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Abstract

Two-photon excited fluorescence microscopy (TPM) has become a standard
biological imaging tool due to its simplicity and versatility. The fundamental contrast
mechanism is derived from fluorescence of intrinsic or extr insic markers via
simultaneous two -photon absorption which provides inherent optical sectioning
capabilities. The NIR-Il wavelength window (100G 1350 nm), a new biological imaging
window , is promising for TPM becausetissue components scatter and absorb las at
longer wavelengths, resulting in deeper imaging depths and better contrasts , compared
to the conventional NIR-I imaging window (700 ¢ 1000 nm). However, the further
enhancement of TPM has been hindered by a lack of good two -photon fluorescent
imaging markers in the NIR-II.

In this dissertation, we design and characterize novel two -photon imaging
markers, optimized for NIR -1l excitation. More specifically, th e work in this dissertation
includes the investigation of two -photon excited fluorescence of various highly
conjugated porphyrin arrays in the NIR -1l excitation window and the utilization of
nanoscale polymersomes that disperse these highly conjugated porphyrin arrays in their
hydrophobic layer in aqueous environment . The NIR-emissive polymersomes, highly
conjugated porphyrins -dispersed polymersomes, possesssuperb two -photon excited

brightness. The synthetic nature of polymersomes enables us to formulate fully



biodegradable, non-toxic and surface-functionalized polymersomes of varying
diameters, making them a promising and fully customizable multimodal diagnostic
nano-structured soft-material for deep tissue imaging at high resolutions . We
demonstrated key proof -of-principle experiments using NIR-emissive polymersomes for
in vivo two -photon excited fluorescenceimaging in mice, allowing visualization of blood
vessel structure and identification of localized tumor tissue. In addition to spectroscopic
characterization of the two -photon imaging agents and their imaging
capabilities/applications, the effect of the laser setup (e.qg., repetition rate of the laser,
peak intensity, system geometry) on two -photon excited fluorescence measurements is
explored to accurately measure two -photon absorption ( TPA) cross-sections. A simple
pulse train shaping technique is demonstrated to separate pure nonlinear processes
from linear background signals, which hinders accurate quantification of TPA cross

sections.
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1. Two-photon Excited Fluorescence Microscopy

1.1 Motivation of the dissertation

Molecular imaging based on optical nonlinearity provides high -resolution
structural and functional information of specimens originating from molecular-specific
nonlinear light -matter interaction . Among various nonlinear microscopic techniques,
two-photon excited fluorescence microscopy (TPM) has now become one of the standard
biological imaging tools for deep tissue imaging, thanks to its simplicity and versatility.
TPM is often associated with near-IR (NIR) wavelengths of 700+ 1000 nm (NIR-1, a
conventional biological imaging window) excitation which is easily accessible by
Ti:Sapphire lasers. NIR-I excitation for TPM induces less scattering and less absorption
from tissue components resulting in de eper imaging depth when compared to the
depth limit of linear fluorescence microscopy which utilizes UV -vis wavelength
excitation. While there has been extensive work utilizing NIR -l excitation for TPM,
recent advances in laser technology have opened up he opportunity to explore a new
biological imaging window of 1000 + 1350 nm (NIR-II) as excitation wavelengths, which
is promising to extend the limits of imaging depth and contrast of TPM. Further
enhancement of TPM using the NIR-II imaging window is, howev er, impeded by a
dearth of bright and safe two-photon fluorescent imaging agents suitable for the spectral
win dow.

Highly conjugated porphyrin arrays with meseto-mesaconnectivity define a class

of exceptional NIR -emissive chromophores possessing high fuorescencequantum



yields; along with their outstanding chemical and photochemical stabilities and excellent
biocompatibility, this makes them promising candidates for contrast agents in
biomedical imaging . We explore two-photon absorption of various highl y conjugated
porphyrin arrays with meseto-mesaconnectivity focused on the NIR-II biological
imaging window. Polymersomes, self-assembled vesicles made from diblock copolymer
units, provide hydrophobic bilayer s suitable for dispersion of the multiporphyrin
fluorophores in aqueous environment. Importantly, nanoscale polymersomes afford the
chemical stability, drug delivery capacity, and biocompatibility necessary for developing
these structures as impressive diagnostic and therapeutic agents.

Thus the overarching goal of this dissertation work s is to design, characterize,
and exploit novel two -photon imaging markers utilizing the highly conjugated
porphyrin arrays dispersed in polymersomes optimized for NIR -1l wavelength
excitation toward deep er, brighter, and safer two-photon in vivo imaging.

The rest of this chapter will provide a brief overview on nonlinear light -matter
interaction especially focused on two-photon absorption, which is the simultaneous
absorption of two photons reaching a state of twice the energy of the individual photon,
and TPM in wh ich two -photon excited fluorescence provides three-dimensional optical
sectioning capability with subcellular resolution. The last section of this chapter will

provide an outline of the dissertation as guidance for the use of readers



1.2 Nonlinear absorption

When photons pass through materials multiple phenomena can happen:
reflection, refraction, scattering, and absorption. Absorption , often times followed by
fluorescence,is of particular interest for spectroscopy and optical imaging because
intensity change and consequent dynamics of absorbess induced by light absorption
provides extensive information about the specimen by simply measuring the amount of
light absorbed/emitted or by further temporal and spectral analysis.

For traditional linear (one -photon) absorption, the rate of absorption can be
described by

di ..
— = IO N | 1.1
dz a 3 (1)

where ais the linear absorption coefficient, s1is the one-photon absorption cross-section
(cm3), N is the number of density of the absorber, and | is the incident light intensity. The
one-photon absorption cross-section (cm2) can be converteda molar extinction

coefficient (¢ M-tcm?) that is a more familiar concept to chemists by

N
e=——>~= - 12
10° In(10 ? 12
where Na is the Avogadro constant.
When light intensity gets stronger, the probability of multiphoton absorption
increase nonlinearly described by Taylor expansion of eq (1.1)
di o s
—=a l0OH" O0f°-.. (1.3
dz



The probability of mul tiphoton process depends on coefficients of the

corresponding n-th order process and the input light intensity. For two -photon
absorption (TPA), described by bl %in eg (1.3),the first theoretical consideration was

developed by Goeppert-Mayer in 19311 The absorption probability of two-photon
absorption cross-section is described by sz, two-photon absorption cross-section, with
the GM (Goeppert-Mayer, 1 GM = 10%° cm*s/photon) unit to honor her seminal work on
two -photon absorption. To give a senseof comparison between the probability of one -
and two -photon absorption, the one-photon absorption cross-section (s1) of typical
organic chromophores is of the order of ~10%” cm? and two -photon absorption cross-
section (s2) of a typical two -photon chromo phores is of the order of ~1x 10%°cm* s
photons (1 GM). TPA is, thus, observableonly when high intensity light (typically >

14 photons cm2 s1) is applied because TPA signal increase with quadratic dependence
on incident light intensity. This explains why it took ~30 years after the theoretical
prediction to demonstrate two -photon absorption experimentally in 1961 by Kaiser and
Garrett soon after the laser was invented.2 In recent years, the development of sub-ps
laser enabled access to twephoton absorption more easily. At high intensity excitation
conditions, higher order absorption processesthan one- and two -photon absorption start
to contribute due to n-th power dependence of n-th order absorption. Alt hough high
order absorption processesare beyond the scope of this dissertation, they are becoming
more interesting topics of research, especially in biological imaging, as high power lasers

at long NIR region become more accessible. In addition, it is noteworthy to mention that



there are multiple nonlinear light -matter interactions such as secondharmonic
generation (SHG), third harmonic generation (THG), stimulated Raman scattering (SRS),
and coherent anti-stokes Raman scattering (CARS), other than nonlirear absorption. All
of these processes have been utilized for nonlinear microscopy?

Beyond the scientific interest of two -photon absorption of material s as a tool to
explore two -photon allowed excited states that cannot be directly accessed by linear
absorption, the most exciting advantage of TPA wasdemonstrated with TPM first by
Webb as a imaging tool.# The most important merit of TPM is its intrinsic optical
sectioning capability since two -photon excited fluorescence occurs only at focus where
light intensity is efficiently high. Now TPM hasbecome a standard imaging tool for

biological research.

1.3 Quantification of two-photon excited fluorescence

It is crucial to understand the effect of laser parameters to the probability of TPA
and the measurement of TPA crosssection. While rigorous theoretical analysis for
generic multiphoton absorption has been worked by Xu et al., 5 here | will summarize the
key components of TPA which will be cr itical to understand the result s and discussion
in this dissertation.

In a particular measurement condition for laser excitation, the total number of

photons absorbed by two-photon excitation as a function of time and space is given by

N_(1) = ﬁ drs,Ce, b 1%¢ ,t) (1.4)



where sz is the two-photon absorption cross-section, C(r,t) is the concentration of an
absorber, and|(r,t) is the incident laser intensity. Assuming absorption induces no
photo-bleaching and photo-degradation, the concentration of an absorber can be treated
as a constantC. Moreover, in the case where the spatid and temporal part can be

separated we have
Naps(1) =5,C I5(DFjor S°() (15

where lo(t) and S(r) correspond to the temporal and spatial function of incident light.
Then the number of fluorescence photon by two-photon absorption collected per

unit time is given by
F() = 1 f N (1) 1 fJCSZ()pdr Sr) (1.6)
2 abs 2 oV '

where 2 is the fluorescence quantum efficiency (we assume fluorescence quantum
efficiency by two -photon excitation is the same as by onephoton excitation), Cis the
collection efficiency of the detection system.

In a laboratory, only the time -averaged fluorescence photon flux can be

measured
1 2 ~ 2
<F(t)>=§f h£ (150)fdrs’e) (1.7)

Because detectors generate signal proportional to<| (t)>2 not <I 2('[)> , we can

rewrite equation above with average intensity

<F(t)>:%f h,9?C <Io(t)>2ﬁdr () (18)



where g®, a 24-order temporal coherence of the excitation beam, is defined by

2 — <I§(t)> (1.9

While g®@is 1 for a single-mode continuous wave laser, g@ for a pulsed laser is

given bys

(2

g
@ ==r 1.10
9" ==, (1.10)

3

~

D2yt

U —C (1.12)

p < 2
e'\;/(2f) z

@nl/(zf)lo(t)dt ;

where f is the repetition rate of the laser, 3 is the full width at half -maximum (FWHM)

pulse duration, and go®@ is dimensionless quantity which depends on the shape of laser

pulse. For a Gaussian pulse one can easily find that go® = 0.66. For a typical laser system,

a mode-locked Ti:Sapphire laser with 80-MHz repetition rate and ~100-fs pulse duration,

that is employed for TPM g@ is about 1. Thus, although CW laser can be used to excite

chromophores for two -photon absorption, a few hundred fs -pulsed lasers provide five

orders of magnitude signal enhancement compared to CW lasers for two-photon

excitation under the same average power and the same excitation geometry.

For most cases, lasers with TEMo mode provide Gaussian beam profile and its

spatial distribution function (r) is given by

S(r)=9r, 3 =

W5
W (2)

2r?

W (2

Exg (112
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where zis the distance for the narrowest point of the beam along the optical axis, r is the

radial distance from the optical axis. Gaussian beam width, w(2), is given by

[
=
N

& a7 B9
W2 =we - U (113
€ ¢&= ~H
Z, = "O'C/Wg (1.14)

where zr is called the Rayleigh range which corresponds to the distance from the center
of the beam where the beam sze is \/EWO. The spatial distribution function is strongly

dependent on excitation geometry. The most relevant excitation condition for single -
point excitation in conventional two -photon microscopy employing MHz lasers is the
thick sample limit ( zr <<I) or tight focusing geometry using an objective lens where the
Rayleigh range is much smaller than sample thickness (). In this case, numerical

calculations with the paraxial approximation show that >

8n/3

Rdrs?(r)e —
8 pB(NA)

(1.15)

where NA (the numerical aperture) = nsing, n is the refractive index, and ¢ is the half-
angle of collection for the lens.

Using the relation of I(t) and P, the incident power which is measured by

P(t) , we can obtain the time-averaged two-photon excited

NA)*
experiment, |,(t) = '0(/—2)

fluorescence photon flux for the thick sample limit



9, 8, (P(1))’

_1
<F(t)>—2f he - By (1.16)

In this limit, experimentally detected two -photon excited fluorescence induced
by pulsed laser is quadratically dependent on the average incident power and inversely
proportional to the pulse width and repetition rate of lasers but dependent not by the
size of focal spot This fact that two -photon absorption is independent of the focusing
power simplifies the consideration of focal size selection for two-photon excited
fluorescence generation especially in imaging condition.

Another widely used condition for two -photon absorption measurement is the

thin sample limit ( or loose focusing limit, Z; 2 |) which can be obtained by loosely

focused beam into the sample by amplified lasers (kHz) because of high pulse energy.
Using a flat beam approximation, we can put w(z) = w z as a constant. The corresponding

spatial distribution is given by

A
ROrse)= ﬁf% Exig ir; % 2p ?’3— (L17)
z e z z

where Dz is the sample thickness. Thetime -averaged two-photon excited fluorescence

photon flux for the thin sample limit is then

Dz
<F(t)>-—f he > Py 4W2<F’(t)> (118)

In this thin sample limit, the amount of two -photon excited fluorescence depends
on sample thickness but is not dependent on sample position as long as beam size [w(z)]

is considered to be constant.



In theory, there is no complexity to estimate two -photon absorption both in thick
and thin sample limits. In practice, however, experimental comparison between two
cases can produceconfusing result when each excitation and molecular conditions are
not properly selected | will discuss the complication of contributing factors to measure
two -photon excited fluorescence by comparing molecules, excitation geometry,

repetition of the laser, and detection geometry in more detail in Chapter 5.

1.4 Two-photon fluorophores

Since two-photon absorptivity and fluorescence quantum efficiency under
photon excitation are directly related to the performance of TPM, there have been
increasing demands to characterize TPA ofchromophores and to develop better two-
photon chromophores. For fluoroph ores, fluorescent chromophores, the most widely
used technigue to measures: is the two -photon excited fluorescence method developed
by Xu and Webb et al..> Fundamental approach is to excite fluorophore solution by a
focused laser beamfollowed by collecting two-photon excited fluorescenceinto a
sensitive detector at a 900Wangle geometry while rejecting excitation light.

One can measure two-photon absorption cross-section using eq (1.16 or eq (1.18
depending on excitation condition by careful measurements of temporal and spatial
parameters of the incident laser beam and the characterization of sample conditions
including the concentration, the fluorescence quantum yield, and the collection
efficiency of the detection system. However this process is not trivial. When a well -

charaderized reference chromophoreis available, TPA crosssection measurement
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becomes much easier with minimal calibration by relative measurement. The relative
fluorescence signal of a reference sample ancan unknown sample by two -photon
excitation for a specific wavelength is obtained under the assumption that the same

excitation power are used is given as®

<F(t)>ref — fref /rLf Zﬁefcrefnref
<F(t)>smp| fsmpl /zmpl 2‘,SsmpC sm|gl‘I smy

(1.19)

where 2 is the fluorescence quantum yield, ¢ the collection efficiency of the system, Cis
the concentration, n the refractive index of solvents, and refand smpldenote the
reference and unknown samples, respectively. We can simply cancel out the temporal
coherence factor [g?] for relative fluorescence signal because it is independent to

samples. Rearrangement of eq {.19 gives

S — fref Qf 2‘,$efCrefnref< F(t)>smp|
aem fsmpl /Zmpp smpp sm;g F(t)>ref

(1.20)

Thus one can easily measure TPA crosssection of a new sample without
rigorous characterization for beam and detection system. Once fluorescence quantum
yield, concentration of solutions, and solvent refractive index are known, TPA cross
section can be extracted by measuring fluorescence signal intensities of reference and
unknown sample. The collection efficiency of the reference and the unknown sample can
be assumed to be the same for simplicity when the reference and the unkrown sample
emit fluorescence in a similar spectral region. More careful calibration on collection

efficiency can be done by measuring relative spectral collection efficiency which will be

11



described in Chapter 5. Practically, multiple fluorophores are available as a reference
studied by several groups;5” Rhodamine6G (R6G) and Styryl9M are good reference
fluorophores with modest signal [ bemax(R6G) = 65 GM at 800 nm2(R6G) =0.92 in

MeOH E O E g (StyryloM) = 780 GM at 1240nm, 2(Styryl9M) =0.24 in CHCIs] | O b wk
= 70@ 1000 nm and 900 1500 nm, respectively.The more relevant quantity for TPM is

two -photon action cross-section, s22, which is the direct figure of merit to estimate how
bright fluorophores is under two -photon excitation.

