations. Nevertheless, we may proceed with the comparison between different

mutants if we introduce the effective 2PA cross section, oupacii,, and the effective 1PA

extinction coefficient, &, defined respectively as:

C
Ooppeft. = C_ne O2pane (A) +o, PA,an (4) (4.12)

an

C
= = en (D) + () @13)

an
where Cpe, and Can are the relative concentration of the neutral and anionic forms, o2pane
and ovpaan are the absolute two-photon cross sections of the two forms, and & and &an are
the respective one-photon molar extinction coefficients. From our spectroscopic data we
can calculate the effective cross sections if we assume that the one-photon extinction
coefficient of the anionic form is equivalent to EGFP, &n = 55,000 Mt cm™ (see
Methods and Figure 31), and that, at 950 nm the ozpa e is virtually zero, leaving only the

anionic contribution to the two-photon cross section.
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Table 2. Photophysical properties and DNA analysis data of the 23 selected mutants of
EGFP. The first column on the left shows the correspondence to one of the 3 categories.
In the second and third column is the name of the mutant and identity of the mutations
from the DNA analysis. In the fourth and fifth columns are the peak 2PA cross sections
of the anionic form and the effective peak 2PA cross section of the neutral form along
with the corresponding wavelengths (in parentheses).

Group FP Mutations Anionic form Neutral form
ooppan GM C,
(lmax nm) C—an O'ZPA‘ne GM (/’i,max nm)
1 EGFP 42 (896) 11 (806)
1 3.18 | V163A, Q184R 61 (936) 18 (806)
3 2.59.17 | N121S, V163A 61 (910) 33 (788)
1 3.01 | S72G 60 (932) 31 (806)
1 3.26 | D117G, V163A 60 (928) 17 (798)
1 3.21 | V68M, V163A, 57 (932) 33 (798)
extra A.A. C-
term
1 3.02 | S72G, Q184R 56 (934) 27 (806)
1 2.59.14 | V68M 54 (912) 31 (788)
1 2.59.38 | V163A 54 (902) 22 (812)
1 2.18.13 | D117G, V163A, 53 (904) 28 (826)
S202N, V219l
1 3.30 | S72G, D117G, 52 (934) 26 (800)
V163A
1 2.18.08 | V68M, V163A 51 (898) 31 (808)
1 2.18.15 | V163A, S202N 46 (912) 17 (788)
1 2.59.12 | V68M, N105S, 44 (910) 31 (788)
V163A
1 2.18.12 | E6G, S72G, 42 (906) 32 (808)
V163A
1 2.18.19 | S72G, V163A 40 (900) 27 (792)
3 3.06 | D117G, V163A, 33 (946) 47 (784)
T203I
3 3.12 | Q80R, D117G, 35 (942) 46 (806)
V163A, T203I
3 3.15 | S72G, T203I 35 (940) 32 (782)
3 3.43 | E6G, S72G, 35 (920) 25 (798)
V163A, T203I
3 3.04 | V68M, V163A, 27 (946) 59 (784)
T203I
3 2.59.01 | V163A, T203I 23 (952) 48 (790)
3 2.59.08 | T203lI 19 (948) 48 (790)
2 2.18.01 | T65S, S202N 8 (940) 61 (772)
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Table 3. Photophysical properties and DNA analysis data of the 23 selected mutants of
EGFP. In the third column is the peak 1PA wavelength of the anionic form. The last two
columns on the right show the brightness of the peak 2PEF, defined as o»pa,an* @rel, Of the
anionic form of the chromophore relative to EGFP and the permanent electric dipole
moment change in the So—S; transition.

FP Anionic form Anionic form Relative Au(So—S1) D
1PA Amaxnm Brightness
EGFP 488 1.0 35
3.18 491 1.4 2.5
2.59.17 488 1.5 31
3.01 495 1.2 35
3.26 491 1.4 2.3
321 492 1.3 2.3
3.02 495 1.1 34
2.59.14 490 1.3 3.0
2.59.38 491 1.2 31
2.18.13 492 1.2 3.0
3.30 498 1.0 25
2.18.08 492 1.2 2.9
2.18.15 491 1.0 2.7
2.59.12 492 0.90 2.7
2.18.12 498 0.80 2.9
2.18.19 498 0.76 2.9
3.06 507 0.88 34
3.12 507 0.80 33
3.15 506 0.68 2.7
343 507 0.79
3.04 507 0.68 2.8
2.59.01 508 0.51 2.6
2.59.08 507 0.44 2.4
2.18.01 476 0.39

The mutation T2031 is associated with intra-chromophore charge transfer due to
breaking of a hydrogen bond with the g barrel [43,71,78] and is likely responsible for the
increase of the neutral form in all but one of the mutants from the 3™ category (3.06,
3.12, 3.15, 3.43, 3.04, 2.59.01, and 2.59.08). The V163A mutation, previously reported to

accelerate the protein folding [78], is present in 17 mutants including 2.59.38, where the
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V163A mutation led to a 30% increase in the peak o»pa and a 20% increase in the relative
brightness of the anionic form of the chromophore.

Further comparative inspection of the ozpa Spectra in Figure 17 reveals that in the
So—S: transition region 3.18 exhibits a distinct vibronic structure where the 0-1 peak
prevails over the 0-0 component. This behavior has been previously observed in several
FPs and chromophores and is most likely related to the Herzberg-Teller type coupling
between the vibrational motion and the permanent dipole moment change (A4x) in the
So—S: electronic transition of the chromophore [79]. According to Eg. (2.20) The two-
photon absorption cross section is proportional to |A?. If the anionic chromophore
possesses an active bond-length-alternating vibrational coordinate [80], then the
mutations leading to 3.18 could be linked to an increased mixing between the resonance
forms [68,79]. These same mutations could also alter the local electric field inside the
protein [8], which in turn may cause stronger vibronic coupling and therefore increase the
peak 2PA value of the 0-1 transition. This tentative explanation is further supported by
the observation that most mutants in the same category as mutant 3.18 had similar 2PA
values for the purely electronic 0-0 transition, 30 + 5 GM, while the value of the vibronic
0-1 transition varied from 40 GM to 61 GM (see Figure 31). Table 3 lists the Az values in

the So—S: transition determined from the o»pa of the 0-0 component [81,82].
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Figure 17. Absorption spectra of selected mutants of EGFP. Two-photon absorption cross
section (red symbols) with 10% error (black error bars) and one-photon extinction (black
solid lines) of the selected representative mutants and EGFP. Vertical dashed red and
black lines represent A2pa and Aipa, respectively. The vertical arrows indicate the peak
wavelengths of the vibronic components. The 2PA spectra of all 23 mutants are presented
in Figure 31. The numbers in the upper right hand corner of each plot designate different
mutants.

Conclusions

We have developed a new high through-put in situ multi-photon excited
fluorescence screening procedure that facilitates directed evolution of genetically
encoded multi-photon probes. We put this procedure to the test by evolving new EGFP

variants (V163A, Q184R and N121S, V163A) with 50% enhanced 2PA cross section and
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roughly 50% enhanced 2PEF brightness at a near-IR excitation wavelength. Our method
can be used to optimize the two-photon and higher-order multi-photon properties of many
different FP types, especially if combined with an appropriately tunable wavelength
excitation source. Developing a broad color palette of efficient multi-photon probes may
become instrumental for imaging of the brain and other complex tissues that comprise
many different cell types [1,7,13,17,23,74,83]. By tuning both the A2pa and Aipa to the O-
0 component of the Sp—S; transition of the chromophore, we can potentially maximize
the voltage sensitivity of FPs by increasing the change of the permanent eclectic dipole
moment, |Ax|. Already at the current level of accuracy, this procedure enables a rather
detailed quantitative comparison of mutant FPs not only from different Petri plates, but
also across different libraries measured under different conditions. We expect that future
experiments will facilitate the establishment of practical structure-property relationships

between different mutation types and their corresponding multi-photon properties.
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5. HIGH CONTRAST 2PEF IMAGING OF FINGERMARKS

Optically-acquired fingermarks are widely used as evidence across law
enforcement agencies as well as in the courts of law [84]. A common technique for
visualizing latent fingermarks on nonporous surfaces consists of cyanoacrylate fuming of
the fingerprint material, followed by impregnation with a fluorescent dye, which under
ultraviolet (UV) illumination makes the fingermarks visible and thus accessible for
digital recording. However, there exist critical circumstances, when the image quality is
compromised due to high background scattering, high auto-fluorescence of the substrate
material, or other detrimental photo-physical and photo-chemical effects such as light-
induced damage to the sample. In this chapter we put the two-photon induced
fluorescence imaging method developed in previous chapters, to a different use. We show
that 2PEF can significantly enhance the quality of the fingermark images, especially
when obtained from highly reflective and/or scattering surfaces, while at the same time

reducing photo-damage to sensitive forensic samples.