One requirement of this technique is to confirm the quadratic dependence of the
fluorescence intensity versus the input laser power , otherwise direct comparison of the
fluorescence intensity of referenceto an unknown sample to calculate s:is not valid.
This method is directly applicable to obtain higher order absorption cross -section than
two -photon absorption under the condition that power scaling confirms the
corresponding order of process. Table 1 summarizesthe sz or sz2¢ of some of commonly
used two-photon chromophores measured by the two -photon excited fluorescence

method.
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Table 1. Two-photon absorption cross -sections of common ly used fluorphores | O lkwh

=703 1000 nnr
Fluorophores Solvents Excitation h2 (GM) h2 2
wavelength (GM) b
(nm)
Intrinsic fluo rophores
NADH H20, pH7.2 700 ~0.02
GFP wild type H20 800 ~6
Retinol H20, pH7.2 700 0.07
Flavins H20, pH7.2 700730 ~0.1-0.8
Folic acid H20, pH7.2 700770 0.007
Extrinsic fluorophores
Rhodamine 6G MeOH 800 65 (+9)
Rhodamine B MeOH 840 195 (x25)
Fluorescein H20, pH11 780 46 (+6)
Coumarin 307 MeOH 776 19 (#5.5)
Coumarin 485 MeOH 800 37
Coumarin 540A CCla4 800 45
Lucifer Yellow MeOH 840 2.9
Tetraphenylporphyrin CCla 790 12
Perylene CH:Cl2 820 4.5
Fura-2 (free) H20 700 11
Fura-2 (with Ca2+) H20 700 12
Cascade blue H20 750 21 (x0.6)
BODIPY H20 920 17 (£4.9)
Alexa Fluor 430 H20 870 11.6
Alexa Fluor 488 H20 720 97.9
Alexa Fluor 568 H20 760 157
Alexa Fluor 594 H20 780 99.8

(2 Collected from various sources: Xu et al. (19963, Kierdaszuk et al. (19963%, Albota et al.
(1998¥, Makarov et al. (2008), Muetze et al. (20123, and
http://www.drbio.cornell.edu/cross_sections.html b Abbreviation : NADH, Nicotinamide
adenine dinucleotide; GFP, Green fluorescent protein. Two-photon absorption cross-section
of another set of fluorophores can be found in a review by Svoboda and Yasuda (2006)°
including calcium indicators, fluorescent proteins, and p hoto-switchable fluorescent
proteins)

13



1.5 Basic components of a two-photon excited fluorescence
microscope (TPM)

After experimental observation of nonlinear optical process it did not take long
to realize the potential of nonlinear interaction for optical microscopy. The initial
nonlinear optical microscop ies was first demonstrated by SHG.! It was found that the
interaction of light with the specimen is produced only at focal volume because the
signal intensity scales nonlinearly with the intensity of light. The potency of nonlinear
microscopy was not fully recognized until the first demonstration of laser scanning two -
photon excited fluorescence microscopy developed by Denk and Webb et al.4

The basic component of TPM is depicted in Figure 1. Although linear and
nonlinear fluorescencemicroscopes operate based on differentorders of absorption
process they share common featuresfor microscope assembly in their illumination
source, scanning elements, collection and detection.The components described above
also work for other type of nonlinear microscope based on different contrast
mechanisms auch asSHG, THG, three-photon absorption, and nonlinear phase
modulation with minimal modification , which provides the possibility to build up

multimodal microscope s.
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Figure 1. Schematic design of a typical two -photon microscope . Red lines indicate
laser beam from Ti:S apphire laser and blue lines indicate two -photon excited
fluorescence. Adopted from So et al. (2000):2

A typical light source for TPM is high repetition rate (MHz) laser with fs - or ps-
pulse width. Two-photon excitation require high intensity (photon flux) ,in turn, a
pulsed laser is huge advantage as shown in eq (1.16), to achieve efficiently high photon
flux without depositing extreme light -dose that would cause photo-induced damage in
biological samples. High repetition rate is also required to image large areain
reasonable amount of time for single-point scanning excitation scheme. Typically, four
or five orders of magnitude higher signal can be generated from 100-s pulses with 80
MHz laser compared to CW laser under the same excitation power.5

The biggest difference between bright-field microscopy, the most basic

microscope by white -light illumination, and TPM is that TPM utilizes the scanning
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elements to scan specimen based on point excitaton approach. The scanning elements
include a scanning mirror, a scan lens, and a tube lens in whichthe scanning mirror
rotates to change the beam position atthe specimen (typically by raster scanning) and
scan lens and tube lens combination provide beam propagation with proper collimation
and collection.

The objective lens is critical component for TPM becauseit focusesthe excitation
laser beam into small area (~ femto liter) to generate high photon flux and localization of
the signal source. Theprop er selection of the objective lens is important for desired
applications. Multiple major properties are need ed to be considered NA (numerical
aperture) that determine s resolution and fluorescence gathering power, the
magnification that determine sthe field of view, and working distance that determine s
the maximal depth of image .1° The wavelength of incident beam into the objective lens is

also a determining factor for the lateral and axial resolution. Theoretical resolution of

images is determined by diffraction limit, R= ﬁwhere U is the wavelength of the

incident light. For example, a 40x/NA 0.750bjective lenswith back-aperture filled by 800
nm laser beam provides ~530-um lateral resolution. Axial resolution is typically 2 ¢3
times larger than lateral resolution. 13

The most distinct differen ce between confocal fluorescence microscopybased on
one-photon excited fluorescence and TPM, where both systems use laser as an excitation
source and point-source scanning strategy,is detection scheme In confocal microscopy,

an iris is required to be placed before a detector to get rid of photons originated from
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off-focus region and selectively collect photons from localized excitation volume that
significantly reduces the collection efficiency of generated photons .14 The properly
controlled size of the iris is to be typically less than about two Airy units , which is
defined by the size of the point spread function of excitation beam at the focal plane. In
contrast, TPM does not require an iris because twophoton excitation offer s intrinsic
optical sectioning capability provided by the fact that two -photon excited fluorescence is
dominant only at focal area where high intensity is achieved . Detection in TPM typically
is done with a photon multiplier tube (PMT) due to ultra -sensitivity of PMT for single

photon detection. 10

1.6 A new tissue imaging window (NIR-II) for TPM; an approach
to enhance performance of TPM

There have been continuous efforts to improve and maximize the utility of TPM.
At early stage of TPM for biological imaging, the most widely used light source was a
Ti:Sapphire lasers that produce ~100fs pulse with tunable wavelength range of 700t 1000
nm.13 This wavelength range, called a biological imaging window or NIR -I, has been
extensively utilized as excitation window because ofreduced scattering and absorption
from tissue than visib le wavelength and simply accessibility from the laser source. Based
on these advantages, the TPM technique with NIR-I excitation at 700t 1000 nm has been
applied to various tissue imaging allowing an understanding of structures and functions
below several hundred micron s depth.58 Typically a factor of two or three
enhancement is obtained in imaging depth from NIR -1 TPM when compared to

traditional one -photon confocal microscopy.
17



While NI R-l imaging window is be tter than visible wavelength excitation range,
longer wavelength over 1000 nmis potentially more beneficial but it has beenrelatively
unexplored. With advent of laser technology, long NIR wavelength hasbecome easily
accessibleopening up capability to utilize a new biological imaging window (NIR -II,
1004 1350 nm)222 This wavelength window is particularly use ful because of multiple
factors: (i) it enables deeper penetration depth than NIR-I due to less scattering(ii) it
produces negligible autofluorescence because TPA of intrinsic chromophores in NIR -1l
window is negligible (iii) there isless absorption from biological elements (e.g. Hb,
HbO2, melanin) compared to NIR-I (iv) water absorption is still insig nificant which
becomes a limiting factor be yond 1400 nm.The absorption and scattering properties of

several tissue components are compared inFigure 2.
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Figure 2. Absorption and scattering properties of typical biological components.
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vasculature up to 1.6 mm using a 1280 nm pulsed laser excitation aided with a near-IR
dye2 (Figure 3) while imaging depth of typical TPM with 775 nm using MHz laser (nJ
pulse energy) was limited ~ 500 um in mouse cortex.2t Even TPM using a Ti:Sapphire
regenerative amplifier (uJ pulse energy)wit h 800 nm excitation applied to enhance
imaging depth has been limited to ~1 mm for living mouse brain which corresponds to

the theoretical depth limit of 800 nm excitation. 2> In addition, the superior penetration

depths of longer excitation wavelength have been reported in several phantom tissue
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models?, ex vivo, and in vivo tissue s.2728 The greatly enhanced imaging depth of up to
~1.6 mmover early TPM studies using NIR-I wavelength excitation could be achieved
via two critical factors: (i) NIR -1 wavelength excitation (e.g. 1280nm) and (ii) an

exogenous two-photon NIR fluorophore (Alexa680-dextran).

(@)
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Depth: 1110 um” ¢ Depth: 1310 um Depth: 1470 ym Depth: 1610 um

Figure 3. Two photon fluorescence images of cortical vasculature in a mouse brain. (a)
Reconstructed z-stack images for 3D and (b) four individual images beyond 1 mm
depth with s cale bars of 504m for both (a) and (b) . Adopted from Kobat et al. (2011)2
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NIR -1l wavelength is, thus, a promising biological imaging window for TPM
with t he combination of a fluorophore possessing high two-photon action cross-section.
However , good TPA fluorophores for NIR -Il wavelength window are limited. Intrinsic
fluorescent markers typically have negligible two -photon action cross-section beyond
1000 nm2° They show low two -photon action cross sections at NIRI [e.g.s2f (NADH) =
~103 GM at 800 nm] and even smaller at NIR-1I that requires excitation power of about a
hundred miliwatts (Ti:Sapphire lase r) to generatereasonabletwo -photon fluorescence
signal. Rhodamine6G, one of the gold standard among exogenous fluorophores, shows:
=65 GM at 800 nm but itssz rapidly decrease beyond 900 nm &2 <10 GM at 908 1000
nm).” Alexa Fluor and Cy dyes are relatively good TPA fluorophores in NIR -II
wavelength [ szf (Alexa680) = 75 GM at 1280 nm andszf (Cy5.5) = 60 GM at 1280 nmpt
However, when compared to quantum dots, size-controllable inorganic nanop articles
typically varying from a few nm to a few tens of nm, Alexa and Cy dyes are not
promising. Larson et al. claimed that water soluble quantum dots (~4-5 nm in diameter)
display remarkable two-photon action crosssectionof U x wU O wK WY ¥ ¥7A0&R1L000 E U wh
nm3°which is 3-4 orders of magnitude higher than those of organic chromophores listed
inTable1d w' OP1 YT Uw@UE O U U O uskich & BqSe i &tild deliatdcErdy 5O O O w
safety concern for biological use. Currently available fluorescent materials for the NIR-II
tissue imaging window do not satisfy (i) large two -photon action cross-section (s2f) and

(i) safety for biological use . Thus, good TPA chromophores providing high brightness
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under NIR -1l excitation and biocompatibility to facilitate the maximal efficacy of TPM

toward a deeper, faster, and safer tissue imagingare in great need

1.7 Dissertation goals and outline

As stated in the beginning of this chapter, the main goal of this dissertation work
is the investigation of two -photon excited fluorescence of highly conjugated porphyrin
arrays in NIR -1l excitation window and the utilization of biocompatible nanoscale
emissive polymersomes that disperse these highly conjugated porphyrin arrays and
possess unprecedented brightnessunder two -photon excitation which is potentially an
ideal multimodal imaging agent for various biological applications. In addition to the
spectroscopic interrogation of the two -photon excited fluorescence of he highly
conjugated porphyrin arrays dispersed in organic solvents and in polymersomes, the
effect of laser condition on two -photon excited fluorescence measurement ha been
explored. It was found that confounding linear fluorescence can be generated during
two -photon absorption crosssection measurementswhen employed high repetition rate
lasers. A pulse train shaping technique that separates pure nonlinear processes from
linear background fluorescence is demonstrated as a solution

The following section s provide short summaries of each chapter in the rest of the
dissertation:

Chapter 2. (Introduction to Highly Conjugated Porphyrin Arrays and

Polymersomes) ¢ This chapter will provide a brief overview about porphyrin sand
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polymersomes which are the main target materials. Fundamental optical and chemical
properties of highly conjugated porphyrins and polymersomes will be briefly discussed.

Chapter 3. (Exceptionally Large Two -Photon Absorption Cross -section of
Highly Conjugated Multiporp  hyrins under NIR -1l Wavelength Excitation )¢ This
chapter explores the two-photon absorption of meseto-mesaethyne-bridged
(porphinato)zinc(ll) oligomers (PZnn) at NIR -1l wavelength s. Monomeric porphyrins,
Zn(INDTPP and bisethynyl (porphinato)zinc(ll) monomer, were also investigated as
benchmark fluorophores . Exceptionally large TPA cross-sections up to 76,000 GM PZns)
were observed in the NIR -1l wavelength window with multiple peaks. Also it was found
that two -photon transition energy is insensitive to t he molecular length in PZnn which is
contrast to the progressively red-shifted one-photon S: transitions as the conjugation
length increases. The collaboration with Dr. Rawson who was a former graduate student
in the Therien lab revealed the origin of two -photon absorption of PZnn at NIR-II
wavelengths from a simple molecular orbital concept based on DFT (density functional
theory) calculation . This work not only suggests PZnn» are promising two -photon
fluorophores in the NIR -Il wavelength window but also provides an insight for design
motif to develop good two -photon chromophores based on macrocylic systems as a
building block. The work in this chapter has been done as collaborative effort with Dr.
Jeff Rawsonwho performed DFT calculation s and Dr. Kimihiro Susumu who

synthesized the studied porphyrins .
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Chapter 4. (Nano-vesicular Two -photon in vivo Imaging Agent with Super -
Brightness for NIR -Il Wavelength E xcitation ) ¢+ Chapter 4, as a continuing work from
the previo us chapter, explores onephoton and two -photon absorption of meseto-meso
ethynyl bridged multiporphyrin -incorporated polyemersomes, which are NIR-emissive
polymersomes. | found that the large TPA cross-sections of PZnn remain in the polymer
matrix resulting in TPA cross-section >10 GM per nano-object providing unprecedented
brightness at NIR-Il wavelength s. Also | demonstrate two -photon in vivo imaging to
visualize blood vasculature of mice using dorsal window chamber model via NIR -
emissive polymersome injection. Tumor (4T1) detection utilizing the NIR-emissive
polymersomes under 1100 nm two-photon excitation in using dorsal window chamber
models was performed. Importantly, nanoscale polymersomes can afford the chemical
stability, drug delivery capa city, and biocompatibility necessary for developing these
structures as impressive diagnostic and therapeutic agents.lIt is expected that this
multimodal diagnostic and therapeutic agent with unprecedented two -photon
brightness based on the porphyrin-incorporated polymersomes will significantly
contribute to on -going efforts in biomedical applications. The work in this chapter has
been done as collaborative effort with Dr. Melanie C. Oz5ullivan who provided nano -
sized emissive polymersomes, Dr. Simone Daganwho prepared mice and histology
slides, Dr. Jessé/N. Wilson who performed image analysis, Yusong Bai, Ruobing Wang

and Dr. Jeff Rawsonwho provided ethyne-bridged multi porphyrins .
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Chapter 5. (Femtosecond Pulse Train Shaping Improves Two-photon Excited
Fluorescence M easurements) ¢ Chapter 5 explores the effect of laser condition on TPA
cross-section measurement and a pulse shaping technique to single out pure two-photon
process out of linear background signal. Measurements of TPA cross-sections are greatly
confounded by even very weak linear absorption, for example from hot bands. In this
case, the experimental power dependence of fluorescence fromamplified and mode -
locked laser systems can differ drastically, even if the peak intensity is adjusted to be the
samein both cases. A simple pulse train shaping method suppresses linear contributions
and extracts the nonlinear absorption cross sction, demonstrated here for meseto-meso
ethyne-bridged bis[(porphinato)zinc(ll)] fluorophore s at 800 nm. This approach permits
reliable TPA cross-section measurement, even with standard modelocked lasers under
conditions identical to that used for multiphoton microscopy. This chapter has been
published as: Park, J. K.; Fischer, M. C.; Susumu, K.; Therien, M. J.; Warren). S.Opt.
Lett. 2014,39(19), 56065609.

Chapter 6. (Two-photon Absorption of Various NIR Emissive Porphyrin
Arrays under NIR -Il Wavelength Excitation ) ¢+ Porphyrin oligomers with meseto-meso
connectivity have shown distinctive features dependingon spEE1T UUz wO1 61 UT OQwU U1 U
hindrance and perturbed electronic properties induced by auxiliary groups. In this
chapter, two -photon absorption of various types of multi porphyrin compounds, which
exhibit high fluorescencequantum yield sin NIR regions, at NIR -1l wavelengths are

investigated. The various porphyrin oligomers include donor -acceptor type ethyne-
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bridged multiporphyrins, and benzothiadiazole (BTD) -conjugated multiporphyrins.

These seriesof compound s possess strong TPA inthe NIR -1l wavelength window

confirming the facts that the cOO 0T EUD OO wWOIT wx OU x I-canjuga@dotdgesE wi 1 1 1 E
makes them potent two -photon absorbers Especially, it was found that BTD-conjugated

porphyrin arraysarex UOODPUD OT wi OUwPE YT 0d&=11030 hnautd P10 hnE UD OO wii |
while PZnn are optimal for 1030t 1100 nm excitation. The work in this chapter has been

done as collaborative effort with Dr. Kimihiro Susumu who provided donor-acceptor

type ethyne-bridged multiporphyrins , Dr. Jeff Rawson who provided ethyne-bridged

porphyrin heptamer, Dr. Wei Qi who provided BTD -conjugated multiporphyrins, and

Sean Rodget who assisted TPA crosssection measurements.
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2. Introduction to Highly Conjugated Porphyrin Arrays
and Polymersomes

This chapter will provide a brief overview about porphyrin sand polymersomes,
which will be presented in the rest of this dissertation, to help understand their

fundamental properties and terminologies.

2.1 Porphyrin

Porphyrin, a naturally occurring macrocyclic chromophore made of four
pyrroles linked by four methane bridges, is one of the most important natural pigments
(Figure 4). Chlorophyll and he me are the most well- know n porphyrin s operating in
natur e 3! Chlorophyll stake part in photosynthesis, converting sun light into chemical
energy in plants. Heme is a cofactor in red blood cells, involve d in oxygen transport in
the blood of vertebrates. Depending on environment and variation in structure, the role s
of porphyrin and its derivative srange from light harvesting (chlorophyll) , oxygen
transport (heme), oxygen storage fiemoglobin and myoglobin ) to electron transport
(paeophyrin) and metabolism ( siroheme).3! Inspired by nature, people have tried to
utilize porphyrin s and their derivatives in various research directions toward
biomedical applicati ons and the material science field 323> Porphyrins and porphyrin
derivatives are popular materials due to their photochemical stability, biocompatibility,
large extinction coefficient [Q(molar extinction coefficient) ~ 105> M-icm] in the visible

wavelength region, and versatility as a building blo ck for complex multidimensional
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nanomaterials. Also, the metal bindi ng pocket of the center of porphryin systems

provide s a variety of functionality.

o
4 "\“/
7
/
 '— Meso

Figure 4. Structure of porphyrin with  the Y-, ¢-, and meso-positions indicated . M in
the center of the porphyrin ring represents metals (or H zfor free-baseporphyrin) that
can be coordinated by binding with four nitrogens

One promising application is porphyrin -based photo electrochemical celk with
porphyrin s as asensitizer in a light -harvesting compartment , because they possess a
large extinction coefficient in the UV-vis wavelength region, chemical stability, and
handy control of redox potentials to match energy levels with nanocrystalline metal
oxides asanode materials.32 Porphyrin s can be easily modified at their ¢- and mese
positions and metal binding site, as well . Various types of porphyrins were developed
toward higher power conversion efficiency. A class of porphyrin swith high power
conversion efficiency include b-functionalized zinc porphyrins with a diarylamino
group 3¢, and meso-functionalized zinc porphyrins with a diarylamino group 3738,

Porphyrins and their derivatives have been extensively studied in the field of

medical imaging and photodynamic/photothermal therapy. 353° Even without
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sophisticated imaging tool s, the red color of heme in blood has been usedasa diagnosis
of hemorrhage for along time. More sophisticated imaging tools were used to visualize
specific regions of interest from optical, magnetic and thermal responses of porphyrin
derivatives. Porphyrin derivatives have also beenutilized in photodynamic therapy 4, a
therapeutic technique based on cytotoxic singlet oxygen generation under light exposure
with the aid of a photosensitizer. M ultiple compounds (e.g.Photofrin ™ and Visudyne ™)
that are based on the porphyrin structure have been approved by the FDA for
photodynamic therapy. 4¢4

Since extensive applications using porphyrins are based on its electronic
absorption and its dynamic s upon light excitation , it is crucial to understand porphyrins z w
absorptive characteristics. The electronic absorption of porphyrin [for example,
tetraphenylporphyrin , H2(TPP)], is composed ofa strong single S transition (also called
B- or Soret-band) at ~ 400 nm anda quasi-allowed S: transition (denoted Q -band) with
multiple vibronic structures at 506650 nm (Figure 5). This basic absorptive property is
dependent on the binding of various metals by coordination at the four nitrogens in the

center of the macrocyclic ring and variation s on the pyrrole ring s.
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Figure 5. Linear absorption spectrum a nd its molecular structure of
Tetraphenylporphyrin  [H2(TPP)] in CCla.

The four-orbital model, developed by Gouterman in the 1960s,describesthe UV-
vis absorption of porphyrinoids based on simple molecular orbital theory without
complex quantum mechanical calculations.#>4 Briefly, since porphyrin is E wagnjugated
macrocylic chromophore , urelectrons are responsible for its UV -vis absorption.
According to Gouterman = model, the energy and properties of four orbitals, two
highest-occupied molecular orbital s (HOMO; a1 and az) and two lowest-unoccupied
molecular orbitals (LUMO; degenerate eg), determines the transition energies and
strength in their UV -visible absorption . For the fundamental porphyrin molecule, two
possible states, fully allowed S; and forbidden S transition, arise from four possible
transitions between two HOMOSs to two LUMOSs . Under the assumption that two
HOMOs are degenerate, high energytransition (2Eu) is fully allowed and low energy

transition ( 1Eu) is forbidden. Any deviation from degeneracy of two HOMOs generate a
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low energy transition that is allowed, and the degree ofenergy difference between two
HOMOs directly correlate with the strength of low energy transition s which explains the
experimental absorption spectrum of typical porphyrins ; a strong Soret band and a weak

Q-band.

b)
€g €y
Ay aqy
— 1Eu
Q band Soret band

Figure 6. (A) Representative highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) of porphyrin. Blue and red color s represent
the phase of electronic wavefunction sand the size represents the magnitude of
probability of electronic distribution. (B) (top) Corresponding HOMO and LUMO
diagram with possible transition s from HOMOs to LUMOSs depicted by arrows.
(bottom) Origin of two main optical transitions (Soret and Q) of porphyrins with

corresponding symmetry. Adopted fr om Senge et al. (2014)5

Also this model explains the absorption trends found in other types of four -
pyr role pigments using a similar pattern; chlorin and bacteriochlorin display strongly

allowed S: bands due to broken degeneracy of au and ax and their transition shift to low
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energy as more pyrrole rings are reduced. We will get back to this model to explain the
linear and nonlinear absorption of highly conjugated ethyne -bridged multiporphyrins

which is the main interest in Chapter 3 of this dissertation .

2.2 Highly-conjugated ethyne-bridged porphyrin arrays

Beyond monomeric porphyrin there have been tremendous efforts to explore
multimeric porphyrins by many research groups to generate novel optical and
electrochemical properties. Multimeric porphyrin can be mainly divided into two
categories (i) linearly conjugated multimeric arrays connected by bridges and (ii) multi -
dimensional structures either by self-assembly or cyclic conjugation. Although multi -
dimensional porphyrin structure s are animportant research direction 46, it is beyond of
the scope of this dissertation.

Linking porphy rin units can alter the electronic properties significantly when
two moieties are in close proximity or conjugated by 1 | | B Em®itig&IWhiie multiple
linearly conjugated porphyrin systems have been developed 33, meseto-mesaethyne-
bridged porphyrins stand out as a result oftheir unique molecular properties due to
ethyne connectivity achieving U1 1 wO E R-ddfugafian @among porphyrins without

Mesoto-mescethyne-bridged (porphinato)zinc(ll) oligomers ( PZnn) are featured
by (i) broad Sz band [full -width half maximum (FWHM) = ~3500 5000 cm™]
originating from exciton coupling between monomeric porphyrin units (ii) fully allowed

S transition (Q -derived) that shift sto lower energy as molecular length increases (694

32



nm - 842 nm) (iii) near-IR (NIR) fluorescence with high fluorescence quantum yield ( 2 =
14-22%) (iv) strong SY S transition tunable over a wide 850-1400 nm spectral window. 47
Note that PZnn exhibits high fluorescence quantum yield s over 10% in NIR. It is known
that materials with a narrower energy gap (HOMO -LUMO) displays lower quantum
yield s due to enhanced non-radiative decay rate which is called the energy gap law.53
Porphyrin arrays, however, do not follow the trends [ 2 (PZn2) = 16%,2 (PZns) = 22%,
and 2 (PZns) = 14%]. Fluorescence lifetime and femto-second (fs)transient absorption
studies revealed it is partially causedby the reduced intersystem crossing rate to a
triplet state to compensatefor the enhanced nonradiative decay rate asthe conjugation

length increasein PZnn system#?
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Figure 7. Molecular structure of mesaoto-mesoethyne-bridged (porphinato)zinc(ll)
oligomers and their linear absorption spectra in THF. Inset shows the emission
spectra of porphyrin arrays. Adopted from Duncan et al. (2006)47

While theil UOEEOI OUEOWPET EwOi w&OUUI UOEDOz Uwi OUUwWO
multimeric porphyrins, the additional key concepts to understand the electronic
absorption characteristics of meseto-mesaethyne-bridged porphyrins are (i) exciton
coupling, the communication of (transition) dipole moment between porphyrin and
neighboring porphyrin, in which significant contribution made by M. Kasha, EOE wepD D A ww
electron conjugation. Basedon a resonance dipoledipole interaction mechanism in
weakly coupl ed electronic system, the exciton model* predicts spectral shifts and

splitting of absorptive characteristics of molecular composites based on interaction of
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dipole moments between individual moiety; one dipole in along the long-axis of the
molecule and the other is orthogonal to the long-axis dipole moment. These caninteract
with two dipole moments in another moiety. For porphyrin dimer s, the same model can
be extended to explain the splitting of Soret-transition s. Parallel excitons (two dipoles in
each porphyrin moiety facing side -by-side) give rise to high energy By-transition s and
in-line (or head-to-tail) excitons give rise to low energy Bx-transition s. Accounting for
free rotation of p orphyrin along the long molecular axis of the dimer, the By -transition
can be broadened dependng on the dihedral angle between the planes of macrocyclic
rings. However, the simple exciton coupling model fails to explain quantitatively the B -
transition s of porphyrin dimer sbecause electronic conjugation through an ethyne bridge
is strong. The assumption that each porphyrin unit is a separate moiety is not valid any
longer in ethyne-bridged porphyrins.
In meseto-mescethyne-bridged bis(porphinato)zinc(ll), PZnz, aQ-derived
transition is strongly allowed in contrast to monomeric porphyrin due to orbital
degeneracy which is a requirement for the forbidden transition to no longer hold.
Instead, ethyne bridged porphyrins EPUx OEa wUD O1 Ol (rdnY=60400 OOOP1 Ewg
icmt, Q(PZns) = 116,000 McmO RZn2) = 230,000 Mcm; THF] Q-derived transitions .
Also, the shift of the lowest transition [Mmax(PZn2A wéi wt Nek (BENEKQuAMWA A w O O O wk
(PZns) = 842 nm, in THH follow s a Particle-in-a-box model ¢ energy gap decrease as
box length (or molecular length) increasest UD O x Oa wi O Y kodjdyhtiBruiiEcugh w

the entire molecule.
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2.3 Polymersome is a soft vesicle

Sincetheir first demonstration 55, polymersomes, artificial vesicle s made of di-
block copolymers, have become intriguing nano vesicular system s. A di-block
copolymer where one part of the polymer is hydrophilic and another part of the
polymer is hydrophobic is the key ingredient in preparing polymersomes. When they
are dissolved in water they can form a vesicle structure under specific amphiphilic
proportions. To form a vesicle structure in water, the general requirement is that the
ratio (f) of hydrophilic part to total polymer ma ssshould be 2540%. Otherwise the
polymer can be inverted to microst ructure s (f < 25%) or micelles { > ~50%) in water3¢

Polymersomes have shown promising biomaterial properties , including (i)
multimodal delivery for hydrophilic compounds (such as a drug molecule) in their
hydrophilic hollow part or hydrophobic compounds (such as a fluorescent marker) in
the hydrophobic inter -layer, (ii) controllable vesicle and layer size by modifying the
length of diblock copolymers , (iii) augmented chemical and physical stability compared
to those of liposomes comprised of natural phospholipids , and (iv) prolonged blood
circulation time compared to liposome s.5657

The most important advantage of polymersome s over liposomes, vesicles
comprised of phospholipids derived from nature , for the main focus of this dissertation
(in vivo imaging application) is the controllable thickness of bilayer membrane sto
contain large amounts of contrast agents. Lipid membranes provide limited space with

thickn ess ranges ofd = 3 5 nm. In contrast, polymersomes with average size of 100 200
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nm (with MW of 2000 ¢ 20000 Da) display the thickness ranges of d = 8 21 nm which
provide suffici ent space to contain various hydrophobic chromophores in the bilayer
membraness; for example PZns (molecular length, | = 54 nm) can be contained in the
bilayer membrane of polymersome s made of PEOso-b-PBDss but not in liposome s.
Accordingly , polymersomes are promising nano -size platforms that cancarry and
deliver various materials (hydrophilic drug molecules or hydrophobic fluorescent
contrast agents) to specific target regiors that can be equipped with further

functionalization.

2.4 NIR-emissive polymersome

Despite the promising ele ctro-optical properties of meseto-mesaethyne-bridged
(porphinato)zinc(ll) oligomers, it requires enormous labor to make it water soluble for in
vivo application. Also , polymersomes require fluorophores to make them optically
active because polymersomes themselves are not emissive in the visible wavelength
region. The Therien group developed the first NIR -emissive polymersome designed for
in vivo imaging by incorporating PZnn in polyethylene -block-polybutadiene (PEO3so-b-
PBDss) copolymer in 2005 (Figure 5).58¢ The combination of two promising moieties,
porphyrin arrays and polymersomes, engendered a NIR -emissive nano vesicle for
diagnostic optical imaging. 585° Confocal fluorescence imaging of micron sized NIR -
emissive polymersomes indicates membrane specific accumulation of NIR fluorophores
(NIRF) without the leaking of chromophores out of the vesicle. Also the strong

absorption and emission property of NIRF still remains in PEO so-PBDas similar to those
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extensively explored in organic solvent, implying well -dispersed NIRFs in the polymer
matrix. It is notewor thy to mention that SOPC (I-stearoyl-2-oleoyl-sn-Glycero-3-
Phosopho-choline) liposome s were not able to contain NIRFs (PZn2-PZns; molecular
length = 2.14 5.4 nm) at even 500:1 molar ratios of lipid:NIRF because of thin membrane
thickness. In contrast, polymersome could incorporate NIRFs up to 10:1 molar ratios of
polymer:NIRF (10 mol%) which demonstrate the superiority of polymersome s over

liposomes for further utility.
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Figure 8. (Top) Schematic description of the formation of emissive polymersome sin
agueous medium. (Bottom) Imaged nano-sized and micron -sized polymersome s by
cryo-TEM and by conventional confocal fluorescence microscope, respectively .
Imaging of t umor mouse model was demonstrated by PZn s-dispersed polymersome s
that visualize tumor region imaged by awhole animal fluorescence imager. Adopted
from Ghoroghchian et al. (2005 and 2007¥8¢0

One nano-sized vesicle can contain thousands of emitter copies {or example, a

100-nm diameter vesicle with 5 mol% fluorophore loading contains 2500 copies of NIRF
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in their hydrophobic bilayer membrane). Accordingly, one particle of emissive
polymersomes is estimated to possessan extinction coefficient up to ~10° M-icm-2. In
addition , NIR-emissive polymersomes demonstrated high photobleaching threshold s
(>500 mW/cm?) and strong chemical stability in physiological environment s over one
week. As a proof-of principle th eseNIR-emissive polymersomes were injected into a
tumor model mouse , and the tumor region was visualized by awhole animal imager
with strong fluoresce nce signal [Signalto-Noise ratio (SNR) > ~10]. Taken together, NIR
emissive polymersomes, highly conjugated porphyrin array loaded artificial vesicle s,
demonstrated unique and superior chemical and optical properties for in vivo imaging
agents. Further dforts also demonstrated to utilize NIR -emissive polymersomesto be
targeted and delivery modality. 57.6%62 Therefore, NIR-emissive polymersomes are
intriguing multifunctional delivery vehicles for therapeutic pharmaceuticals and
contrast imaging agents for various biomedical applications. 57