Imaging of Stained Cyanoacrylate-Developed Fingermarks

Cyanoacrylate fuming is one of the most effective techniques for developing
latent fingermarks on non-porous surfaces [84]. After fuming, luminescent stains are
often used to visualize the developed fingermarks. When properly applied, luminescent
stains permeate the cyanoacrylate deposit with minimal substrate staining. In some key
circumstances, such as latent fingermarks developed on aluminum cans or substrates with

large background contrast, for example black text on white backgrounds, the fingermark
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contrast can be compromised due to interference from the substrate. Digital post
processing of the images can help to alleviate some of these issues [84]. However, in
many cases post-processing is not sufficient, and it is critical to find new ways how to
improve raw image quality, especially in challenging circumstances.

UV illumination of stained cyanoacrylate-developed fingermarks is the most
common method of imaging this type of fingermark [84]. This method has a few notable
drawbacks; there is often high substrate auto fluorescence leading to large background
signals and risk of specimen degradation from the high power UV light sources
commonly used [84-86]. 2PA benefits from the ability of some fluorophores, including
some organic dyes used in standard forensics, to emit visible fluorescence upon
absorbing two NIR photons. This absorption process drastically reduces the detrimental
background scattering and background fluorescence, while minimizing specimen
degradation. Using our wide FOV 2PEF imaging technique, the potential to obtain a
high-contrast fingermark is greatly increased.

2PEF imaging involves illuminating a sample with a femtosecond laser beam that
delivers a high incident photon flux of NIR photons [4,10], sufficient to induce the two-
photon transition from the ground state to an excited electronic state of the fluorophore.
2PEF imaging offers intrinsic advantages including; low background scattering, low
background fluorescence and high sample photo-stability [3,5,34], and has become a
standard procedure in biological microscopy. The 2PA process requires that the
chromophores possess a sufficiently large 2PA cross section, ozpa > 10 - 102 GM at the

particular illumination wavelength. Lower background fluorescence occurs due to the
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highly selective nature of 2PA. Because most naturally occurring fluorophores have a
much lower o2pa Value, and also because we can use synthetic stains and dyes where the
2PA maximum lies at NIR wavelengths, the background signal may be largely
suppressed. In addition, there is also very little or no photo-damage to the sample due to
the longer wavelengths and low average illumination powers used.

There are prior reports where two-photon microscopes were used to detect DNA
traces, for ultra-sensitive detection of TNT, for the detection of gunshot residue, and for
some other applications inside and outside the realm of forensic imaging [85-91]. To our
best knowledge, this is the first report where the distinct advantages of two-photon
excitation are implemented in fingermark imaging. Two-photon microscopes have a very
limited field of view, typically <1 mm?. Forensic fingerprint imaging requires a field of
view of at least a few cm?. The wide FOV 2PEF imaging tools described in previous
chapters have a 10 cm? , or larger, field of view [9,10], i.e. sufficient for imaging objects
such as beverage cans, door knobs, computer equipment etc., where most forensically
significant fingermarks tend to occur. In this chapter, we describe the use of these tools
for 2PEF imaging of latent fingermarks on standard aluminum cans, even though a broad

range of other common substrates may be also applied.

Methods

The technical details of our wide field of view 2PEF imaging system, shown in
Figure 18, are described in detail in chapter 2 and elsewhere [9,10]. For this application a

Ti:Sapphire regenerative amplifier system (Coherent Legend-HE) pumped by a 1 kHz
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Nd:YLF laser (Coherent Evolution) is used for two-photon excitation. After pulse
compression, the amplifier output has a peak wavelength of 790 nm, pulse duration of
150 fs and pulse energy of 1.3 mJ. In this chapter the 2PEF image is acquired by
averaging 40 acquisitions, with an 8 second exposure time per acquisition. The laser
focus is scanned in the y direction, over a different portion of the sample during each
acquisition. To acquire the linear fluorescence images, the laser beam is blocked, and the
sample is illuminated with diffuse 395 nm light from a stack of 9 UV LEDs, with a total
power of ~30 mW and average power density at the sample of ~0.3 mW cm. The UV

image is acquired by averaging 4 acquisitions, with a 2 second exposure time per
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Figure 18. Schematic of the 2PEF imaging setup. L1, cylindrical lens; L2, spherical lens;
PD, photo diode; SM, scanning mirror; F1, fluorescence detection filters.

To test the efficacy of 2PEF imaging of stained cyanoacrylate-developed

fingermarks, fingermarks were deposited on the bar code of an aluminum can. After
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depositing the fingermarks, the aluminum can was immediately placed in a cyanoacrylate
fumigation chamber. Super glue was evaporated in the camber and the aluminum can was
allowed to sit for 10 minutes. Once removed from the chamber, the aluminum can was
checked to ensure that the fingermark had been fully developed. The cyanoacrylate
deposit was then allowed to dry for at least 24 hours. Once the cyanoacrylate deposit was
fully dry it was washed with a solution of Rhodamine 6G dissolved in Methanol. The
aluminum can was then imaged with the system described above. The same fluorescence

detection filters were used for both the 2PEF imaging and the UV illumination.

Comparison of UV and 2PEF Imaging of Fingermarks

Figure 19 shows two raw images of the same fluorescent fingermark taken with
2PEF imaging and UV illumination. The yellow line shows the pixel intensity along a
cross section of the image (black line). Under UV illumination (Figure 19(b)) the image
of the fingermark has sufficient contrast in the region of the image with a white
background (right part of image), but little to no contrast in the region of the image with a
black background (left part of image). The lack of contrast on the left part of image
makes analysis of the complete fingermark difficult. The 2PEF image of the aluminum
can (Figure 19(a)) shows sufficient contrast on both the white, and black parts of the

aluminum can.
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Figure 19. Aluminum can with a stained latent fingermark developed using cyanoacrylate
fuming. (a) Image of the stained fingermark using 2PEF imaging. (b) Image of the
stained fingermark using UV illumination. The yellow line shows the pixel intensity
along a cross section of the image (black line). More fingermark images are shown in
Appendix D.

The yellow line in Figure 19 highlights the quality of the 2PEF image of the
fluorescent fingermark and demonstrates that this alternative illumination technique is
almost completely independent of the substrate. Figure 20 shows the relative pixel count
of the UV and 2PEF signal taken from the dark background (a) and bright background (b)
regions of the cross section shown in Figure 19. To present a more quantitative measure
of the image quality, we determine the average fingermark contrast at 66 different
locations on 8 different fingermark images (see appendix D), including both bright and
dark backgrounds, as shown by the bar charts in Figure 21. The contrast was determined
by subtracting minimum pixel values from the adjacent maximum values, and averaging
over a small area. By defining the contrast in this manner, we are able to assess how well
a fingermark can be identified either on a bright or dark background. On average, the

2PEF images show at least a factor of two higher contrast than the corresponding UV

images.
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Figure 20. The pixel values along the cross section of the image shown in Figure 19. (a),
The left half of the image with a black background. (b), The right half of the image with a
white background. The red line represents the pixel values from the 2PEF image. The
black line represents the pixel values from the UV image.
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Figure 21. Average contrast of fingermarks depending on the mode of illumination. This
plot shows the value of the average contrast for different regions from four different
fingermarks. Each column represents one selected region of either a 2PEF (red) or UV
(black) image. The eight fluorescent images and their corresponding regions are shown in
Appendix D.
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Conclusions

We have shown that femtosecond NIR excitation of 2PEF, in conjunction with the
selective nature of the two-photon absorption of a common dye, Rhodamine 6G, greatly
enhances the image contrast of fingermarks on a reflecting surface. Thus offering a distinct
advantage over conventional UV-illumination, especially when dealing with high contrast
backgrounds like aluminum cans. 2PEF images of fingermarks have, on average, a factor
of two higher contrast compared to the images obtained with the standard UV illumination
technique. 2PEF images show negligible detrimental effects from the substrate
reflectivity/scattering or substrate fluorescence. The use of two-photon dyes, like TVP2,

could further enhance the benefits of two-photon imaging.
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6. SUMMARY AND OUTLOOK

Until recently the maximum FOV of 2PEF imaging techniques has been limited to
a few mm?. Increasing the 2PEF image area involves optimizing many contradictory
parameters and solving complex technical problems. In chapter 3 we presented, for the
first time, a detailed theoretical study of the requirements and constraints imposed on a
2PEF imaging system with a FOV on the order of 10x10 cm?, which is 2 orders of
magnitude larger than previously reported 2PEF imaging systems [45,48]. This type of
study has helped clarify the requirements of two-photon excitation applications in the
past [92]. Our study has demonstrated the feasibility of 100 MHz and 1 kHz fs laser
sources for imaging the 2PEF of large samples. To accomplish this, the number of
photons detected in a typical scanning laser imaging system was derived. With this in
hand it became clear that a 1 kHz regenerative amplifier is a better suited laser source for
wide FOV 2PEF imaging because of its large pulse energies [45,61,64]. The main
drawbacks to using the more conventional 100 MHz repetition rate lasers for wide FOV
imaging are the high average powers required to achieve even a moderate illumination
area and the technical complexity of rapidly scanning a tightly focused laser beam over
large sample areas. Using a 1 kHz regenerative amplifier, imaging rates comparable to
fast two-photon microscopes were achieved over a much larger FOV.

An ideal wide FOV device would have a FOM greater than 10. It is unlikely that
this goal will be reached considering the practical limitations imposed by current optical

systems and laser sources. However, in chapter 3 we analyzed the many contradictory
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parameters and describe a realistic system with FOM =0.1. This theoretical goal was also
achieved with our experimental system.

The results of chapter 3, and the related publication, may be used to optimize
multiphoton imaging systems that are designed to perform challenging tasks such as high
throughput screening of two-photon fluorescent proteins, detection of early-stage cancer
or real-time monitoring of the brain cell activity in behaving animals [10,47]. Similar
analysis to that performed here could benefit other novel imaging modalities such as
photoacoustic imaging [67].

With this new wide FOV 2PEF imaging system we developed a 2PEF screening
procedure that facilitated directed evolution of genetically encoded two-photon probes.
We evolved new EGFP variants with 50% enhanced 2PA cross section and 50%
enhanced 2PEF brightness. Our wide FOV 2PEF imaging technique can be used to
optimize the two-photon and higher-order multi-photon properties of many different FP
types. Characterizing the two-photon brightness with our setup enabled a detailed
quantitative comparison of mutant FPs not only from different Petri plates, but also
across different libraries measured under different conditions.

We showed that imaging latent fingermarks with our wide FOV 2PEF imaging
technique enhances the image contrast of fingermarks on reflective surfaces. This method
offers a distinct advantage over conventional UV-illumination, especially when dealing
with high contrast backgrounds like aluminum cans. The 2PEF images presented in
Appendix D, show an average of two times higher contrast compared to the images

obtained with the standard UV illumination technique.
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Looking forward, there are many potential applications of our new wide FOV
2PEF imaging system. New rounds of two-photon directed evolution could be done to
further improve the 2PA properties of EGFP. Using the OPA system described in chapter
3, the two-photon excitation wavelength could be tuned further to the red to facilitate
two-photon directed evolution of red and other FPS. The benefits of 2PEF imaging over
conventional UV imaging, demonstrated in chapter 5, could be used for other types of
forensic imaging. The unique properties of 2PEF have been previously used to detect
cancer [47]. Using the same principles, wide FOV 2PEF imaging could be used to detect
cancer in small animals. These are only a few examples of the possible applications that
have been made possible by demonstrating that fast, scalable, and reliable 2PEF imaging

is both theoretically possible and experimentally verified.
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APPENDIX A

NUMERICAL EVALUATION OF WIDE FOV 2PEF SIGNAL
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Here the 2PEF signal in a wide FOV setup is described. We define imax and jmax to be;
Imax =Sk’ Jmax = 9%2pee (al)
where Sy is defined as the number of steps taken by the scanning laser in the x direction
and nper IS the time it takes to scan the laser in the y direction. The position of the {i, j}

laser pulse is then given by;

(@2)

where dn and dy are the dimensions of the FOV being imaged. To guarantee that the entire
sample area is more or less uniformly illuminated, we determine the number of steps
according to the empirical relation, Sp~ (10*dn)/(Ax), which allows sufficient overlap
between the neighboring laser spots. With this choice of illumination matrix, the
maximum imaging rate is given by:

FOV

S Zoper

ROIM, ,, = (@3)

In order to find the imaging rate, the time it takes to scan the laser over the sample, per,
is calculated for the two cases discussed in chapter 3.

If the SNR is limited by the noise of the illuminating laser source, the exposure
time, oper, is expressed in terms of the number of laser pulses that need to be averaged,

Npulses, IN order to achieve the desired SNR.

Toper = Mpyises i (a.4)
P gAY

In practice the number of pulses that need to be averaged will depend on the experimental

conditions and the noise statistics of the particular laser used, and it is easiest to adjust
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nper Until the desired SNR is reached. In the experimental systems described in chapter 3
Npuises=200 was enough to achieve SNR=10 and roughly even illumination across the
sample.

For low noise laser sources, the exposure time is found in terms of the total noise
contribution of the detection system and the number of fluorescence photons emitted by
each feature or colony of fluorescent protein expressing E. coli. Assuming the
concentration of fluorescent proteins and the laser intensity is constant throughout the

thickness of the k™ colony, given by dk(x,y), Eq. (2.23) can be written as:

(Nopn ), CGZPAZh%fm d, (%, V)17 (X— Iy— 4 jtddydt (a5

i=0 j=0 "% TopEF

Assuming each colony, is spherically symmetric, with a diameter of Arx, a maximum
height of do, position on the Petri dish of (Xo, yo), and is described by Gaussian

functions, the thickness of the k™ colony is defined as:

de (X, y)=dg exp{—4ln(2) (x- XO)ZA—; (zy_ Yo) } (a.6)

k

As long as Xo, and Yo lie within the scan range of the laser (dv=dn=10 cm) the position of

the colony does not matter. The volume of the k™ colony, Vi, is given by:

d, Arkﬂ'

I n(16) (@.7)

k

V, ffd()kexp{—4ln(2)(x XO)ZAJ;(y yo)dedy

Using Eq. (3.21), (a.6), and (a.7) the integral in Eqg. (a.5) is solved and the number of

fluorophores excited in the k™ colony is given by:
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2 2
idh jd,
— X — Y
S, + 970

expq —4In(2) 5 p 2 2
Ar. +AXIn(2)  Ar” + Ay In(2)
3/2 2 h 972peF
(N ) :VkCJZPA2|n(16) ( Paveﬂ'ZPA j SZQZ
2pa Jk 2”5/sz ghcAxay ) ‘o o [(I ? Ark2 ) Arkz):lllz
ni2)+—)In(2) + ——
A ay’ (a.8)

The number of 2PEF photons detected from a single colony is calculated using Eq. (2.19)
with Eq. (a.8) substituted in for (N2pa)n.

To find the appropriate exposure time, zper, the number of 2PEF photons
detected is set to equal some minimum necessary detected signal, (Faper)kmin, that will
satisfy the condition that the SNR should be greater than (F2per)kmin/ %1 = SNRmin > 10.
The case where the laser scans over the center of the colony (idw/Sh=xo) is used and the

sum over the laser pulses is approximated as an integral.

o -
—ain(2)| Ve )
Ar; +AyIn(2)

ng
O\ e T O O W W B : 2 dj
min ghCAXAy 0 Arz Arz 2
(In(2) +—5)(In(2) + —)
AX Ay

exp

512
T 0Ty

(@.9)

Completing the integral and defining an overlap function, Foveriap, given by:



106

Arz 1/2
7z{lﬂ(2)+k2}
o AX
overlap — , Ar2 -1/2 ) Ar2 -1/2
2In(2)Ay< Erf | 2y, | A k —Erf | 2(y,-d,)| A k
n(2)Ay- Er yo[ y +|n(2)] rf| 2(y, v)( y +In(2)j

(a.10)
We solve Eq. (a.9) for nper. The appropriate exposure time for a detection noise limited

wide FOV imaging system is thus given by:

T _SI\IRminé‘eIdVTPg hCAXAy
2PEr VkCO-ZPAncogeﬁ I:)avej“L

2
J Foverlap (dv ,AX, Ay, Yo Ark) (a.11)

Assuming the detection system uses 100 pixels to image one colony and there is roughly
20 counts of noise per pixel the total noise equals ¢=2,000.