My dissertation work is focused on exploring the utility of NIR -emissive
polymersomes for two -photon excited fluorescence imaging agents beyond conventional

imaging modality based on one-photon excitation .
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3. Exceptionally Large Two-Photon Absorption Cross-
section of Highly Conjugated Multiporphyrins under
NIR-Il Wavelength Excitation

3.1 Introduction

Since itsinvention , two-photon excited fluorescence microscopy (TPM) has
becomea standard imaging technique , providing profound structural and functional
insights into specimenswith subcellular -resolution imaging .34 1230.63 For maximum
utilization of multiphoton imaging toward deeper imaging depth s, near-IR (NIR)
emitting materials of superior brightness and long wavelengths (>1000 nm)of two -
photon excitation beyond the conventional NIR imaging window (700 ¢1000 nm, NIR-I)
are required.s+% Especially, the excitation imaging window of 1000 ¢ 1350 nm (NIR-II) is
of particular importance for in vivo imaging since scattering and absorption from tissue
are much lower than in the conventional imaging window ,22but the water absorption
that hampers the utility of longer wavele ngths becomes significantbeyond ~14@® nm.
Exploitation of this promising tissue imaging window using multi -photon microscopy
offers benefits that include better contrast, deeper penetration depth, and enhanced
biological specimen viability. 192267 Recently, Kobat et al. demonstratedan imaging
depth of 1.6 mm showing clear cortical vasculature structure in mouse brain.? 24 These
greatly enhanced imaging depths over the limit of early stage TPM could be achieved
via two critical factors: NIR -l laser excitation at 1280nm, and an exogenous two-photon

NIR dye, Alexa680-Dextran.
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Endogenous markers used for multiphoton imaging display small two -photon
absorption (TPA) cross-sections: many endogenous markers such as reduced
nicotinamide -adenine dinucleotide (NADH) and Riboflavin have bz (TPA cross-section)
<1 GM [GM (Goeppert-Mayer, 1 GM = 1 x 16°cm* s photon-1)] at 7001 1000 nm and are
expected to be much smaller than 1 GM beyond 1000 nm!3 68 Conventional extrinsic
fluorophores such as rhodamine6G and fluorescein, which are considered to be gold
standards for two -photon excitation, exhibit ~100 GM at excitation wavelength s that
range over 700t 1000 nm, but are not promising (sz2< 10GM) at 100¢ 1350 nm.57 The
further advancement of TPM techniques is thus impeded by a dearth of appropriate
fluorophores that possess significant TPA crosssectionsat long wavelengths (NIR-I1).
There areseveral fundamental requirements that should be fulfilled by ideal two -photon
imaging agents: (i) large two-photon absorption cross-section in NIR wavelength, (ii)
high quantum yield fluorescencein NIR, and (iii) photostability and biocompatibility.
Meeting these conditions is challenging, and very few chromophores can be used safely
for TPM that possess large TPA crosssectionsunder Mex at 1003 1350 nm; indocyanine
green (ICG) is one of the few safe markers useful for two -photon imaging having a
measured TPA cross-section gpf) of ~500GM at Mex = 1550 nmbut not well characterized
in the NIR -1l imaging window .59

While pristine monomeric porphyrins have received little attention for TPA
application due to small TPA cross-section, 77! jt was found that polarizable

monomeric porphyrins and highly conjugated multimeric porphyrinoids display large
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TPA cross-section; prior works have identif ied sizeable TPA cross sections inpush-pull
extended monomeric porphyrins 7274 porphyrin dimers bridged by ethyne, butadiyne,
EPI Ul a0aO0EOUIT UE Ednjiyatenilirikéds andpoiphythunujtimers  beyond
dimers.’>8 Among many, highly conjugated porphyrin arrays with meseto-meso
connectivity have displayed large TPA absorptivity ( ~1? ¢ 10 GM) 757681, The high TPA
cross-sections reported for the porphyrin arrays have been explained using a three-state
model, in which the intense x-polarized Q -derived states mediate TPA that is enhanced
by resonance with Soret-manifold states.”>’¢ However, the TPA demonstrated for most
porphyrin derivatives has employed photon energies that lie within the conventional
imaging window ( 700t 1000nm). In addition, highly conjugated meseto-mescethyne-
bridged (porphinato)zinc(ll) oligomers ( PZn» compounds, Schemel) which manifest
strong coupling between monomeric porphyrins , with globally delocaliz ed ground and
I REPDUI EWUUEU]I Uwl0T EQwT DY T wkmERE#PwdO0uQqued @EEUD
extinction coefficient) > 10° M-icm1] and high fluorescence quantum vyields of 14t 22%in

NIR, 4752 5859,8286 haye not been systematically studied for their two -photon absorption .
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Scheme 1. Molecular structures of studied porphyrinoids

Here we report an experimental and theoretical study on two -photon absorption
of highly conjugated meseto-mescethyne-bridged (porphinato)zinc(ll) oligomers ( PZnn
compounds) focused on the NIR-Il wavelength region. We found h ighly emissive PZnn
manifest exceptionally large two -photon absorption cross-sectionsfound in NIR -l
region (Mex : 1000¢ 1350 nm), up to hz ~ 76000 GM of PZns, which is three orders of
magnitude higher than conventional two -photon dyes such asrhodamine 6G (b2 = 65
GM at Mex: 800 nm)7-30 TDDFT calculations that exploit the M11 range -separated hybrid
functional reproduce the low -energy Q-transitions of PZn» compounds to within ~0.1 eV
and distribute oscillator strength between the visible B and Q bands more accurately
than the global hybrid B3LYP functional, at similar computational expense. These
computational results elucidate TPA -active states at energieghat correlate well with our

experimental observations, and that have not been predicted for similarly -structured
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compounds by earlier models.8"88 This combined experimental and theoretical work
thus demonstrates: i) intense TPA-bands with energies of 1.84t 2.48eV (laser excitation
wavelength range of 100@ 1350 nm) that have not beenfully explored in previous works
of related, highly -conjugated multiporphyrin chromophores, 757¢ii) the spectroscopic
significance of the characteristic orbital bands that emerge from the four canonical
Gouterman orbitals in meseto-mescethyne-bridged porphyrin oligomers, and iii) a clear
relationship between the structural characteristics of these compounds and their two -
photon activity. Taken together, the results thus highlight NIR-emissive porphyrin
arrays possessingunrivaled two -photon absorptivity in NIR -1l excitation region for
multi -photon imaging platforms while identifying key parameters for further

chromophore design for large two -photon activity .

3.2 Result and discussions
3.2.1 Linear optical properties of PZn,

Highly conjugated meseto-mescethyne-bridged (porphinato)zinc(ll) oligomers
manifest exceptional optical and electronic characteristics that include strongly allowed,
Q-UUEUI wEtiwd fuY IR-&abesjthaEare polarized along the long molecular axis (Qx).
These give rise to SA S transitions that are intense and narrow [PZns: SA S) ~ 229000
M- cmi, FWHM = 1562 cmi], and SA S transitions that extend deep into the NIR
spectral region with extinction coefficients on the order of 10 5.4%.5052 Table 2 exemplifies
the trend of | 1.max Of PZnn with various conjugation length, the larger es1and lower

energy S state with increased conjugation length.
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Table 2. Spectroscopic parameters of mesaoto-mesoethyne-bridged
(porphinato)zinc(ll) oligomers measured in THF (2 : quantum vyield, bz: two-photon
absorption cross-section)

Compound & max(nM) 2 arpa(nm) 0 (GM) (2 (GM)

ZnTPP 555 0.03 1100 7.7 0.23

EPZnE 633 0.09 1120 13 1.1

PZmnp 695 0.16 1030 1300 210

PZrg 770 0.22 1100 7000 1400

PZny 842 0.14 1040 76000 11000
1280 15000 2100

3.2.2 Density functional theory calculation on PZn,

For the quantum chemical modeling of the electronic spectra for large molecules
(> 30 nonthydrogen atoms), linear response TDDFT has emerged as the most accurate
method (errors < 0.1 eV) that is tractable on commonly available computer systemss®
While TDDFT is formally an exact theory, it is implemented with approximate
exchange-correlation potentials, such as B3LYP292that may exhibit incorrect asymptotic
behaviors with respect to electron-nucleus separations. In the context of interrogating
consequences of this are poor accounting for the dependencies of polarizabilities upon
UauU0l OwUPal UOWEOGEwWUT 1 wx Ul -fFabsfetiphddcitddistatesthat OU U wU U E
should lie in the UV range but are instead assigned visible-range energies?® 994 Range-

separation, as implemented in functionals including M11, % corrects these errors by
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decomposing the Coulomb operator into short -range and long-range parts, where
differing portions of the nonlocal Hartree-Fock-type exchange are admixed into a
semilocal approximation. %

Thus, range-separation improves the simulation of the PZnn spectrum by i) more
accurately predicting the SoA S transition energy, ii) more correctly distributing the
visible -range oscillator strength, and iii) eliminating spurious charge -transfer excitations
from the predicted spectrum. This final point is especially significant because the
resulting clarity aids the interpretation of the calculation, and because it permits
simulation of the entire spectrum with a much reduced matrix of excited states (23
vi UUUUwegt YAOQWEI | OUEDOT wEOwWI OO6UOOUUWUT EVUEUDPOOWO!

It has been previously observed that conjugation of two porphyrin macrocycles
by a strongly coupling ethyne or butadiyne bridge leads to a dimer in which eight
frontier or bitals are responsible for the visible-range optical transitions. Oligomers of
three or five repeat units, as illustrated in Figure 9(A), give rise to 12 and 20 essential
frontier levels that can be categorized into four bands based upon the degrees of
interaction between their monomer Gouterman -derived orbitals. In two of these bands
[green boxesin Figure 9(A)], nodal planes run the lengths of the bridge axes (Figure 10,
Figure 11, and Figure 12); this restricts the delocalization of these orbitals and imparts
them with non bonding character. The other two bands [framed by purple dashed lines
in Figure 9(A)] feature substantial interporphyrin wavefunction overlap that engenders

varying degrees of bonding interaction (Figure 10, Figure 11, and Figure 12). The
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nonbonding -character bands, the orbitals with nodal planes along the bridge axis, thus
feature localized states that are near isoenergetic with their monomeric basis functions,
while the bonding -character bands, with delocalized interporphyrin wavefunction
distribution, are comprised of orbitals dispersed about their basis function energies. The
widths of these bonding -character bands [occupied orbital band width for PZn.=0.91
eV, for PZns =1.23 eV and forPZns = 1.47 eV Figure 9(A)] have been correlated with the

strength of interporphyrin communication in work on similarly constructed porphyrin

dimers.88 %
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Figure 9. (A) Development of the four frontier orbital bands in PZn .. Green boxes
enclose the nearly-degenerate nonbonding orbitals, while the bonding orbitals are
evenly dispersed between the purple lines. (B) Electronic spectra (lines) of PZn =«
compounds measured in THF solvent, and (squares) TDDFT -calculated transition
energies of these same compounds. Computation al data obtained using PCM
solvation model (THF) and M11/6 -311g(2d).
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Figure 10. Frontier orbitals of PZn2(D2n point group) plotted as 0.02isodensity
surfaces along with a diagram comparing their calculated energies. Those which
comprise the highly delocalized bonding and antibonding bands are labeled H
(HOMO), L (LUMO), H -1, L+1, etc with bonding and antibonding bands explained in
text. Computational data obtained using PCM solvation model (THF) and M11/6 -
311g(2d). The gereration of TPA -allowed u(ungerade)tu or g(gerade)t g transitions
explains the enormous TPA at an energy nonresonant with one -photon transitions for
PZn:
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Figure 11. Frontier orbitals of PZns plotted as 0.Q2 isodensity surfaces along with a
diagram comparing their calculated energies. Computational data obtained using
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PCM solvation model (THF) and M11/6 -311g(2d).
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Figure 12 Frontier orbitals of PZns plotted along with a diagram comparing their
calculated energies. Computational data obtained using PCM solvation model (THF)
and M11/6-311g(2d).
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Table 3. Summary of calculated excited states of PZn » and the corresponding
assignment of the major states of one-photon absorp tion (OPA) and TPA transitions.
Major contributions to each state were color -coded to clarify the characteristics of the
responsible transition (black : bonding A nonbonding , blue : bonding A bonding, and

pink : nonbonding A nonbonding)

State | 3/cm® [a/nm |[E/eV |2 Symmetry | Assig | Major contribution s
num- nment
ber
PZn,
1 14572.9 | 686.20 | 1.807 | 0.5396 | SingletBs, | Qy H-3->L+3 (13%)

H-2->1L+2 (10%)
H-1->L+1 (10%)
HOMO->LUMO (69%)
2 166595 | 600.5 | 2.066 | 0.0002 | SingletB,, | Qy H-3->L+2 (16%)
H-2->L+3 (18%)
H-1->LUMO (33%)
HOMO->L+1 (35%)

4 174314 | 573.8 |2.161 | O SingletAy | TPA H-3->LUMO (24%)
H-2->L+1 (22%)
H-1->L+2 (22%)
HOMO->L+3 (31%)

5 237266 | 421.47 | 2.942 | 3.0466 | SingletB3, | By H-2->L+2 (37%)
H-1->L+1 (39%)
HOMO->LUMO (22%)
7 257567 | 388.5 | 3.1%4 | 3.0008 | SingletB,, | By H-2->1L+3 (12%)
H-1->LUMO (38%)
HOMO->L+1 (43%)

PZn,
1 12788.8 | 781.93 | 1.586 | 1.5359 | SingletBg3, | Q« H-1->L+1 (10%)
HOMO->LUMO (71%)
2 160675 62238 | 1.992 |0 SingletA, | TPA | H-3->L+4 (12%)

H-2->L+3 (14%)
H-1->LUMO (25%)
H-1->L+5 (10%)
HOMO->L+1 (28%)
3 16080.4 | 621.88 | 1.994 | 0.0007 | SingletBy, | Q, H-4->LUMO (39%)
H-4->L+5 (11%)
HOMO->L+2 (31%)
5 16683.7 | 599.39 | 2.069 | 0.001 | SingletBy, | Q, H-3->L+1 (24%)
H-2->LUMO (16%)
H-2->L+5 (11%)
H-1->L+3 (22%)
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HOMO->L+4 (16%)

23195.9

431.11

2.876

4.4294

SingletBy, | By

H-4->L+2 (36%)
H-4->L+4 (14%)
H-3->L+3 (15%)
HOMO->LUMO (14%)

11

25531.7

391.67

3.166

3.8597

SingletB,, | By

H-3->L+1 (17%)
H-2->LUMO (24%)
H-1->L+3 (17%)
HOMO->L+2 (18%)
HOMO->L+4 (13%)

PZns

11189.4

893.70

1.387

3.6625

SingletBa, | Q«

H-1->L+1 (16%)
HOMO->LUMO (60%)

13034.8

767.18

1.616

SingletAy | TPA

H-1->LUMO (30%)
HOMO->L+1 (34%)

150%1.0

662.2

1.872

0.1425

SingletBs, | Qy

H-2->LUMO (19%)
H-1->L+1 (17%)
HOMO->L+2 (22%)

15940.9

627.2

1.977

0.0229

SingletBy, | Qy

H-5->LUMO (27%)
HOMO->L+3 (22%)

160304

623.8

1.98

0.0009

SingletBy, | Qy

H-7->LUMO (27%)
H-6->L+1 (11%)
HOMO->L+5 (18%)

167297

597.74

2.074

SingletAy | TPA

H-4>L+8 (11%)
H-3->L+7 (12%)
HOMO->L+6 (12%)

11

22190

450.47

2.7

7.4188

SingletBs, | By

H-7->L+5 (23%)
H-6->L+4 (20%)
H-5->L+3 (26%)

16

23120.0

432.3

2.867

3.8396

SingletBy,

H-5->LUMO (25%)
HOMO->L+3 (31%)

18

23927.4

417.93

2.967

4.4806

SingletBo,

H-4->L+1 (14%)
H-3->L+2 (12%)
H-2->L+8 (12%)
H-1->L+7 (16%)

(2 Oscillator strength)
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Correlations of these computational data with parameters from the experimental
spectra permit an extension of Goutermanz four -orbital model to these multiporphyrin
arrays.* 9 For PZni nithe x-polarized (x taken as the highly conjugated axis) Q transition
(Qx) is 60-70% comprised of a HOMOA LUMO configuration (Table 3), and the x-
polarized B transitions (Bx) are composed of a larger number of one-electron excitations

spanning the range of the bonding-character OUEDUEOQWEEOE U6 w& OUUI UOEOZz U
linear correlation between the energetic degeneracy of the tetrapyrrole frontier orbitals

and the fraction of visible oscillator strength allocated to the Q-transitions. For PZnn

compounds, the widths of the bonding -character orbital bands are the equivalents to

&OUUI UOEOZUwWETI YPEUDPOOwWI UOOWETT1 61 UEEa wOi wOODHOHO
plotting the dependence of Q oscillator strength over the total visible oscillator strength

gives a linear fit (data not shown). Because these frontier bands have widths that are

correlated with the strength of interporphyrin electronic communication, this linear

dependence conrects the Q-band strength directly with porphyrin linkage motif.