The parameters were input into a MATLAB program that used Eq. (a.3), with
different values of »per, found using Eq. (a.4) and (a.11), to calculate the maximum

imaging rates. The results of this analysis are discussed in chapter 3 and presented in

Figure 7(a).
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APPENDIX B

IMAGE ANALYSIS FOR TWO-PHOTON DIRECTED EVOLUTION
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Automation and optimization of the analysis and acquisition of the fluorescent
signals acquired by the wide FOV 2PEF imaging setup is essential for rapid screening of
the tens of thousands of colonies in each library. Due to the large number of mutants
being screened in the directed evolution process data analysis can easily become
overwhelmingly difficult. The analysis used in chapter 4 consists of identifying the
fluorescence from individual colonies of E.coli bacteria that are each expressing a
different mutated version of the parent FP. These colonies are typically ~2 mm wide and
there are anywhere from 200 to 1000 colonies growing on each 9 cm Petri dish that is
screened. The program used for the analysis process must be able to identify where the
colonies are in the fluorescence images of the Petri dishes and be able to pick out which
mutant variants of the parent FP are suitable for selection. A flow chart of the typical
analysis process is shown in Figure 22. Usually there are two fluorescence images, 2PEF
and 1PEF, and the selection parameter is simply the ratio of the fluorescence in the two

images.

Acquire 2PEF and
1PEF images
¥
Correct images
]

Identity all of the colonies in the
images and put fluorescence and
position data in an array
'

Define the selection criteria
¥
Pick colonies from Petri dishes
that fit the selection criteria

Figure 22. Flow chart of the image analysis process.
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For the analysis procedure to wok the positions of the camera and Petri dish must
be fixed and must not change when switching between the 2PEF and the 1PEF image
acquisitions. This allows direct comparison between the 2PEF and 1PEF images such that
the fluorescence emitted from each separate colony can be identified and compared. The
digital images of the 1PEF and 2PEF, as seen in Figure 23, are imported from the CCD
camera into a computer and then analyzed using MATLAB. First a dark background
image is subtracted from each fluorescence image to account for scattered ambient light
and thermal noise in the camera. Once the images are background subtracted they must
be corrected for variations in the intensity distributions in both the one-photon excitation
illumination intensity and any other possible variations of the laser power over the area of
the Petri dish. Unfortunately agar at the edge of most Petri dishes climbs up the side of
the dish resulting in odd artifacts in the fluorescence images. To deal with this problem
any pixels outside a certain region in the images are set to zero. The total fluorescence of
the individual colonies is then found by identifying the bright spots in the one-photon
image, recording the position, and saving the sum of the pixels for an area around each
bright spot in both the 2PEF and 1PEF images. The spot in the image that was just
summed is then set to zero and the next brightest spot is found. Bright spots in the image
that are not colonies tend to have a low total fluorescence and can be discarded by setting
a threshold on the fluorescence data. This leaves only the colonies that are of interest.

Since both the camera and the sample are fixed relative to each other any pixel sensitivity
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variations in the camera or other spatially dependent systematic error will cancel out in

the ratio value.

Figure 23. Representative images of the 1PEF (a), and 2PEF (b) of a Petri dish containing
E.coli colonies expressing randomly mutated EGFP. These are the images exported from
the LabVIEW program that controls the CCD camera, they have not been corrected for
lamp intensity or laser power.

Once the fluorescence has been cataloged for each colony the user must define the
selection criteria to be used to screen the mutated FPs. This is typically done by either
setting a threshold for the ratio of the 2PEF/1PEF or by manually picking out mutants in
the plot of the total 2PEF versus 1PEF shown in Figure 24. Setting a threshold is useful if
one is simply trying to improve the 2PEF of the FP being investigated. Manually picking
mutants is useful when one is trying to find structure function relationships for the FP

being investigated. By picking mutants with different ratios (circled groups in Figure 24)

and carefully measuring their 2PA properties as well as their genetic sequence one can
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start to build a library of different mutations and their effects on the molecular properties
of the FP being investigated. Once the user has defined the desired selection parameters
the program outputs a picture showing which petri dish that particular mutant is from and

where on the Petri dish it is located. An example of this output is shown in Figure 25.

e ’
7/
’
6 : g
SN TN e ”
/ | v * ....o..'ll: ”
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.” 7z
s/

- mutant colonies
- EGFP colonies
- ---EGFP ratio

Normalized 2PEF

Normalized 1PEF

Figure 24. Representative plot of the 2PEF versus the 1PEF for a library of mutagenized
EGFP expressing colonies (red dots) and a sample of non-mutated EGFP expressing
colonies (black dots). Each dot represents the sum of the pixels over one colony of E. coli
from the fluorescence images. The dashed line represents the average normalized ratio of
2PEF/1PEF for the sample of non-mutated EGFP expressing colonies. The dashed circles
highlight some of the different interesting groups of colonies with unique 2PEF/1PEF
ratios.
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Figure 25. Example of the selection of a particular mutant. The image on the left tells the
user which plate the mutant is on as well as identifying where the mutant is on the plate
by placing a box around it. The plot on the right shows where the mutant is on the 2PEF
vs. 1PEF correlation plot as well as highlighting all of the mutants from the same scan as
the selected mutant in green.

To test the efficacy of the analysis, data was analyzed from a library consisting of
10 Petri dishes and 7000 colonies. The MATLAB based program took an average of 26
seconds to extract the fluorescence data of 500 colonies from one Petri dish. The full

analysis of the entire library took 4 minutes in MATLAB. The full MATLAB code is

shown in Figures Figure 26-Figure 30.
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Figure 26 continued

% date of last edit: 01-05-2015
% author: Calelb Stoltzfus

$The objective of this script is to:
$analyze the one- and two-photon excited fluorescence (1PEF, 2PEF) data of
$an entire library of mutants.

%The following parameters should be defined hefore running this script:

% 1) n_s, this defines how many Petri dishes were scanned

% Z) n_p, this tells the program how many colonies to loock for on each
$Petri dish. It can be a gross overestimate. after all of the colonies are
$found the program continues to catalog bright pizels but their total
$fluorescence will generally be much smaller than the dimmest colony's
$fluorescence making false hits easy to deal with using the threshold
Svalues .

% 3) Dir readfrom, sets the directory of the folder where all of the
$fluorescence data i1s stored

% 4) Dir_saveto, sets where the final outpud of the program should be saved
sto

% 5)displayplots, This tells the program weather or not to display plots
%zhowing the 1PEF, and ZPEF images of each plate and other sometimes
$useful information. This parameter can either be 1 = Yes, or 0 = No.

%t f)thresholdlRPEF, Thisz =zets the cutoff threshold for the 1PEF data.

%t TlthresholdZFEF, Thisz =zets the cutoff threshold for the ZPEEF data.
$These two thresholds should be set high enough to cutt off non-colony
$points but not so high that actual colonies are being missed by the
f$program. The plots displayved for each plate (plotscans = 1) can be used
%to decide an apropriate wvalue for these two thresholds.

% 8)dish_radius, this defines the area of the pitri dish that you want to
%zet to zero is. All pixels outside of this radius will be set to zero.
%The input is the =zize of the radius of the region of interest in units
$of number of pixels

%t 9)dish_center_wert, this definss where the center of the Petri dish iz in
$therms of pixels from the top of the image

% 10)dish center hori, this defines where the center of the Petri dish is
%in the images in terms of pixels from the leftmost edge of the image

% 11)r, this defines the =size of the colonies. r is the number of pixels
$from the center of the colony that will be integrated.

% 12)b, this defines the required distance between colonies to assure no
foverlaping colonies are used.