3.2.3 Comparative TPA properties of the benchmark porphyrin
monomers and PZn,

For unmodified porphyrin monomers , hz values were known to be insignificant
for both the Soret andthe Q-band transition region s. In previous works on porphyrin
monomersz TPA cross-sections, hz values in the Q-band region were measured <10 GM?.
7071 \We observed the maximum experimental TPA value for ZnTPP is 7.7 GM at 1100 nm
(Figure 13), consistent with the previous reports on porphyrin monomers . It is worth

noting that the selection rule of electronic transitions for centrosymmetric chromophores
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maintains mutual exclusivity for OPA (one-photon absorption) and TPA; OPA is
allowed for transitions between antisymmetric states wher eas TPA isallowed for
transition s between symmetric (initial and final) states. Figure 14 shows possible
transitions for ZnTPP from HOMOs to LUMOSs are only antisymme tric, consistent with
Gouterman four -orbital model, 4344 which correspond to OPA -allowed but TPA -
forbidden from calculated energy diagram. However, ZnTPP (Dasn point group) shows
overlapping OPA and TPA spectral peaks in the Q-band region experimentally ( Figure
13), in apparent violation of this basic selectionrule. The coincidence of theseTPA peaks
with Qi0and Qzobands (594 and 555 nmhas been explained in the context of symmetry
breaking by mesephenyl ring librations and/or the mixing of vibronic and electronic
wavefunctions. 70 Another m onomer, EPZnE, whosemesel UT a &1 wil UOUx Uwi RUI OE L
conjugation and lower the symmetry with respect to ZnTPP, exhibits similarly weak
TPA in this energy range (13 GM at 1120 nm,Figure 13) implying that simple extension
O +eomjugation along a molecular axis has little effect on the magnitude of TPA for

porphyrin monomers.
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Figure 13. One- (solid line) and t wo-photon (black dot) absorption spectra of ZnTPP
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Q-band regions]. TPA spectra are plotted with doubled laser excitation energy for
direct comparison with one -photon absorption spectra.
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Figure 14. Energy diagram of ZnTPP and PZn2 comparing their frontier orbital
energies. Computational data obtained using PCM solvation model (THF) and M11/6

311g(2d).
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The linkage of two monomer units through effective urconjugated connectivity
turns these poor TPA chromophores into a potent two -photon absorber. PZn2 exhibits a
maximum TPA cross-section of 1300 GM at 1030 nm Table 2 and Figure 15), ~170 times
larger than that of ZnTPP, and consistent with measurements of a similar ethyne-
bridged porphyrin dimer in benzene by Rebane and coworkers (~1000 GM at 1030 nm)™®
The intensity of this TPA peak, as well as the fact that it lies at an energy that is
nonresonant with OPA, signifies a TPA -allowed, one-photon forbidden state that is not
present in monomeric porphyrins. Note that prior studies have more extensively
explored TPA at Soretresonant energies for similar meseethyne and butadiyne dimers,
Ul x OU - O000 BM at 830 nm foranethyne-E UDET | E wE B2+ GDOOEBME wh
at 840nm for the corresponding related butadiy ne-bridged dimer. 7576 Qur recent work
involving extraction of pure TPA crosssectionsusing pulse train shaping methods that
suppress linear contributions to the fluorescence derived from hot -band OPA

contributions reveals a crossU1 E U B=Q@®UEGM forPZn2 at 800 nm#
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Figure 15. One- (solid line) and two -photon (black dot) absorption spectra of PZn nin
THF, with calculated energies for TPA states depicted as colored dotted lines. TPA
spectra are plotted with doubled laser excitation energy for direct comparison with

one-photon absorption spectra; computational data obtained using PCM solvation
model (THF) and M11/6-311g(2d).

For conjugated porphyrin dimers (e.g.para-phenylene-bridged porphyrin
dimers,™ strapped mesemesdinked diporphyrins % and doubly ¢-to-¢ butadiyne -
bridged diporphyrins A OQwb Uwi EVWEIT 1 O wE @i HhA ardtdawéersidf UY 1 wh
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magnitude larger than those for monomers and several theoretical approaches have
been focused to understand the enhancement incontext of cooperative enhancement
and an essentialthree state model. Note that, however, most TPA values reported for
porphyrin dimers have been limited to two -photon states lying above the S band,

falling into the energy range accessible by laser excitation underthe conventional
imaging window (700 ¢ 1000 nmy}; in those cases, the TPA transitions were assigned to Aq
state excitations (Sra) above the lowestenergy Soretmanifold state, substantially higher
energies (2300025000 cmt; 2.8% 3.10 eV)7576.1%0 than are observed here for ethyne-
bridged compounds (1.94¢2.41 eV).

For PZnz, our TDDFT calculations using M11 functional predict a similar two -
photon allowed Aigexcited state at 2.16 eV, below the lowest energy Soremanifold
state, congruent with the experimentally observed Stra at 2.41 eV {Table 2 and Figure
15). In similar fashion to previous models, the Stra derives from the in -phase and out-of-
phase combinations of monomer-derived orbitals, and this state is thus nonexistent for
single porphyrin chromophores. The calculated Stea is characterized mainly by gerade
geraddH-3A Land H-2A L+1) andungeradeungeradéH-1A L+2and HA L+3)
configurations (Figure 14). ZnTPP and related monomeric porphyrins have only
ungeradestates, excitdions from ungeraddo geradeorbitals (Figure 14), available within
the energy range relevant to the promising window for in vivo imaging (1.842.48 eV,

laser excitation wavelength of 2000t 1350 nm).
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3.2.4 Extremely large TPA cross-sections of PZn, in the NIR-Il window

The experimental two -photon absorption cross-sections of longer PZnn arrays
are shown in Figure 15and summarized in Table 2. From dimer (PZn>) to trimer (PZns),
the experimental TPA cross-section is increased from 1300 GM at 1030 nm to 7000 GM at
1100 nm,which is a 5-fold intensity enhancementaccompanied by aslightly red -shifted
TPA peak wavelength. The largest TPA cross-section of 76000 GM at 1040 nmwas found
for PZns, which is 1 order of magnitude larger than that of PZnsz and ~50 fold larger than
that of PZn.. Interestingly, while one -photon allowed Qx transi tion energies of PZnn
decrease with increasing oligomer length, the major TPA transition energies do not
show length dependence. Rather the TPA transition energies remain in the similar
energies (2.41 eV, 2.25 eV and 2.38 eV f&?Zn2, PZns, and PZns, respectively). In
addition , secondary TPA peaks becomemore evident as u-conjugation length increases;
we observed a small additional transition ( sz = 43 GM at 1240 nmJigure 15) from PZn:
far below major TPA peak at 1030 nm. Similar second TPA peaks, but more vivid, were
manifested by s2 =~1300GM at 1240 nm ands2 =12000GM at 1280 nm for PZnz and
PZns, respectively (Figure 15). (We will discuss TPA trends of PZnn with TDDFT
calculation later.)

These large values of TPA cross-sections of PZnn at 1000+ 1350 hm excitation
window (NIR-Il) are rare. There are several chromophoric systems that displayed
impressive TPA cross-section atUex= 1000t 1500 nm; mesa¢ doubly linked Ni(ll)

porphyrin dimer (bzmax = 8000 GM at 1400 nm}7 quadruply azulene-fused porphyrin
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(b2max = 7200 GM atl380 nm) ot hexaphyrin (hzmax = 9890 GM at 1200 nnji92 extended
bis(donor) squaraines (h2 = 33000GM at 1050 nm),13 and double-strand ladder
complexes of butadiyne-linked porphyrin array (bhzmax= 115000 GM at 1325 nni}4 The
common feature of those systems isextended ujconjugation throughout the entire
chromophores. However most of the systems suffer from the low quantum yield or high
two -photon absarptiv ity only under a self-assembled structure, thus are not viable
candidates for emissive two -photon imaging applications in vivo.104106 A more direct
figure of merit for MPM is the two -photon action cross-section (hzf) which accounts for
fluorescence quantum yield along with two -photon absorption cross-sedion. PZns
display s two-photon action cross-section of 10000 GM at 1040 nmwhich is comparable
to ~47000 GM at 7001000 nm of CdSeZnS quantum dot, the brightestinorganic single
emissive unit. Also PZnsz two-photon action cross-section of 2000 GM at 1280 nm isan
unprecedentedly large value at that wavelength region, even higher than ZnS quantum
dot (h2f =280 GM at 1180 nm) and fluorescent proteins €.g. tdTomato, h=/ =200 GM at
1050 nm) for NIR -1l window. 19 107

The TPA transitions studied in this work are non -resonant transition s reaching to
one-photon forbidden but purely two -photon allowed state s via intervening virtual
states.A previously reported large value of hzin the phenylene-vinylene polymer is
transitions to the S state with the aid of S1 state as an intermediate statel®8 In contrast,
TPA states populated by excitation of PZnn at 113G 1100 nmare one-photon forbidden

but two -photon allowed states (Srea) lying below Sz and above S states a characteristic

60



of centrosymmetric chromophores. We find no corresponding one -photon transitions of
PZnn at this energy range (2.252.41 eV,Figure 9).

The advantage of this multiporphyrin for MPM can be visualized compared with
a commercially available two -photon dye suitable for the conventional imaging
wind ow, e.g. R6G. The relative brightness under two-photon excitation is directly
determined by two -photon action cross-section (h22). The quantum yields for R6G and
PZnsare 0.92(in MeOH) and 0.22(in THF), respectively, producing ~30 times larger
two -photon brightness of PZns than R6G (h22 rec =46 GM at 800 nm; hz2 pzn3 = 1400GM
at 1100 nm ) Additionally, the maximum b2 excitation wavelengths of PZns and R6G
were used to estimate the maximum imaging dep th that might be achieved with each,
under ascattering condition in a 20% intralipid tissue phantom sample, this estimates
~1.8times deeper imaging depth for PZns.1%° Thus, the use ofPZns (Mex: 1100 nm)would
extend the limit of imaging depth to approximately double, providing ~30 times more
fluorescent signal than R6G (Mex : 800 nm) under the same power excitation.

These porphyrin arrays do not dissolve in aqueous medium as other simple
porphyrins. However, our group hasdemonstrated that these oligomeric porphyrin
arrays are readily incorporated into polymersomes in aq ueous medium to create a
targetable imaging platform with the potential to perform drug delivery functions. 5862
10118 These extremely large NIR TPA cross-sections of PZnn add multimodal imaging via

multi -photon microscopy to this list of capacities .
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3.2.5 Theoretical interpretation based on the three essential state
model

Although most TPA events are based on simultaneous absorption of two
photons mediated by virtual states, it has been known that TPA transitions can be
typically described in the context of three essential states utilizing spectroscopic

information of real states;8!

M @
D’

S,=

wherei (S) the initial state, m (Sw the one-photon allowed intermediate state, f
(Srea) the final two -photon active state, | w &#Syea/2| the detuning energy, and p the
transition dipole moment. - OU1 wOT EQwUT 1 wgil OUODOT wi 61 UT awl wbU
the TPA efficiency. For PZnn (D2n) compounds, S» corresponds with the long -axis
polarized Qx state, and Sea has Aig sSymmetry.

The degree of TPA cross section increase withPZnn repeat units can be
rationalized by the facts that: i) increasing transition oscillator strength due to largely
E1 OOE E GeRdérbnEsystgms,and ii) detuning energies that decrease with oligomer
length. These points may be elaborated as follows: i) Theground (&) and S states in
PZnn compounds have been shown to evince delocalization lengths that are atypical of
conventional conjugated materials. The general proportionality between transition
EDx OO1 wo O O isystariy lengtd dfeusipne explanation for the enormous TPA cross
sectionsobserved in ethyne-bridged multiporphyrins. ii) Within this series of

compounds, the TPA absorption energies depend upon molecular length much less than
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do the one-photon Qxenergies This shifting of the Q x energies with PZnn length thus
effectively decreases the detuning energy(l ), bringing the TPA events closer to

resonance for the longest of these oligomers(Figure 16).
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Figure 16. States diagram of PZnn from linear (Qx and B) and two -photon absorption
(Si and Stea) spectrum measured in THF; Si is the intermediate state, Qx is the x -
polarized Q -state, Srra and the final two -photon active state, and B is the Soret state.
The widths of B-band were calculated from the difference of the highest - and the
lowest -energy Soret peaks in the linear absorption spectra.

3.2.6 TPA trends evident for PZn, fluorphores

On the basis of these experimental and computational results, several trends are
evident in these PZnn two -photon absorption spectra.

Firstly, Mreamax Of PZnn is not coupled with molecular length , in contrast to the
trend observed for phenylene-butadienylene oligomers 1% and oligomeric alkenes!19120,
This feature suggeststhat the gap of frontier orbitals responsible for two -photon

absorption in PZnn is less affected by the degree of conjugation, unlike the case okrramax
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of phenylene-butadienylene oligomer and oligomeric alkene s, and the Qx band (linear
absorption) of PZnn. A possible causefor the decoupling of Ureamax from the conjugation
length of PZnn is more involvement of non-bonding character orbitals in the
corresponding excited state wavefunctions (Table 3). For the Qx transition of PZnz, DFT
calculations indicate that the major contribution is HOMO (bonding -character)t LUMO
(bonding -character) transition (69 %) which shows systematic decreaseof HOMO -
LUMO gap as the conjugation degree increase. Similarly, HOMO-LUMO transition s are
domin ant portions for Q x of PZns (71 %) andPZns (60 %) as well. In contrast, the TPA
allowed transitions evince greater contributions from excitations between nonbonding -
character orbitals; the TDDFT-calculated TPA-active state for PZn:z display s
approximately 45 % ofexcitations between nonbonding -character orbitals (H-2 A L+1
and H-1 A L+2, Table 3). Also it was found that ~ 26 % (H3A L+4 and H-2A L+3) and
~23% (H4 A L+8 and H-3A L+7) oftwo -photon allowed states of PZns and PZns,
respectively, are derived from excitations between the nonbonding-character orbitals.
This observation provide sinsight into an important factor that serves to decouple
Ureamax and hzmax by controlling molecular length of macrocyclic chromophore connected
through efficient wrelectron bridges because of the generation of isoenergéc molecular
orbitals with monomeric character by poor wavefunction overlap between macrocy clic
units.

Secondly, the FWHM of the TPA manifolds for these PZnn fluorophores is

independent of molecular length as well. Figure 17 depicts the single and multi
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Gaussian fits to two-photon absorption spectra of PZnn. While Qx (linear absorption) of
PZnn display progressively broadened FWHM (1085 cm+, 1380 cmt, and 1563cm1)4” as
the oligomer length increases, mainly due to augmented conformational heterogeneity,
the FWHM of the two -photon absorption bands remain in a similar range (PZnz: 2260
cm?; PZns: 2187 cmt; PZns: 2077 cmt) which is independent to the oligomer length.
Rather, FHWMs of PZnnz two-photon absorption band seem slightly reduced, counter
to the intuition from the linear absorption spectra . This observation suggests that the
energies of Sea for these chromophores are less sensitive to conformeric librations, such
as changes in the angles between porphyrin consensus planes, than are theione-photon
allowed Q and Soret-manifold states. This might be interpreted as a result of the
abovementioned contribution to S tea of orbitals from the nonbonding band, whose
energies are similarly independent of intermacrocycle angle. Alternatively, it may be
that only a subset of PZnn conformers, such as those with maximal wavefunction
delocalization, contribute s significantly to TP A. One result which may support the latter
view is that of Anderson and coworkers, who found for a similar butadiyne -bridged
porphyrin octamer that TPA of ~50000 GM could be observed at ~1300 nm only upon
formation of double -stranded ladders, an assembly process known to enhance

porphyrin coplanarity. 104
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Figure 17. Single and multiple Gaussian fits to the two -photon absorption spectra of

PZnnin THF. TPA spectra are plotted with doubled laser excitation energy  (bottom x-
axis) to clarify the final two -photon accessble states.