£This code was written in MATLAR RZO13
55 %5 %5 %5 FEEELEEESEEESEEES
55 % % Y Y ELELETYELEEEYE YR
clear

t2 = cputime;

a
T E S ELSEEELETEEEEEEE S
T Y Y EY Y Y YL YEEYELEEL YR

%zet the number of scans (n_s) and the number of points to lock at (n_p)
n_=s = 12;

n_p = 1000;

% 3et the directory to read data from and the directory to save data to.
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Figure 26 continued

Dir_readfrom = "C:\UsersiRaw Data’;
Dir_saveto = 'C:\Usersh\Analyzed Data';

% State wheather the program should ocutput plots for each plate of the
% library 1 = Yes, 0 = No

displavplots = 1;

% 3et the cutoff thresholds for the 1PEF and ZPEF data

thresholdlPEEF = 2500;

thresholdZPEEF = 2000;

% These parameters set the area of the petri dish that iz useable, the
% position of the dish center in the image, the raduis of the colonies,
% and the required distance between colonies

dish radius = 310;

dish_center_wvert = 539;
dizsh_center _hori = 538;
r = 3;
b = 4;

T Y Y O% YT YRR LYY E Y YYEYEYEYEYEYEYEY YL YY YL YS
% Initialize arravys

data = celli{l,n_s=);

t = zeros{l,n_sg);

% import the background correction numbers

cd{Dir_readfrom);

BG corr = xlsread(ls{'2015-01-28-Background_corrections.xlsx"));
% import the 1PA correcticon function

lin corr = xlsread{ls('2015-01-28-495nm 1PEF correction.xlax®));

% import the ZPA average laser power
cd(Dir_readfrom);

MP = importdatai¢ls{[ " *3can0l"® "-925P*"]1));
for n = 2:n_=8
if n<l1d
Frname_P = lg{["'*Scanl' numZstrin) "-9250*"]);
M = [MP' importdata{Fname_P) ']";
alaa
Frame P = lag{["*Zcan’ numZstr{n) "-9252*"]);
MEP = [MP' importdata{Fname P) "] ";
end
end.
AveragelLaserPower = mean(MP (:,9));

% imports the data and finds the colonies and fluocrescence using

% get_fluorescence_data M5H_VZ.m

for n = 1l:n_s

if n<10

[datain}, figl, figZ, t(n),colony]=M&_get fluorescence_data ([ 0"
numZstrin)], n_p, displayplots, thresholdlPEF, thresholdZPEF,
Dir_readfrom ,dish_radius,dish_center wvert,dish_center hori,r,b,
BG corr,lin_corr,AveragelaserPower) ;
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Figure 26 continued

elsze
[datain}, figl, figZ, t(n),colony]=M6_get_fluorescence_data/
numZstrin), n_p, displayplots, thresholdlPEF, thresholdZPEF,
Dir_readfrom ,dish_radius,dish center_ wert,dish_center_hori,r,
b,B&_corr,lin_corr, AveragelaserPower);

[Stalsl

end

tcreats and plots data by concatenating all of the scans
pdata = datallj};

fig3 = figure(3);

plot{datai{l} (3, :),data{l}{d, =), "k.");

hold on
for n = 2:n_8
pdata = [pdata datain}];
ploti{datain} (3, :),datalin}{d, ), "k.");
arnd
o= 0:1:10;

xlabel ("1PEEF");

yvlabel{ "ZPEF");

x1im ([0 57)

y1im ([0 51)

legend( ‘colonies', 'reference line', 'Location', 'SouthEast")
hold off

$plots the flucrescence data for all of the scans
figd = figurei(d);

hist (pdata(bs, ), 500);

xlabel("ZPEF/1PEF ") ;

ylabel( 'number of colonies');

x1im ([0 4])

figh = figure(h);

plot(l:zize (pdata, 2), pdata(3, :), 'k."', l:size(pdata, 2), thresholdlPEF)
ylabel{ "1PEE");

xlabel( 'colony number ") ;

y1lim ([0 &]);

figk = figure(f);

plot{l:size(pdata, 2), pdata¢d, :), "k.', l:size(pdata, 2], threshold2PEF)
ylabel("ZFPEF");

xlabel('colony number ') ;

y1lim([d &]);

fig7 = figure(7);

hold off
plot ((B1/4.6)*MP(:, %), 'k._.')
hold on
for i = 1:n_s&
plot ([188*i 188*i], [0 100], "k.-.")
end

ylim ([0 20]);
xlabel{ 'Time, min');
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Figure 26 continued

vlabel{'Laser power, mW');
title('laser stability plot');

hold off

snum = cell(l, 1);

sdata = cellth, 1);

snumil, 1} = "2can Number:';
sdata{l,l} = "X pozition’;
sdata{2,1}) = 'Y pozition’;
sdata{i,l) = "ZPEE';

sdata{d,1} = "1PEE";

sdatai{b5,1) = "Z2PEF/1PEF';

sdata = [sdata numZcell (pdata)];
gnum = [gnum numZeell{l*ones (1, =size{datall}, 2111]1;

for n= 2:n_=s
snum =

and

sdata =

[anum;

[gnum numZcell (n*ones (1,

zdatal ;

sizetdatain},

23]

$exports the fluorescence data and images
cd(Dir saveto)

saveas {fig3, [datestr(now, "vyyyv-mm-dd') "ZPEEF ws 1PEEF 1.9pg'])

saveas{figd, [datestr (now, 'yvyyyv-mm-dd') 'Histogram of ZPEF over 1PEF.Jpg'])
saveas {figh, [datestr (now, "vyyv-mm-dd') "1PEEF.Jpg'])

saveas (fig6s, [datestr (now, "vyyy-mm-dd') "Norm ZPEF.Jpg’])

saveas {fig7, [datestr (now, "yyyv-mm-dd') "Laser Power.jpg'])

xlswrite{ [datestr {now, "vyyy mm-dd")

£tz =

cputime-t2;

Figure 26. analyze_library.m

T

_all colonies.xls'],sdata'’)
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Figure 27 continued

01-06-2015
Caleb stoltzfus

% date of last edit:
% author:

% The purpose of this script is to plot a ZPEF threshold for selecting

% mutants.
% select_mutants_using 2PEFthreshold.m

%$This script requires that analvyze librarv.m has been run and
$variables defined in that program are still in the workspace

% The following variables must be defined to use this script:
% 1)min 2PEF, defines the minimum wvalue of the ZPEF

%This code was written in MATLAR RZEQ]L
T Y Y OY Y OYEEEEYEYYYEEE S %
P Y 5% Y OFFEEESSYYEEE LR

3a
T Y YR YOS Y RY YL %
Y %% F R Y REY R YR
% define the region of interest

min_2PEF = 1.85;

55 %55 %555 5EEEESESEFEESEELELEEEEESESSELEE
Dir threshold = ['C:\data'];
% initialize some stuff

n_maxs = 0;

n_ming = 0;

datamax = cellil, n_s);
mutantmax = zercsi&, 1);
datamin = cellil, n_s);
mutantmin = zeros{&, 1);

It is meant to be run after analyze_ library.m and before

the
T % F %Y %
$ %5 %5 % % %

T E 5%

% pull out all of the colonies abowve and below the ZFER threshold

% data{n} (4,:) iz the ZPEF data of the colonies

for n = 1:n =

datamax{n} = dataln}{d, :);

datamax{n} = datamax{n} (min_ 2ZPEF<datamaxi{n});

n_maxs = n_maxst+zizeddatamaxinl, 2);

for 1 = l:gize(datamax{nl}, 2)
[R, Cl=findi{datain} == datamaxi{n} {i));
mutantmax {1, n_maxs-i+l) = n;
mutantmax (2, n_maxs-i+l) = &;
mutantmax {3, n maxs-i+l) = data{n} (3, C);
mutantmax {4, n maxs-i+l) = data{n}(d, C);
mutantmax {5, n maxs-i+l) = data{n}(l, C);
mutantmax {6, n_maxs-i+l) = data{nl}(2, C);

end

datamini{n} = dataf{n}id, :1;

datamini{n} = datamin{n} (min_2PEF>datamin{n});

n_ming = n_minsg+zize{datamini{n}, 2);

for 1 = l:gize(datamin{n}, 2)
[R, Cl=findi¢datalin} == datamin{n} {i));

mutantmin {1,
mutantmin {2,
mutantmin {3,

n mins-i+l) = n;
= ;

data{n} (3,

n mins-i+l)
n_mins-i+l) =
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Figure 27 continued

mutantmin{d, rn_mins-i+1) = datain}{d, C);
mutantmin (b, n_mins-i+1) = datain}{l, C1;
mutantmin (&, n mins-i+l) = datal{n}{Z, C);
end
end

Plot the position of each colony and weather or not it falls within
the region of interest This can be used to make sure all of a certain

{for example all selected colonies are on the edge of the dish) it is
very likely that the imaging system is not working properly, or the

% illumination intensity correction are not working properly.

fig3l = figure(3l);

e a8 g R de

plot (mutantmin(é, :), mutantmin(s, :), 'b.',mutantmax (&, :),
mutantmaxth, ), "r*")
title(' Colony positions ')

legend('colonies below threshold', "colonies above threshold');
axis ([0 1024 0 10z24]);

set {gca, 'YDir', 'reverse');:

phaspect {[1 1 1]);

xlabel({'horizontal, pixels’);

ylabel('vertical, pixels');

hold off

% Plot the ZPEF and 1PEF data with the region of interest overlaved
fig32z = figure(32);
¥ = 0:1:10;

plot (mutantmin(3, :), mutantmin(d, :), 'b.',mutantmax (3, :), .
mutantmax¢d, ), 'r*', ¥, 1.*X¥,'k-.", ¥, (min_Z2PEF+zero=s{l,11)))

title¢[" 1PEV wvs. Z2PEF, " num2strin_maxs) " mutants zbove threshold f
numZstr (n_ming)] " mutants bhelow threshold © 1)

axis([0 4 0 4])

xlabel ("1PEE")

ylabel ("ZPEEF")

legend('colonies below threshold', "colonies above threcshold',
'Average ratio’, ['Threshold (" numZstr (min_2PEF) "1 ] , ...
"Location', 'SouthEast®)

cd{Dir_threshold)
saveas (fig3l, [datestr(now, "vyyy-ruu-dd")

‘M5 mutant library _Colony positions.dpg’])
saveas (fig3z, [datestr (now, "vyyy-man-dd")

‘M5 mutant library _Ratio with threshold. jpg'])
% end

Figure 27. plot_2PEF _thresholds.m

group of mutants don't fall within the same region on the petri dishes.
If all of the selected colonies fall within the same region of the plot
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Figure 28 continued

% date of last edit: 01-05-2015
% author: Caleb Stoltzfus

The purpose of this script is to select mutants that lie inside a range
of ratio values defined by the user

This script should be run after analyze_ library.m and
select_mutants_using threshold.m

a8 9P df of @

%This script requires that analyze library.m has been run and the
$variables defined in that program are =till in the workspace

The following wvariables should be defined by running the
select_mutants_using threshold.m script:

1)max_r, defines the maximum value of the ratic of ZPEF/1PEF
Zimin_r, defines the minimum value of the ratic of Z2PEF/1PEF

o e ge o

%$This code was written in MATLABR RZO13a
55 %5 % %5 Y EELEELELEELEEEEEEEEYELELEEEEEEEEEEE YR
T 5 %Y Y OYE Y YT YYYYYYYEEEEEYYLYYYYYYYYYEEE Y
Dir_threshold = ['C:\data"];
mutants = cell(l, n);
n_muts = 0;
mutant = cell{d, 2);
mutant{1l, 1} = "2can numbher:"';
mutant {2, 1} = "index:";
mutant{3, 1} = ‘one-photon excited flucrescence";
mutant{d4, 1} = "two-photon excited flucrescence’;
for n = 1:n s
mutants{n} = datain} {4, :);
mutants{n}t = matants{n} (min_ZPEF<mutantaz{n});
n_muts = n_muts+size(mutants{in}, 2);
for 1 = l:gize(mutantsint, 2)
[k, Cl=findidatain} == mutants{n} {(i1);
mutant{l, n_muts-i+2} = n;
mutant{2, n_muts-i+2} = C;
mutant {3, n_muts-i+2} = datain} (3, C);
mutant{d, n_muts-i+2} = datain}(d, C);
end
end
for n = 1:n muts;
scan_number = mutant{l,n+1};
index = mutant{Z, n+l};
¥1 = data{scan_number};

Col = ¥1¢(2, index);
Row = ¥1¢(1, index);
cd(Dir_readfrom);
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Figure 28 continued

if zcan_number<l10
D=importdata{ls ([ "*Scan' ['0" numZstr (scan_ number)] "-425nm*"]));
M_2PA=importdata(ls([ " *Scan' ['0" numZstr {scan_number)] "-925nm*"]1));
[M_ZPA, P_corr_func_ ZD] =
MA ZPEF Laser Powser Correction 2014 12 21¢["0°7
numZstr{scan_number) ], Dir_readfrom,M_Z2PA, AveragelaserPower) ;

else
D = importdata(ls ([ "*Scan’ numZstr{scan_number) "—-425nm*"]1));
M _2PA = importdata{ls({['*Scan’' numZstr{scan_number) "-925nm*"]));

[M_ZPA, P_corr_func_ ZD] =
Mi_2PEF_Laser Power_ Correction_ 2014 12 21 (numZstr (scan_number), ...
Dir_readfrom,M 2PA, AveragelaserPower) ;
end

$set the width and radius of the box that iz put around the mutants

r = T7;
w o= 2;
D{fRow—r—w) : {Row-r), {Col-r) : {Col+r)) =

0*D {{Row-1-w) : (Row-1) , (Col-1) + {Col+r) | +max{max (D) ) ;
D{{Bow+r) : {Bowtr+w) , (Col-r) : {Col4+r)) =

0*D{ fRow+r) : (Rowtr+w) , (Col-r) : {Col+r) ) +max(max (D)) ;
D{{Row-1r) : {Row+r), (Col-r-w) : {(Col-1)) =

O0*D ¢ {Row-1) : {Bow+r), (Col-r-w) : {Col-r) ) +maximax (D) ];
D{fRow—1) : {Row+r), (Col+r) : {Col+r+w) ) =

0*D {{Row—1) ¢ (Row+r), (Col+r) : (Cold+r+w) ) +maximax (D) ) ;

M ZPA{{Row-r—w) : (Row-r)], (Col-r): {(Col4+r)) = ...

0*M_2PA ({Row-r—-w) * {(Row-1), {(Col-1) : (Col+r) ) +max (max (M_Z2PA) ) ;
M_ZPA({Row+r) : {(Bowtr+w) , (Col-r) : (Col4+r)) = ...

O0*M_Z2PA ({(Row+r) : (Rowtr+w) , (Col-r) : (Col+r) ) +maximax (M_Z2PA) ) ;
M_2PA({{(Row-r) : {Row+r) , (Col-r-w) : (Col-xr)) = ...

O0*M_ZPA({Row-r) : {(Row+r) , (Col-r-w) : (Col-r) ) +max {max (M_ZPA) ) ;
M_ZPA(({Row-r) : {(Row+r), (Coldr) : {(Col+rd+w) ) =

0*M_2PA ({Row-r) : {Row+r) , (Col+r) : (Col+r+w) ) +max (max (M_ZPA) ) ;

figll = figure(ll);
subplot (2,2,2)

C_ s = 228;

2 e = 873;

imshow{imcomplement (mat2gray{(D{C_=s:C_ e, C_s5:C_e))));

title(["Plate number " numZstr{ccan_number) ', mutant # " num2str{n)])

subplot (2,2,1)
imshow{imcomplement (mat 2gray (M_2PA{C_=:C &, C_s:C_e))1));
title{'Corrected ZPEF image')

subplot (2,2, 3)
plot(C_s:C_e,P_corr_func_2D, 'k-")
®x1im([100 1024])

ylim([0 3])
xlabel({'Laser position on plate, pixel #');
ylabel({'Relative laser power, a.u.');

title("laser stability plot®);
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Figure 28 continued

subplot{z, 2, 4)
¥ o= 0:100:10;

plot {pdata(3, :),pdataid, ), "k.',data{scan_number) (3, :

data{scan_number}¢d,:), ‘g.', X, 1.%X,"k-_",...

datalscan_number} (3, index), data{scan_number} (4, index),

axiz{[0 5 0 &])
set (geca, 'FontsSize®, 5)
xlabel ("1PEEF");
vlabel{"2PEF");

legend( 'colonies’, "colonies from selected scan', '"RAverage ratio', ...

"zelected mutant', 'Location', '"NorthWest');
legend({ "boxoff")

cd(Dir threshold)

saveas(figll, ['threshold_mutant_' numZstri{n) ‘_plate_"'...

numzstr (scan_number) '.ipg’l)
end

% export the mutant data
cd{Dir threshold)

xleswrite('Mb_ZPEF_threshold_selectes_mutants.xls',mutant”)

Figure 28. select_mutants_using_2PEF _threshold.m

lorl)
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Figure 29 Continued

% date of last edit: 05-29-2014
% author: Caleb 2tcoltzfus

% The purpose of this script is to extract the posgsitions of mutants
% manually selected from the ZPEF ws 1PEF graph

%This script requires that analyze_library.m has been run and the
$variables defined in that program are still in the workspace

% To use this script:

% 1)First run analyze_library.m to exctract the

% fluorescence data of the library being investigated.

% Z2)Click on figure 3 in that was an output of the analyze_library.m =script
% in the MATLAP figures window select the data cursocr tool

% 3)Jusing the data cursor tool select the points in the wplot that represent
% the desired mutants. Hold alt and click to select more than ocne point.