Lastly, we found that the increase ofhzmax of PZnn shows clear correlation to
molecular length (or the number of ujelectrons). For highly conjugated chromophores,
h2 is predicted to be proportional to the fourth power the number of ujrelectrons (Ne)104
and apparently to molecular length (L) as well, since the number of uyelectrons is
directly correlated with a molecular length in highly conjugated systems. Congruent

with this prediction, PZnn agree well with Ne* and L* dependence of TPA crosssection
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due to extensive urconjugation through entire chromophores ( Figure 18). To estimate Ne
dependence, the number of urelectrons of monomeric porphyrin unit and ethyne -bridge
were considered to be 18 and 2, respectively, thatyield relative N¢* of 1, 54 and 44,
normalized by PZn.. Because porphyrin is the macrocyclic structure, the molecular
lengths was calculated by considering porphyrin as a hemisphere (10 bonds per
monomeric porphyrin unit). This assumption produced the effective molecular length of
PZnn to be 32.12, 50.28, and 85.68 (relative L*of 1, 6.0, and 52 normalized by that of
PZn2, as well). The experimental TPA crosssections were used from the maximum peak
values (1300 GM,7000 GM, and 76000 GM) to give relative TPA cross-sections of 5.0 and

55 of PZns and PZns normalized by bz of PZn..
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Figure 18. Plot of calculated relative molecular length (L) and number of p-electron
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3.3 Conclusion

In this work we discovered exceptionally large TPA cross-sectionsOi wi B T 0a ww
conjugated ethyne-bridged multiporphyrin arrays at wavelength range of 100G 1350
nm, NIR-II. This finding is significant because maximiz ing the efficacy of MPM requires
brighter chromophore s under long wavelength (particularly , NIR-II for tissue imaging)
two -photon excitation. While p orphyrin monomer si R 1 D E b (b ualli€s Ea@y&ingHs:
state via two -photon transition, meseto-mescethyne-bridged multiporphyrins possess
exceptionally large two photon cross-sections in the excitation range of 1000 1350 nm
P hrax of dimer, trimer and pentamer measured 1 300, 7M0 and 76000 GM, respectively).
The ethyne connectivity between porphyrin units plays crucial role in achieving good
two -photon chromophore s at long wavelengths by generating unoccupied and occupied
orbitals of the same symmetry (gerade or ungerade). Calculations using the range-
separated M11 functional provided an unprecedentedly accurate electronic structure
model for these PZn» compounds, including the four -band description of porphyrin
oligomers and prediction of TPA allowed states The large TPA crosssections of these
porphyrin arrays provide not only an opportunity to utilize long wavelength excitation
for two -photon imaging , but also insight to designing super chromophores for enhanced

two -photon absorption at desired wavelength range.
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3.4 Experimental
3.4.1 Materials

The synthesis and characterization of PZnn have been reported previously. 4”52
Sample solutions of PZnn were prepared at concentrations of < 104M in THF to avoid

aggregation effects

3.4.2 Instrumentation

Electronic spectra were recorded on an absorption spectrometer Shimadzu,
PharmaSpec UV1700 and an emission spectrophotometer (Edinburgh , FLSP920Q in 10

mm quartz optical cells.

3.4.3 Two-photon absorption cross-section measurement

Two-photon absorption cross-section spectra were measured using standard
TPEF (two-photon excited fluorescence) method.5 Excitation laser pulseswere generated
using a tunable optical parametrical amplifier (OPA; Light Conversion, TOPAS -C) with
pulse widths of typically 100 -120 fs. For excitation, a 1 crapath-length quartz cell was
placed in a weakly focused beam (12 mrad divergence angle) using a lens with 300 mm
focal length. Loosely focused beam was used to avoid linear contribution from off -focus
region.8® Typical excitation power was kept below ~5 mW. Emission was collected at 90°
with an amplified photodiode (Thorlabs, PDA36A) through an appropriate set of short-
pass filters to reject scattered excitation light. A lock -in amplifier (Stanford Research
Systems, SB30) was used to selectively measure the emission. Styryl 9M (Sigma

Aldrich) in chloroform was used as a standard in the wavelength range of 900t 1500

69



nm.” The emission intensity of porphyrin arrays as a function of excitation power was
acquired to confirm quadratic dependence. We obtained the two-photon absorption
cross sectionof chromophores relative to the standard Styryl 9M (taking int o account the

differences in the detection efficiency) using

[C]SQMhS9M 7;9 VLK M< F>sample

S
[C] sampleh sample fsamplp sampé F> SOM

'%,EDM

2,sample

where [C] is the concentration, G the collection efficiency of the system, 2 the
fluorescence quantum yield, n the refractive index and <F> theintensity of the detected

fluorescence.

3.4.4 Computational methods

For the purpose of quantum chemical calculations, PZnn were approximated as
planar D2-symmetric structures, and alkoxyaryl groups were contracted to phenyl
rings. Comparison of TDDFT calculations on the planar PZnn» with similar calculations
on a twisted, approximately D 24 structure revealed that these apparently severe
approximations are of surprisingly little consequence. Structures were optimized using
the B3LYP global hybrid functional, the 6 -311g(2d) basis set, and iefpcm
(tetrahydrofuran) solvation model as implemented in Gaussian09. TDDFT calculations
reported in the main text were performed using the M11 functional, 6 -311g(2d) basis
sets, and iefpcm (tetrahydrofuran) solvation model to obt ain orbital energies, oscillator
strengths of allowed transitions, and energies of one-photon forbidden states that

contribute to two -photon absorption.

70



4. Nano-vesicular Two-photon in vivo Imaging Agent
with Super-brightness for NIR-Il Wavelength Excitation

4.1 Introduction

Two-photon fluorescence microscopy (TPM) has become a crucial optical
imaging technique for highly scattering biological tissues providing high resolution
structural information non-invasively. 4 In the early stages of this technique, most
applications were performed by excitation in the traditional near -infrared (NIR)
biological imaging window (700 +1000 nm, NIR-1), which is accessiblevia a Ti:Sapphire
(Ti:S) laser® Recently, the advancement of laser technology has enabled dcile access to
longer wavelengths, particularly in the second NIR tissue imaging window (NIR  -II,
1004 1350 nm)22 These longer wavelengths enable deeper tissue imaging at high
resolution, as light scattering is inversely proportional to wavelength; in addition, the
absence of autofluorescence from endogenous chromophores at these wavelengths
vastly improves sighal -to-background ratio (SBR). Recently Kobat et al. demonstrated
imaging depthsup to 1.6 mm in murine cortical vasculature (1280 nm excitation with
Alexa680-dextran as an exogenous marke).2* In addition, w ork utilizing the intrinsic
linear (one photon excitation) fluorescence of single wall carbon nanotubes in the NIR-II
spectral region to image at anatomical resolution in whole mic e emphasizes the
importance of the NIR -ll window in deep tissue imaging beyond the depth and S BR
limit of NIR -|.64121

The SBR of TPM depends largely on the brightness of the exogenous

chromophore upon two -photon excitation, quantified by the two -photon action cross
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Ul E U2 @4 ui Hllis ding two-photon absorption cro ss section, and? is the
fluorescence quantum yield). Higher SBR improves the maximum possible imaging
depth and lowers the input laser dose required, resulting in higher viability of living
cells under laser excitation. While the majority of intrinsic and extrinsic two -photon
fluorophore s possessU O E Od) €180 GM[GM : Goeppert-Mayer, 1 GM = 1x10% cm* s
photon L. (e.g.Rhodamine 6G, E w? T &0 fHhotan fluorophore ,UT O b.& GEGM at
800 nm)], a few chromophores have been reported with two -photon absorption cross-
sections in excess of ~10,000 GIVr 98 103104 122124 Most of these compounds with
I R EI x UBHrdWeked arg poorly emissive or barely soluble in aqueous media and
thus have limited application for TPM in vivo. Although Collins et al. demonstrated in
vivo blood-vessel closure utilizing a butadiyne-EUDET I Ewx OU x 122 17@OGNE B O1 U wp
at 916 nm) as a photesensitizer to generate singlet oxygen via two-photon excitation, 125
it has been limited to the conventional NIR -l excitation window. CdSe -ZnS core-shell
quantum dots possess enormoustwo -photon action crossUT EUD OO U 2B U0adx wU O wbh
& , w EeFud0a@ 1000 nm which are expected toremain large in the NIR-Il region,3
however their safety for in vivo applications is still in debate due to toxic elements.” 47126
129
Thus, one of the current limiting factors for further utility of TPM in vivo is the
lack of biocompatible fluorescent markers with large two -photon action cross-sections at

long excitation wavelengths (NIR -II).
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Mesoto-mescethyne-bridged oligo(porphinato)zinc(ll) -based supermolecules
(PZnn) define a family of near-infrared fluorophores (NIRFs) that exhibit substantial
molar absorptivities throughout the visible and NIR regions 47485528 [grge NIR
fluorescence quantum yields (2 = 14 22%Y7, and no chemical or photo-induced in vitro
toxicity .130 Recently we have observed that PZnn display exceptionally large two -photon
action cross-sections (h22) ranging 210t 11000 GM under NIR-1I excitation wavelength s
(Chapter 3). Through co-operative self-assembly with amphiphilic diblock copolymers,
PZnn NIRFs can be dispersed in aqueous media at high concentrations (up to 10 mol%)
within the thick synthetic membranes of polymersomes (50 nm to 50 um diameter
polymer vesicles; Scheme?2).55 5761111 131 The compartmental nature of these
polymersomes (surface functionalization, membrane polymer composition, membrane
and lumen encapsulants) allows rational tailoring of vesicle properties such as
biodegradability 613213 membrane toughness34 specific adhesivenesg!is 135136
pharmacokinetics and environmental responsiveness®! for a wide range of applications
in in vitro and in vivo diagnostic imaging % and therapeutic deli very .5% 61 Polymersomes
are chemically and structur ally stable in physiological environments, 58 and the
poly(ethylene oxide) surface of polymersomes confers a stealthlike character to prolong
circulation times in vivo.t37

Here we explore the two-photon absorption of PZnn-dispersed in the bilayer
membrane of polymersomes and demonstrate the ability of the emissive polymersome

as anin vivo two -photon imaging agent to visualize vasculature and localized cancer via
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the enhanced permeability and retention (EPR)effect!*8in a mouse model. We prepared
emissive polymersomes with PZnz, PZns, and PZns and showed with fs -pulsed laser
exdtation, PZnn-based polymersomes possess twephoton absorption (TPA) cross-
sections of upto ~10& , wx I U wY I AxAE@®1100& This nano-sized soft material

with versatile functionalit y provides super-EUDT T U 01 Uailgx18GMbérw b

vesicle) under NIR-II excitation, making it ideal for in vivo imaging applications.

4.2 Result and discussions
4.2.1 Sample characterization and optimization of PZn,-polymersome

While polymersomes are able to stably incorporate up to 10 mol% PZnx,80 110111
we have previously determined that the total integrated emission on a per nanopar ticle
basis is maximized at 5 mol% PZnn in poly(ethylene oxide) -b-poly(1,2-butadiene)
(PEGso-b-PBD:2s, denoted OB18), reflecting a tradeoff between a greater number of
fluorophores per vesicle, while minimizing intermolecular energy transfer within the
membrane that leads to emission quenching.!'! Further studies revealed that PZn2 and
PZnsE 1 E U b Gdi(3,3-dimetkyk -1-butyloxy)phenyl meseside chains[3,5-alk-PZn2 and
3,5-alk-PZns respectively; Scheme2(A)] dispersed in OB18 showed augmented
fluorescenceover PZn23 possessing anotherancillary group substituents due to
favorable polymer -fluorophore interactions and a reduced inter -porphyrin torsional
angle distribution. € Accordingly, we studied two -photon absorption of 3,5-alk-PZn2 and

3,5alk-PZns and PZns in OB18 with a 5 mol% fluorophore concentration in this work.
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Scheme 2. (A) Molecular structure of bis-, tris-, and pentakis(porphinato)zinc(ll)
(PZnn) arrays. (B) Schematic structure of an emissive polymersome
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NIR -emissive polymersomes (PZnn-based polymersome), depicted schematically
in Scheme2(B), were formed as described previously via self-assembly by aqueous
hydration of dry, uniform thin films of amphiphilic polymer and fluorophore deposited
in prescribed molar ratios on roughened Teflon surfaces (see Experimental). Cryogenic
transmission electron microscopy (cryo-TEM) confirmed vesicle morphology for all
three samples Figure 19); manual particle sizing gave average diameters of 137.6+ 50.5
nm for PZnz-based polymersome, 108.1 + 38.1 nm foPZns-based polymersome, and

131.8 £ 68.3 nm foPZns-based polymersome.

PZn: PZns PZns

Figure 19. Cryogenic transmission electron microscopy (cryo-TEM) images of nano-
sized PZnn-based polymersomes. (In all three images, scale bar = 100 nm.)
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4.2.2 Linear absorption and emission of PZn,, in PEO-PBD

Congruent with previous works, %111 PZnn-based polymersomesmanifest
electronic absorption and emission features (Figure 20) that are similar to those in
organic solvents*-8with a broad S band (~40@ 500 nm) andan intensified S: band
(~70@ 900 nm) that progressively shiftsto longer wavelengths as the conjugation length
increased’, reflecting well dispersed fluorophores in the bilayer membrane. Absorption
of PZnn-based polymersome reflect red-shifted peaks [20 nm (PZn2), 33 nm (PZns), and
30 nm (PZns)] in comparison to those of PZnn» in THF while maintaining the signature of
ethynyl -bridged multiporphyrins which is the characteristics of PZnnE1 EUD 31 wt z Ok 7
di(3,3-dimethyl -1-butyloxy)phenyl meseside chains® Their NIR emission appears at
longer wavelength at the range of 726t 906 nm which is 15 nm (PZnz), 14 nm (PZns), and
23 nm (PZns) red-shifted from corresponding emission in THF. Red -shifted absorption
and emission peaks reflect enhanced population of porphyrin arr ays adopting more
planarized structure in the hydrophobic bilayer. Fluorescence quantum yields of PZnn
dispersed in OB18 (6.0%, 6.9% iad 2.0% for PZn2z, PZns, and PZns, respectively, Table 4)
are smaller than in THF (16%, 22% and 14% foPZnzs, respectively4’) mainly due to
energy transfer dynamics between porphyrin units dispersed in the bilayer

membrane 11!
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Figure 20. Extinction coefficient and emission spectra of PZn n-based polymersomes
dissolved in deionized water ( DIW ).