% 4dionce you have zelected all of the points of interest right click and

% =zelect export cursor data to workspace

% BiWhen the "enter variable name"™ diclog box pops up enter 'mutants01°" and
% click ok

% &irun the Manually_ select Mutants.m script

% The program will save a figure which shows vyou which Petri dish and where
% on that Petri dish each mutant tou selected was, It will alsc save an

% .xls file with all of the important data for each mutant vou selected

%This code was written in MATLAE R2013a

T % % FLFELELETLEELETEEEEEEELELS
T % % FLFELELETLEELETEEEEEEELELS
Dir manual = "C:\Data’;

FF 5 F YRS YR Y RYE YRS
FF 5 F YRS YR Y RYE YRS

mut sname = "MutsZP°;
mutants0l = Muts2P;

% initialize arrays and put in headers
n muts = gize(mutants0l, 2);

mutant = cell{d, n muts+l);
mutant{l, 1} = "Scan numbher:";
mutant{2, 1} = "index:";
mutanti{3, 1} = 'one-photon excited fluorescence';
mutanti{d, 1} = "two-photon excited fluorescence';
for n = 1l:n_muts;
$pull the data from the points selected on the graph
index = mutants0l (n) .Datalndex;
two_PEF = mutants0l(n) .Position{2);
one_PEF = nmutants0l{n) .Pozition(l);
$find which dish each mutant belongs to
for i = 1:n_g

if find{data{i}==one_PEF) >0
mutant{l, n+l} = i;
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Figure 29 Continued

end

mutanti{z, n+l} = index;
mutant{3, n+l} = data{i} (3, index);
mutant{d, n+l} = data{i} {4, index);
end

end

% attempting to szelect mutants from the plot

for

n = l:n_muts;
scan_number = mutant{l,n+1};
index = mutanti{2, n+l};
Fow = datalscan_number} (1, index);
Col = datalscan_number} (2, index);
cd{Dir_ readfrom);
if scan number<ld
D = importdata{ls{["*Scan’ ['0" numZstr{scan_number)] "-4%5nm*"]));
M _Z2PA=importdata{ls{["*Scan’ ['0" numZstr{scan_number)] "-%25nm*"]));
[M 2PA, P corr func 2D] =
M5 Z2PEF Laszser Power Correction 2014 12 21¢['0°
numZstr (gcan_number) ], Dir_readfrom,M Z2PA, AveragelaserPower) ;

else
D = importdatai{ls ([ "*3can' numZstr{scan_number] "-4%5nm*"]));
M_2PA = importdatal{ls ([ "*3can' numZstr{scan_number] "-9%25nm*"]));

[M_2PA, P_corr_func_2D] =
M5_Z2PEF_Laser_ Power_Correction_2014 12 21 {(numZstr (scan_number),
Dir_readfrom, M_Z2FA, AveragelaserPower) ;
end

%get the width and radius of the box that is put arcund the mutants

r = 10;
W o= Z;
D{{(Row-r-w) : (Row-r), (Col-r) :{(Col+r)) =
0*D {{(Bow-r-w) : (Row-r), (Col-r) : {(Col+r) ) tmaximax{D));

D{{(Row+r) : (Row+r+w), (Col-r) : {(Col+r)) =

0*D{ (Row+r) : (Row+r+w) , (Col-r) : {(Col+r) ) +max{max{D));
D{{(Row-r) : (Row+r), (Col-r-w) : {(Col-r)) =

0*D{ (Row-r) : (Row+r), {(Col-r-w) : {Col-r) ) +maxi{max{D));
D{{Row-r) : (Row+r) , {(Col+r) : {(Col+r+w) ) =

0*D{ {Row-1) : {(Row+r) , (Col+r) : {Col+r+w) ) +maximaxi{D) ) ;

M _Z2PA{{Row-r-w) : {(Row-1r), {(Col-r) : {Col+r)) = ...

O*M_ZPA{(Row-1r—-w) : {Row—1r), {(Col-r) : {Col4+r) ) +max{max{M 2PA));
M 2PA{(Row+r) : (Row+r+w), (Col-r) : (Col+r)) = ...

O0*M ZPA {{Row+r) : (Row+r+w) , (Col-1r) : {Col+r) ) +max{max{M 2ZPA));
M 2PA({(Row-r) : {(Row+r), {(Col-r-w) : {Col-1)) = ...

O*M Z2PA {({Row-r) : (Row+r), (Col-r-w) : (Col-r) ) +max{max{M ZPA));
M 2PA({(Row-r) : (Row+r), (Col+r) : (Col+r+w)) =

O0*M_Z2PA {({Row-r) : (Row+r), (Col+r) : (Col+r+w) ) +max (max {M_ZPA) ) ;

figll = figure(ll);
subplot (2,2,2)

C_ s = 228;

C_e = 873;
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Figure 29 Continued
imshow {imcomplement (matZgrayv(D(C_s:C_e, C_s:C_e))));
title(['Plate number " numZstr{szcan number) |)

subplot (2,2,1)
imshow {imcomplement (mat2gray (M_2PA{(C_s:C_e, C_s:C_e))));
title("Corrected ZPEF image')

subplot (2,2, 3)
ploti{C_s:C_e,P_corr_func_2D, "k-")
x1im{[100 1024])

y1lim¢ [0 3])
xlabel{'Laszer posgsition on plate, pixel #');
ylabel{'Relative laser power, a.u.');

title("laser stability plot');

subplot (2, 2, 4)

X = 0:100:10*%10"4;

ploti{pdata(3, :) ,pdataid,:), 'k.',data{scan_number}{3,:),
data{scan_number) {4, :), ‘g.', %, 1.5.%X, "k-_"7,
dataf{zcan_number} (3, index), datalscan_number) (d,index), "Or'

axiza{[0 5 0 5]

zet {gca, 'FontSize', §)

xlabel ("1PEEF");

yvlabel{"Z2PEF");

legend{ "'colonies’, "colonies from selected scan',
'Average EGFP ratio', 'selected mutant', "Locaticn', '"NorthWest');

legend{ 'boxoff")

cd{(Dir manual)
saveas(figll, ['manually selected mutant ' numZstr({n) '.Jjpg'l)

end

% % export the mutant data
cd(Dir manual)
xleswrite{ 'manually_selected mutants.xls ', mutant ")

Figure 29. manually_select_mutants.m
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Figure 30 continued

% date of last edit: 05-29-2014
% author: Calebh Ztoltzfus

%The objective of this function is to:
$hanalyzy fluorescence images and pull out the total 1PEF and 2PEF for each
%colony in the images.

$The following parameters are the inputs to this function script:

% 1) n_s, this defines how many Petri dishes were scanned

2y n_p, this tells the program how many coloniles to look for on each

Petri dish.
It can be a gross overestimate. after all of the colonies are
found the program continues to catalog bright pixels but their total
fluorescence will generally be much smaller than the dimmest colony's
fluorescence making false hits easy to deal with using the threshold
values.

3) Dir_readfrom, sets the directory of the folder where all of the
fluorescence data is stored

4) Dir_saveto, sets where the final outpud of the program should be saved

to

Siplotscans, This tells the program weather or not to display plots
showing the 1PEF, and ZPEF images of each plate and other sometimes
useful information. This parameter can either be 1 = ¥Yes, or 0 = No.

t)thresholdlPER, This sets the cutoff threchold for the 1PEF data.

Tithreshold2PEF, This =sets the cutoff threshold for the ZPEF data.
These two thresholds should be set high enocugh to cutt off non-colony
points but not so high that actual colonies are being missed by the
program. The plots displaved for each plate {(plotscans = 1) can be
used to decide an apropriate value for these two thresholds.

8)dish_radiusz, this defines the area of the pitri dish that you want to
set to zero is. &1l pixels ocutside of this radius will be set to zero.
The input is the size of the radius of the reglon of interest in units
of number of pixels

S1dish center wvert, this defines where the center of the Petri dish is in
therms of pixels from the top of the image

10)dish_center_hori, this defines where the center of the Petri dish is
in the images in terms of pixels from the leftmost edge of the image

11)r, this defines the size of the colonies. r is the number of pixels
from the center of the colony that will be integrated.

12yb, this defines the required distance between colonies to assure no
overlaping colonies are used.

ot

o dE P df dE P Of df dF df 0 df dF d df df OB df R P Of dF df df df gf df 0P O dF o of

Thiszs code was written in MATLAR RZ013

dE o dl

h C
% %
% %

e a D

13a
585 % %Y R R R YR RS Y TE R Y OE Y EYYERYE YRR SR
$ 555 %EFEEELELELES £ 4555 EEELEETLELELSEEEES

dE dP

function [data, figl, figZ, t, colony] =

M&_get_fluorescence_data {scan_number, n_p, displayplots,

thresholdlPEF, thresholdZPEF, Dir_readfrom,dish_radius,

dish_center wvert,dish center_ hori,r,b,BG _corr,lin corr, AveragelaserFower)
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Figure 30 continued

t = cputime;
Dir saveto = ["C:vData’];

thresholdlPEF2 = 0.3*%1075;
threshold2PEF2 = 0.5*10"5;

v_Bg = "000nm";
v_1PA = "495nm';
v_Z2PA = "S25nm’;
BG_1PA = BG_corr{strZdouble{gscan_number), 1);

BG_2PA = BG_corristrZdouble (scan_number), 2);

Yzet the path of where to find the data
cd({Dir_readfrom);

$get the filenames of the data

Frname_bac = lag{["*Zcandl’ "-" wv_Bg "*']);
Friame_1PA = lgt¢['*Scan' scan_number "'-' w_1PA "*']);
Frniame 2PA = lgt¢(['*Scan’ scan_number "'—-' wv_2PA "*']);

fimport the images

M BG = importdata (Fname_bac);
M_1PA = importdata (Fname_1P&4) ;
M_2PA = importdata (Fname_2P4)

,

$correct the images
M_1PA = ((((M_1PA-M BG)/4)./lin_corr))-BG_1PA;
M_2PA = M_ZPA-BC_ZPA;

M_1PA(M_1PA<0)=0;
M_Z2PA(M_2PA<0)=0

,

% Correct any variation of the laser power in the ZPEF image
M_2PA = M&_ZPEF_Laser Power_Correcticn{scan_number,
Dir_readfrom,M_ZPA, AveragelaserPower) ;

% Correct any welrd spacial dependence in the ZPEEF image
M_2PA = ME&_Gaussian_ 2PEF_Correction(M_1PA,M_Z2PA);

%$5et the image where the colonies are going to be
$identified in to either 1PEF ZPEF
M = M_1PA;

$cut the edge of the image to avoid edge effects
r_squared = roundi{dish radius"2);
for col=1:1024
for row=1:1024
if {col-dish center_wert) 2 + (row-dish center_ hori) "2 ==r_sguared
M{cocl, row) = 0;
end
end
end



127

Figure 30 continued

% Initialize the arrays we are golng to stick things into
colony = zeros{Z*r+l,2*r+l,n_p);

data = zerosi(b,n_p);

% Initialize an index to put things into the data matrix with
k = 0;

for 1 = 1l:n_p;
greshape the matrix intoc one row of pixels
YV = reshape (M, 1,[]];
%find the index of the max in that row
[R,C] = find{M==max{V)];
C=C1{1);
R=R(1l);
%If there are no more maxes to find make sure the program doesn't crash
if max¢v) == 0
C=50;
R=50;
end
$Zet the area around the colony that was Just identified to O
M{{R-r-h) : (R+r+b), (C-r-b) : {C+r+b)) = 0
%find the total 1PEF and ZPEF data by adding all of the pixel wvalues
%in the region around the colony
£l = sum{sum(M_1PA({{(R-r): (R+r), (C-r): {C+
£2 = sumtsum{M_2PA{(R-r): (R+r), (C-r): (C+
tThreshold the data

[a T

5 % or
if f1 »= thresholdlPEFZ2 || f2 »= thresholdZPEF2
5 0% and
if f1 »= thresholdlPEF && f2 »= thresholdZPER
k = k+1;
datail, k) = E;
datai{2, k) = C;
data{3,k) = £1;
data{d, k) = £2;
data{f, k) = £2/f1;
colony{:,:,1) = M_1IPA{{BR-1) : {(B+r), (C-r) 1 {CH+r) ) ;
end
end
end

% %get rid of any zeros in the data
data = data{l:end,1:k);

% % % % Normalize the data to the average flucrescence from the plate

data(3, :) = data(3, :) . /meantdatai3, :1];
data(d, :) = data(d, :) . /meantdataid, :17);
datai(h, :) = dataid, :) . /datatl, :)1;

% make plots if desired

if displavyplots == 1;
% draw a circle around the area that was used for sgelecting coleonies
r_squared = roundi{dish_ radius"Z);

for col=1:1024
for row=1:1024
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Figure 30 continued

pixelpos = {(col-dish_center_ vwert)"~2Z + {(row-dish_center_hori)"2);
if pixelpos »= r_squared && pilxelpos <= r_squared+Z000
M_1PA{col, row) = maximax(M_1PA)):
end
end

end

figl = figure(l);

subplot (1,2,1)

imshow {matZgray {(imcomplement (M_ZFA) ) ;
title ([ 'Scan number ' scan_number '; Z2EEE']);
subplot (1,2,2)

imshow {matZgray (imcomplement (M_1FA) ) ;
title("1PEF");

figz = figure(2
subplot (2, 2, 1
¥ o= 0:100:7*1073;

plot{data(3,:), dataf(d,:), ‘k.", 3, 1.*¥)
x1im{ [0 5]}

ylim([0 51);

xlabel{" 1PEEF ");

vlabel ("' ZFEE ");

i
]

title ([ 'Scan number ° scan_number ]);
subplot (2, 2, Z)

imshow {matZgray {(imcomplement (M) )] ;
zubplot (2, 2, 4)

hist (data{bh,:), 100);

x1lim ([0 4]);
xlabel(" ZPEF/IPEE ") ;
vlabel("' # of colonies ");

% % Uncomment this to look at the individual colonies to make sure your
% % r iz large enocugh

% ==1;

% n=16;

% figure{bld);

% for 1 = g:34+n-1;

% subplot {round (sgrt {n) ), round{=sgrt (n)), (i-s+1}

% imshowimatZgray {colony{:, :, 1))

% end

cdiDir_saveto)

zaveas (figl, [datestr (now, 'vyyy-mm-dd') ' Scan number
scan_nunmber '_Norm ZPEF and 1PEE images.jpg'])

saveas (fig2, [datestr (now, 'vvyvy-mm-dd') '_Scan number
scan_number ' _MNorm Correlation and Histogram of ZPEF wvs 1PEF. Jpg'])

else
figl = 0;
figz = 0;
end
t = cputime-t;
end

Figure 30. get_fluorescence_data.m
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APPENDIX C

EGFP MUTANT SPECTRA
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Figure 31 continued
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Figure 31 continued
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1PA wavelength (nm)
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Figure 31 continued
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Figure 31 continued
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Figure 31 continued
1PA wavelength (nm)
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Figure 31. Here all of the effective two-photon cross section spectra are shown. The
effective extinction coefficients spectral shapes are overlaid on the plots for reference.
Plots with multiple symbols represent multiple measurements of the two-photon cross

section of that particular mutant, purified and measured on different days. The plots are

(; wop_weom) %

(; wo, W eom) 4%

arranged in the same order as in Table 2. *For 1PA spectra with a star the absolute values
of the extinction coefficients were explicitly measured. For all other mutants the peak
1PA of the anionic form of the chromophore was assumed to be 55,000 M cm™. The
ratio of the concentration of the two forms is shown for those mutants for whom it was
measured. The numbers in the upper right hand corner of each plot designate different

mutants.
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APPENDIX D

ADDITIONAL FINGERMARK ANALYSIS



Figure 32. Fluorescent images of fingermark number 1. (a) Image of the stained
fingermark using 2PEF imaging. (b) Image of the stained fingermark using UV
illumination. The white lines highlight the rows of pixels for which the contrast was
calculated. The contrast was calculated for each numbered region and is shown in Figure
36.
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Figure 33. Fluorescent images of fingermark number 2. (a) Image of the stained
fingermark using 2PEF imaging. (b) Image of the stained fingermark using UV
illumination. The white lines highlight the rows of pixels for which the contrast was
calculated. The contrast was calculated for each numbered region and is shown in Figure
36.
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Figure 34. Fluorescent images of fingermark number 3. (a) Image of the stained
fingermark using 2PEF imaging. (b) Image of the stained fingermark using UV
illumination. The white lines highlight the rows of pixels for which the contrast was
calculated. The contrast was calculated for each numbered region and is shown in Figure
36.



Figure 35. Fluorescent images of fingermark number 4. (a) Image of the stained
fingermark using 2PEF imaging. (b) Image of the stained fingermark using UV
illumination. The white lines highlight the rows of pixels for which the contrast was
calculated. The contrast was calculated for each numbered region and is shown in Figure
36.
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Figure 36. Contrast histogram. This plot shows the value of the average contrast of the
different regions from the fingermark images shown above.