Table 4. Summary of linear and nonlinear spectroscopic parameters of meso-to-meso

ethyne-bridged (porphinato)zinc(ll) oligomers incorporated in  to aqueous dispersed

OB18 polymersome (2 : fluorescence @U E O U U O wa B2l tdd=phdicd Bbsdnption
cross-section)

Mabs Q Hemi 2¢ b2/ GM b2/ GM
/nma  /M-1cmilb  /nma per chromophores per vesicle basis
basis

PZn.- 715 62200 726 0.060 2400 (2400x5500=)
OB18 (+20) (51400) (+15) (0.16) 13200000
PZns- 803 133000 820 0.069 8800 (8800%x3000=)
OB18 (+33) (116000) (+14) (0.23) 26400000
PZns- 872 293000 906 0.020 143000 (143000x5000=)
OB18 (+30) (230000) (+23) (0.14) 715000000

(BNumbers in parentheses are the shift of wavelength compared to the respective
transitions measured in THF in units of nm. ®PNumbers in parentheses are corresponding
extinction coefficientsin THF. ‘Quantum yield swere measured using an integrating
sphere and numbers in parentheses are corresponding2 in THF.)
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4.2.3 Two-photon absorption of PZn, in PEO-PBD

In a previous study (Chapter 3), we observed large TPA crosssections from PZnn
D O w3 ' 2% UBAOZEM PZn2K Q i H00 GM PZn:A Q 5000 GM PZns)] under an
excitation wavelength range of 1000t 1350 nm(Table 4). Reflecting the similarity in the
absorption and emission characteristics of PZnn dispersed in polymersomes to that in
bulk THF, the two -photon absorption cross-sections of PZnn dispersed in polymersomes
were observed to be similar in magnitude [h2=2400 GM at 1060 nm forPZn2, 8800 GM
at 1100 nm forPZns and 143000 GM at 1050 nm foPZns (Figure 21)] peaking at 105G
1100 nm A slight enhancement of TPA crosssection of PZnn dispersed in polymersome
compared to those in THF was noted; this could be potentially attributed to enhanced
coplanarity of PZnn and reduced detuning energy (the energetic differen ce between the
first virtual state and the two -photon intermediate state) within the polymer
membrane.8t Additional second ary TPA transitions of PZnn peaked at ~1300 nm are still
observed in polymersome as well which could be useful for longer wavelength
excitation (i.e. ~1300 nm where local minimum of the water absorption exist) to image
deeper by trading off relative two -x T OUOOWEUDT T UO1 UUWE Q&PEWI EwUOwC

with 10504 1100 nm excitation.
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Figure 21. Two -photon absorption cross -sections of PZnnr-based polymersomes on a
per chromophore basis in DIW. Power studies were performed to confirm quadratic
dependence of fluorescence signal.
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One of the benefits of incorporating PZnn NIRFs into the hydroph obic layer of
the polymersome is the distribution of NIRFs localized into a small volume defined by
the polymersome bilayer. One polymersome containing thousands of porphyrins
possessa typical diameter (~100t 150 nm) smaller than the diffraction limit of atypical
laser beam employed for TPM. For example, the diffraction -limi ted spot size diameter
f UOOwH wéd wwy Y wd O uGHIA dbjdatiie G BAIWH EqIEw-WEA wd wt vy wOOOw
larger using longer wavelengths (e.g. d& wK | Y wO Owi O U kokthishreasohyy Y wOOA 6 w
considering TPA cross-section on a per vesicle basis is a valid benchmark for
comparison of emissive polymersomes against other emissive entitiesfor two -photon
fluorescence applications. TEM images gave mean diameters 0f138 nm for PZn2-, 108
nm for PZns-, and 132 nm for PZns-based polymersomes(Figure 19 and Table 5), which
at a 5 mol% NIRF lading corresponds to 5500, 3@0 and 5000 copief emitter,

respectively, within a single polymersome (Table 5).

Table 5. PZnn copy number per vesicle as a function of vesicle size for a 5
mol% membrane loading.

Average size (diameter)  Number of emittersa

PZn: 137.6 £ 50.5 nm 5500
PZns 108.1 + 38.1 nm 3000
PZns 131.8 £+ 68.3 nm 5000

[2Computations assume a 1-nm?2 projected area per PBD block composing the

A 2 NN o~

images (> 150 vesicles).
Multiplication of these values by the per chromophore TPA cross -sections,

allows TPA cross-sections on a per vesicle basis to be estimated aty = 1.3%10" GM
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(PZn2), 2.64<1® GM (PZns), and 7.15<10° GM (PZns) (Table 4). Despite fluorescence
guantum yields of PZnn within the polymersomes membrane being less than 10%the
brightness by two -photon excitation) of PZnn-polymersome of 7.92x10 GM (PZn>),
1.82x10° GM(PZns), and 1.43<10” GM (PZns) are 1-3 orders of magnitude larger than
record-high TPA action cross-section of water soluble QD per particle basis 42 ~ 47000
GM at 700t 1000 nm)=3 Note again that the typical laser beamused for TPM does not
distinguish between single emissive polymersomes (~100 nm in diameter) and single
inorganic nano-particle s (tens of nm in diameter) , thus establishing NIR -emissive
polymersomes asa promising two -photon imaging platform that provides

unprecedented brightness, chemical stability, excitation and emission wavelength

tenability in addition to biocompatibility and biodegradability.

4.2.4 Verification of two-photon excited fluorescence of nano-sized
emissive polymersomes under imaging conditions

In our previous work, we studied the effect of laser repetition rate and excitation
geometry to two -photon excited fluorescence detection & While an amplified laser (kHz)
is typically employed to characterize TPA cross-section due to its high pulse energy
easily achieving high enough intensity to generate two -photon absorption, a Ti:S laser
(MHz) is utilized for TPM for fast scanning over large area of specimens. It was
discovered that even when linear absorption of chromophores for two -photon excitation
at long wavelength is seemingly negligible, linear absorption from thermally excite d

vibronic state (hot-band absorption) can add a significant linear contribution to the
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fluorescence signalunder tight -focusing geometry using an objective lens typically
employed for microscopy. The observation indicates that even if a pure two -photon
signal is confirmed by quadratic power scaling measuring TPA cross-sections using a
kHz laser, this does not guarantee the same nonlinearity under a microscope employing
a MHz laser. To confirm pure two -photon excited fluorescence under imaging

condition s (MHz laser source coupled with objective lenses), we recordedthe
fluorescence signal of hano-sized PZns- and PZns-based polymersomesin a1l mm
cuvette by microscope using 80 MHz laser and 10x/0.25 dry objective lens. We selected
Uex = 1100 nm and 1300 nrras excitation wavelengths because thePZnn-based
polymersomeszhz maxima at approximately 1100 nm and 1300 nm coincide with two

water absorption minima in the NIR -Il imaging window .140

PZns-based polymersomes displayed pure two -photon excited fluorescence
(confirmed by quadratic power scaling) under 1100 nm excitation providing clear
localization of vesicles in the cuvette from the z-depth profile with negligible
background signal [ Figure 22(A)]. PZns-based polymersomes, however, showed
significant linear background signal of constant magnitude from hot-band linear
absorption, independent of sample z position [ Figure 22(B)]. Accordingly, despite PZns-
based polymersomespossessing the largesth. among the studied NIR -emissive
polymersomes, it is not suitable for two -photon imaging at the ~1100 nm excitation.
Another factor to consider is the efficiency of our detection system. The PMT response in

our current setup is limited beyond 800 nm , hampering the utility of PZnsthat displays
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NIR emission peaking at 906 nm. Wetherefore chose tofocus on PZns-based
polymersomes for in vivo application s for the next section. Although PZns-based
polymersomes are not a main target for two -photon imaging in this work, the utility of
PZns is still open for future applications with longer wavelength excitation (~1250 11300
nm) targeted to the second TPA peak (1.45x19& , w Ee=ul260 nm) where clean two-
photon fluorescence is display ed under imaging condition s (data not shown),
circumventing the linear background issue under 1100 nm excitation. In addition, use of
a NIR-PMT would improve the two-photon fluorescence detection efficiency of PZns-

based polymersomes (pdt = 906 nm)in future work.
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Figure 22 Depth profile of two -photon excited fluorescence of nano -sized 5 mol% (A)
PZns- and (B) PZns-based polymersomes in 1 mm cuvette under a microscope using
10x objective (Mex = 1100 nm, input power = 4 mW for PZn s-basd polymersome and 8

mW for PZn s-based polymersome, respectively). A z-independent offset observed in

PZns-based polymersome, which we attribute to linear -excited fluorescence. The
power scaling of PZn s-based polymersome s display a slope of ~1.4 while PZns-based
polymersome s display quadratic dependence to excitation power.
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4.2.5 Blood vessel visualization in a window chamber mouse model

The large two-photon action cross-section of nano-sized PZnn-based
polymersomes at long NIR wavelengths suggests utility of PZnn-based polymersomes as
a two-photon in vivo imaging agent in the NIR -1l imaging window. Of the PZnn NIRFs
studied, PZns-based polymersomes displayed a brighter two -photon fluorescence than
PZn2-based polymersomes, without the linear background problems that PZns-based
polymersome introduced. Therefore, we selected PZns-based polymersomes for an in
vivo imaging demonstratio n. We prepared dorsal window chamber mouse models to
demonstrate two -photon in vivo application of PZns-based polymersomes. Window
chambers provide a platform to enable acquisition of high -resolution images in animals
while maintaining the native tissue en vironment, and are suitable for direct usage in
TPM 14r142 Excitation wavelength of 1100 nm was selected wherePZns-based
x00aldl UUOOI wl BRT b Erd wheie one Of v&tdd dbEbéptioh local minima
(1064 1070 nm}43in NIR -1l wavelengths is nearby.

Figure 23 summarizes the results of the dorsal window chamber experiment of a
normal mouse injected with PZnz-basedpolymersomes. A mouse was imaged before
and after injection of 140 pL of PZns-based polymersome (membrane loaded at 5 mol%)
in sterilized PBS at a 5.0 mg/mL polymer concentration (corresponding to 3.4 nmol
PZns) viaintravenous (i.v) tail vein injection. The mouse was anesthetized and imaged
on a home-made window chamber imaging stage coupled with a heating pad to

maintain body temperature. Bright field images clearly show vasculatures [Figure
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23(A)]. Before polymersome injection we did not detect any structural features in the

two -photon fluorescence PMT channel (Figure 24). However, after injection of PZns-
based polymersomes, blood vessels became vividly discernible, providing detailed
structural and depth information of mouse blood vessek at ~200um depth from the
dorsal skin [Figure 23(B) and Figure 24]. The identical vessel structure observed by
bright field imag ing can also be found in the two -photon excited fluorescence mode. A
more detailed structure of blood vessels can beseenat higher magnifications using a 40x
water objective with input power of 7.6 mW [Figure 23(C)]. Reconstructed 3
dimensional structures from a set of z-stack images provides a clear view of the location

and network of individual vasculature ~200 -um deep from the skin surface [Figure

23D)].
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Figure 23. Blood vessel imaging 2 hrs after tail vein injection of PZns-based
polymersome s. (A) Stitched bright field microscopy images of a part of the dorsal
window chamber. (B) Stitched two -photon excited fluorescence images of the
corresponding area using low magnitude objective (10x/0.25) under 1100 nm
excitation. Scale bar = 200 um. Input power = 12.8 mW. (C) Stitched two -photon
excited fluorescence images using an objective of high magnification (40 x/0.8W) for
the region marked with a white box in (B). Scale bar =50 pm. Input power = 7.6 mW.
The depth of the imaged region is ~200 um from the surface. (D) Reconstructed 3D
view of blood vessel sfrom individual z-stack images sampled every 2 um (40x/0.8W
objective). Images were acquired at 256x256 or 512x512 pixel size.Two -photon
excited fluorescence images were post-processed to reduce the stripe artifacts from
mouse breathing (see Experimental section).
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Figure 24. Comparison oftwo -x T QU OOwI REDPUI Ewi O UG Wodhe ROET wbOET

12.7 mW) from dorsal window chamber of a control mouse before (A) and 2 hrs after
(B) tail vein injection of PZns-based polymersomes. The identical intensity scale was
applied for two images. Scale bar = 200 um. Post processing was applied for (B) to
lessen stripe artifacts from mouse breathing.

The same mouse was imaged again 24 hs after PZns-based polymersome
injection, and showed that most of the signal had disappeared this time (Figure 25). To
compare the decreasein signal level over time, SBR was calculated by measuring the
signal in two regions (marked by white rectangular boxes in Figure 25) representing
blood vessel and background from two images obtained 2-hr and 24-hr time points. SBR
at 2 hrs after PZns-based polymersome injection was 13.0 dB, which dropped to 5.36 dB

at 24 hr post-injection corresponding to an approximate 5-fold signal decrease.
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Figure 25. Comparison of two -photon excited fluorescence images from adorsal
window chamber in acontrol mouse over time. Blood vessel images were obtained at
2 hr and 24 hr time points a fter PZn s-based polymersome injection. Input power was
12.8 mW through a 10x/0.25 objective lens. The depth of the imaged region is ~200 um
from the surface. Images were acquired at a 256x256 pixel size. Two white rectangular

boxes indicate the regions sel ected to calculate signal-to-background ratio. We
applied post processing for two -photon excited fluorescence images to lessen the
stripe artifacts arising from mouse breathing.

Previously, it has been shown that PEO-basedpoly mersomes are cleared from
blood circulation by the spleen and liver.144 To locate clearedPZn3-based polymersomes,
the mouse was sacrificed 26hr after polymersome injection, and the spleen, liver and
kidney s were collectedin PBS The intact organs were imaged at 1100 nm excitation
(Figure 26). M ost of polymersome signal was observed in the spleen and liver (input
power w as12.8 mWwith a 10x objective and 7.6 mW for 40x objective, respectively at
specimen)while little signal was detected in the kidney s, consistent with the previous
finding .1*We hypothesize that the localization of the particles in the spleen was mostly

present in the red pulp of the organ that also contains a large population of red blood
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cells. In the liver, however, the particles presented a sparse localization across the

parenchymal cells of the liver.

Spleen

10x

Figure 26. Two -photon excited fluorescence images of excised spleen, liver, and
kidney using 1100 nm excitation. The organs were e xcised 26 hr after PZns-based
polymersome injection. The top images were obtained using 10x/0.25 objective (scale
bar = 100um) and the bottom images were obtained using 40 x/0.8W objective (scale
bar = 50um). The same intensity scale was used for 10x liv er and 10x kidney images
for direct comparison of the signal from PZn s-based polymersomes. Input power w as
12.8 mw for 10x objective and 7.6 mW for 40 x objective.
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4.2.6 4T1 tumor detection via the EPR effect

One possible application of nanosized NIR -fluorescent polymersomes is in
cancer diagnosis, by harnessing the EPR effect for passive accumulation in tumor
tissue.13® To demonstrate this, we prepared a 4T1 breast cancer model in mice(N = 2)
with a dorsal window chamber, by injecting 10 uL of 4T1 cellsin the window chamber .
Once tumors were palpable, after 4¢5 days, PZns-based polymersomes (membrane
loaded at 5 mol%) were administered by tail vein injection (140uL, corresponding to 3.4
nmol PZns) and the mice were imaged at 7-hr and 36-hr time points ( Figure 27).
Analogous to the control mice, blood vessels were observed clearly at 7hrs post-
injection (data not shown), but after 36 hrs, the signal was greatly diminished as the
polymersomes were cleared from circulation. The tumor region, identifiable in bright
field images by abnormally shaped blood vessels, could be observed in thetwo -photon
fluorescence channel after 36 hrs due to passive accumulation ofPZns-based
polymersomes. Crucially, throughout all experiments, mice did not show any abnormal
changes in feeding and behavioral habits up to 2 weeks after polymersome injection. The
bright fluorescence signal from PZns-based polymersomes excited at 1100 nmusing both
high and low NA objective s demonstrates the potential of TPM using a PZnn-based
polymersome imaging platform for not only the detailed visualization of vasculatures or
individual tumors, but for a high resolution assessment of a tumor profile over large

areas.
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Figure 27. Stitched bright -field and two -photon excited fluorescence images (10 x/0.25
objective) of the dorsal window chamber in a tumor-bearing mouse 36 hrs after PZns-
based polymersome injection. Tumor regions highlighted by accumulated PZn z-based
polymersome s are indicated by dotted circle s. Input power was 12.7 mW. Scale bar =
200pm.

4.3 Conclusion

NIR -emissive polymersomes incorporating meseto-mescethyne-bridged
(porphinato)zinc(ll) oligomers (PZnn) are nanometer-sized soft materials for diagnostic
and therapeutic applications. We have characterizedthe quantum yields and TPA cross-
sections of PZnn in OB18 polymersomes and determined them to be the brightest entities
U x wd=143%10 GM) in the NIR -1l wavelength region reported to date; 2-3 orders of

magnitude higher than that of semiconductor quantum dots. We demonstrated key
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proof -of-principle experiments using PZns-based polymersomes for in vivo two -photon

excited fluorescenceimaging in mice , allowing visualization of blood vessel structure at

cellular resolution , and identification of tumor tissue via the EPR effect.Our study

complements previous work demonstrating the utility of emissive polymersomes by

one-photon excitation (e.g.drug deli very and dendritic cell targeting); the superb two -

xT OUOOwI REDPUI EwEUDT T UL+ 1W0H10-GMILnderR-IOT wx EUUDEOT w
wavelength range excitation shows these materials are ideal forin vivo imaging

applications. The synthetic nature of polymersomes enables us toformulat e fully

biodegradable, non-toxic and surface-functionalized polymersomes of varying

diameters, making them a promising and fully customizable multimodal diagnostic

nano-structured soft-material for deep tissue imaging at high resolutions..

4.4 Experimental
4.4.1 Materials

Poly(ethylene oxide) -block-poly(butadiene) co-polymer (PEQso-PBDi2s, denoted
0OB18) was purchased from Polymer Source, Inc. (Montreal, Quebec, Canada). Ethyne
bridged bis-, tris-, and pentakis(porphinato)zi nc(ll) (PZnz, PZns, and PZns, respectively)
arrays were synthesized and characterized as described previously 4”52 Phosphate
buffered saline (PBS) tablets were purchased from Sigma Aldrich (St. Louis, MO) and
made up as per the instructions in MilliQ water . Chloroform (HPLC grade) was

purchased from Fisher Chemicals (Pittsburgh, PA).
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4.4.2 Polymersome synthesis

Polymersome synthesis was carried out using the thin-film hydration method as
previously described. 38 A CHCI s solution of OB18and PZnn NIRF at a 100:5 molar ratio
was spotted onto a roughened Teflon plate and allowed to evaporate to form a
uniformly coated surface. After residual solvent removal under high vacuum for >24h,
1X PBS buffer (285 mOsm pH 7.40) or MilliQ water was added to form a final
polymersome concentration of 12.5 mg/mL polymer . The films were incubated at 60 °C
for 24 h, followed by 90 minutes of sonication in a bath sonicator. Nanoscale, unilamellar
polymersomes were obtained by carrying out ten freeze-thaw cycles, by alternatively
placing the samples in liquid N 2, followed by a 5 minute sonication in a water bath at 60
°C; further extrusion steps were not required. Polymersome morphology was
characterized by cryogenic transmission electron microscopy and dynamic light
scattering techniques. For in vivo studies, the polymersomes were sterilized by

extrusion through a 0.2 um filter at 60 °C.

4.4.3 Cryogenic Transmission Electron Microscopy (Cryo-TEM)

3 UL of sample was deposited on a 300 mesh Lacey Carbon copper grid (average
grid hole size 63 um, Ted Pella, Inc.), blotted with filter paper set at a ¢ 3 mm offset for 3
seconds, before immediate vitrification in liquid ethane using a Vitrobot (FEI company,
Netherlands). Frozen grids were transferred to an FEI Tecnai G Twin transmission
electron microscope using a Gatan 626 cryeholder. Images were recorded at an

accelerating voltage of 80 kV using a Gatan 724 multiscan digital camera. The average
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polymersome diameter and size distrib ution was subsequently measured manually
using the measuring tool in ImageJ. Particle diameters are quoted as a mean of a

minimum of 150 measurements plus or minus the standard deviation.

4.4.4 Dynamic Light Scattering

Dynamic light scattering was perform ed using a DynaPro Titan (Wyatt
Technology Inc.) using a vertically polarized laser at 829 nm. Samples were prepared to
a 0.0%0.05 mg/mL concentration in MilliQ water or isotonic buffer (750 pL) and
measured at 298 K over 20 scans at 5 seconds each. @aivas analyzed using the inbuilt

DYNAMICS software.

4.4.5 Linear and nonlinear optical property characterization

Electronic linear absorption spectra were recorded on a spectrophotometer
(Shimadzu, PharmaSpec UV1700) in 1 cm quartz optical cells. Emision spectra were
recorded on afluorescencespectrophotometer (Edinburgh , FLSP920.

Two-photon absorption cross-section spectra were measured using standard
TPEF (two-photon excited fluorescence) method.5 Excitation laser pulses were generated
using a tunable optical parametrical amplifier (OPA; Light Conversion, TOPAS -C) with
pulse widths of typically 100 +120 fs. For excitation, a 1 cnpath length quartz cell was
placed in a weakly focused beam (12 mrad divergenceangle) using a lens with 300 mm
focal length. A loosely focused beam was used to avoid linear contribution from the out -
of-focus region.& Typical excitation power was kept below ~5 mW. Emission was

collected at 90° with an amplified photodiode (Thorlabs, PDA36A) through an
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appropriate set of short-pass filters to reject scattered excitation light. A lock-in amplifier
(Stanford Research Systems, SR830) was used to measure the fluorescence intensity. We
standard Styryl 9M (Sigma-Aldrich) in chloroform in the wavelength range of 900 ¢ 1500

nm usings7?

[C] SOM /759'\/' 'gg VUE M< F>sample
[C]Sammehsample fsamplp samp{e F>39M

sz,sample_ DM

where [C] is the concentration, Cthe collection efficiency of the system, 2 the
fluorescence quantum yield, n the refractive index of the solvents and <F>the intensity
of the detected fluorescence. The emission intensity ofthe polymersomes as a function of

excitation power was acquired to confirm quadratic dependence.

4.4.6 Skinfold window chamber and cancer model

Murine mammary carcinoma cells 4T1 were cultured in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic. Cells
were harvested using 0.25% Trypsin EDTA solution, rinsed 3 times with sterile PBS and
resuspended in serum-free RPMI 1640. The mice were implanted with dorsal skinfold
window chambers (APJ Trading Company, Inc., Ventura , CA) as described elsewheret2
Briefly, the mice (~12 weeks of age22-30 g) were anesthetized by intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). The dorsal skin was
perforated in three locations to accommodate the screws of the titanium chamber. A

circular region of ~8-10 mm of the facing skin was excised for further placement of the
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window glass. The front and rear pieces of the dorsal chamber were screwed together
from the opposite sides of the skin. A sterile circular cover glass was placed over the
window and kept in place with a retaining ri ng. Sterile saline solution was used to avoid
bubble formation between the skin where the cells were injected and the glass slide. All
in vivo procedures were conducted under a protocol approved by the Duke Institutional

Animal Care and Use Committee.

4.4.7 Two-photon imaging

Two-photon excitation microscopy was performed with a custom -built laser
scanning microscope equipped to detect traditional multiphoton signals and confocal
reflectance. A Ti:Sapphire mode-locked laser (Coherent, Chameleon) operatingat a
repetition rate of 80 MHz, with a wavelength in the near -IR and pulse duration of
roughly 150 fs, wasused to pump an optical parametric oscillator (Coherent, MIRA -
OPQ), with an output in the near -IR of a similar pulse duration. The beams were
focused into the specimen by a microscope objective (Olympus 10x/0.25 or Olympus
40%/0.8W) and collected by the same objective. Fluorescence light vasreflected by a
dichroic mirror (Thorlabs, DMLP900 long pass) and detected with a photomultiplier
tube (Hamamatsu, R3896), filtered with a filter set (Thorlabs, FEL0600 and FES0950) to
reject residual excitation light. The photomultiplier current was amplified with a
transimpedance amplifier (Terahertz Technologies Inc., PDA 700) and recorded using a
data acquisition (DAQ) board (National Instruments, PXI -6259). Reflected light passed

back through the dichroic mirror, was descanned by the galvos, reflected by a glass
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coverslip, focused by a 30cm lens into a confocal iris, and detected with an amplified
silicon photodiode (Thorlabs, PDA100A). Images were typically acquired at 256x256 or
512x512pixel resolution with pixel dwell time of ~50 ¢200us. Optical power through the
objective was estimated by measuring with a power meter before the entrance to the
objective and multiplying by the transmissivity of the objective at the desired

wavelength.

4.4.8 Image analysis

The acquired images exhibited periodic dark horizontal stripes as an artifact
from the breathing motion of the mouse under anesthesia. For z-stacks, this artifact was
removed by using ImageJ to perform an isotropic 3D median filter, with aradius of two
pixels. For individual frames, the stripes were removed by using MATLAB to identify
the affected rows in a semiautomated fashion and to inpai nt those rows with the roffill

function.
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5. Femtosecond Pulse Train Shaping Improves Two-
photon Excited Fluorescence Measurements

5.1 Introduction

Two-photon excited fluorescence (TPF) microscopy hasbecome an
extraordinarily valuable tool to extend the utility of optical imaging, especially in
biomedical applications. 421243063 145 |t tgkes advantage of intrinsic three-dimensional
localization (since the signal is predominantly produced at the focus), and the deeper
penetration depths and lowe r photo -induced damage associated with near-infrared
(NIR) excitation (as opposed to single-photon UV excitation). However, a major
challenge faced by this technique is that most molecules produce very little TPF 3068
Typical two -photon absorption (TPA) cross-Ul EUD OO U w0 iphotoh dbdiberauU b O
are typically 10-100 GM (Goeppert-Mayer, 1 GM =1 x 1¢°cm* s photon-t). At the
intensities suitable for in vivo imaging, this implies that only about one photon in a
million is taken up by the desired nonlinear process.

This challenge motivates the development of novel chromophores with large
NIR TPA cross-sec® OO U OwU a x b E E O¢vajughtich@uidlernhénte® @ahsition
dipole strength. Multiple examples of NIR fluorophores having TPA cross -sections
exceeding 16 GM have now been reported.?576 7981108 146148 Highly conjugated, meseto-
mesaethyne- and butadiyne -bridged (porphinato)zinc(ll) oligomers are promising NIR
two -photon imaging agents due to their outstanding chemical and photochemical

stabilities, excellent biocompatibility, and high fluorescence quantum yields. 475258598386,

99



104149 These chromophores manifest exceptional electronic structural characteristics that
DOEOUEIT woO GwduliiOn-dExkBthaiEgqre polarized exclusively along the long
molecular axis, intensely absorbing SA S (Q-state) and SIA S transitions that extend
deep into the NIR spectral region, and unusually large polarizabilities. The S 1A S (Soret,
B-state) absorption manifold of meseto-mesaethyne-bridged (porphinato)zinc(ll)
oligomers spans a broad spectral domain (~366550nm) and possesses absorption
extinction coefficients that exceed 16 M-tcm?; the full -widths at half -maximum (FWHM)
of this manifold increase with increasing conjugation length, and range over 3000-5500
CIm-1,4849,51-52, 5859, 8384,86 |n gddition, other types of modified porphyrin monomers and
oligomeric porphyrins, and their se If-assembled structures, have been noted to possess
large TPA cross-sections’2 106 124 150

While the TPA cross-section can be measured directly15+153 for applications of
TPF microscopy the appropriate figure of merit is TPA times the quantum yield, which
is commonly measured by direct observation of the fluorescence s Spectroscopic
characterization of TPA cross-sections has most commonly been performed using low-
repetition rate amplified laser systems (kHz). However, for the ultimate application
(imaging), unamplified modelocked lasers with roughly 100 MHz repet ition rate are
preferred in order to scan large spatial regions in a reasonable time. A modelocked laser
was used directly to evaluate the TPA cross-sections of several monomeric

(porphinato)zinc(ll) fluorophores and multiple, exemplary oligomeric  meseto-meso

100



ethyne- and butadiyne -bridged (porphinato)zinc(ll) chromophores, but the TPA signal
was overwhelmed by one-photon fluorescence 82,
In this study, we measure the laser-induced fluorescence of a mesato-meso
ethyne-EUDET 1| Ewpx OUx T B OE U O A1 RDIEBHb{s@, i@ty -1 O WE B U Z ik (
butyloxy)phenyl]porphinato)zinc(ll)]ethyne (DD, Scheme3), using both a regenerative
amplifier (1 kHz repetition rate) and a modelocked oscillator (76 MHz) at /=800 nm. We
compare the effect of repetition rate, excitation geometry, and excitation intensity on
multiphoton fluorescence measurements. The absorption spectrum, shown in Figure 28,
suggests that onephoton absorption should be negligible at this wavel ength ¢ yet we

fluorescence power scaling between low- and high -repetition rate excitation ( Figure 29).

" " :)t

Scheme 3. Molecular structure of DD
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Figure 28. Linear electronic absorption and emission (inset) spectra of DD in THF
solvent.

For 1 kHz excitation, DD shows a linear intensity scaling (a slope of 1 in the log
OO0T wx OOUAWI OUWOOP wi RphdodscBsd),nareaéingito@.8 b thd 1 U wpA why
range of ~13° photons cm-2 st (Figure 29). Intensities higher than ~10%° photons cm2 st
could not be used as such intensities marked the onset of white light generation. For 76
MHz excitation at 800 nm, DD fluorescence emission displays an almost linear response
over the entire intensity range, even at intensities higher than the 1 kHz white light
generation threshold. In contrast, Rhodamine 6G (R6G) displays only two -photon
absorption at /=800 nm in the range of powers (137 10 photons cm2 s?) we studied;
however, at /=630 nm (still far to the red of its linear absorption peak) again significant
deviations from intensity -squared scaling are observed with modelocked lasers. These
data highlight that even though 76 MHz excitati on better replicates the experimental

conditions of the ultimate imaging application, the possibility of signal contamination
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due to confounding linear fluorescence contributions should always be considered when

high -repetition rate lasers are utilized in TPA cross-section determinations.
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Figure 29. Logarithmic plots of the emission intensity of DD and R6G as a function of
peak excitation intensity, | .. = (Z/pvv%)(l:gvg /\/_,0 f p) (l/hv) where wois the beam

peak —

waist, Pav is the average power (in W), fp is the pulse duration (at 1/e of the temporal
intensity), and fp is the repetition rate; for comparison, 10 28 photons cm2stat /=800
nm corresponds to 2.5 x 13 W cm-2. The numbers in the plots indicate the local power
scaling within the indicated range (the slope in the log -log plot). The symbols are
measured data; the solid blue line in the left panel is a nonlinear least  -squares fit to
the sum of a linear and a quadratic component.

We show that the different fluorescen ce power scaling of DD for 1 kHz and 76
MHz excitation arises from the significantly different focusing geometries of the two
excitation laser systems: the modelocked system employs a tight focus (and subsequent
divergence of the beam) to achieve large enaigh (> 1 photons cm2 s?) peak intensities,
while with the kHz system employs a very weak focus (a 140 um beam diameter at the
sample position, contrasting the 2.0 mm focal point beam diameter for 76 MHz

excitation). We then introduce a novel pulse train shaping method which attenuates the
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linear fluorescence contribution. As a result, fast repetition rate laser excitation sources
can be used to determine TPA crosssections under conditions identical to that used for

TPF microscopy.

5.2 Result and discussions
5.2.1 Absorption and emission spectra of DD

DD manifests a SA S (x-polarized Q -state) absorption maximum at 695
temX WE OE wK A N w6 Ol wem®) (Fagtird 2@) uitd flugfescence emission band
maximum is centered at 713 nm, and its fluorescence quantum yield was determined to
be identical to that previously reported (fr= 16% in THF solvent)’> Two-photon
excitation at 1000 nm and onephoton excitation at 510 nm yield identical fluorescence
spectradespite fundamentally different selection rules for one - and two -photon
absorption, confirming that the final emissive state of DD is the low lying S ; state

regardless of excitation conditions.50 84

5.2.2 Conventional multiphoton emission measurements

The dissimilarity of the observed slopes of DD emission intensity upon excitation
intensity as a function of these 1 kHz and 76 MHz excitation sources (Figure 29) can be
explained by differences in the excitation geometry. The loosely focused beam @r a lw
where zr is the Rayleigh range and| is the optical path length of the sample; in our 1
kHz excitation condition zr=1.8 cm andl =1 cm) in the 1 kHz setup leads to a nearly

uniform (high intensity) excitation distribution along the 1 cm cuvette. On the other

104



hand, tight focusing ( zr <<I; in our 76 MHz excitation condition zr=4.1mm and | = 1cm)
provided by the 76 MHz setup generates intensities high enough for nonlinear excitation
only at a small focal volume (~ 26 nm?3), while the lower intensities in the out -of-focus
regions still contribute to one -photon absorption. This behavior was confi rmed by a
confocal-type measurement (Figure 30) in which the fluorescence is focused through an
iris placed between the sample and the detector (partial rejection of out-of-focus light
increased the slope from 1.18 to 1.41 in the loglog plot of emission intensity vs.
excitation intensity in the range of ~103° photons cm-2 s?). Note that the slope is still not
guadratic because the apertured detection range is still much larger than the Rayleigh

length in the cuvette.
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Figure 30. Logarithmic plot of the emission intensity of DD as a function of excitation
intensity with a confocal -type measurement (black dots : iris fully opened, red dots :
iris closed) using the 76 MHz setup (Mex =800 nm). The respective power scaling is
indicated in the graph.
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5.2.3 Estimation of relative linear and nonlinear fluorescence for weak
and strong focusing

We further estimated the ratio between one- and two -photon contributions for
the different focusing geometries used in the 1 kHz and 76 MHz case. We assume that

the spatial dependence of one and two-photon fluorescence is described by

F(P) =a | (P) +a, | (P)2 where a and & are sample-dependent constants. Integrating

the linear term over the length of the cuvette yields a total fluorescence of

Fin =%a1 |0ng , Where lois peak intensity, wo the focal radius, and L the cuvette

length. The quadratic contribution is  Fy g =%82 I3WL if the Rayleigh length zsis

much longer than the cuvette length (weak focus), or Fqmn, ::‘7%a2 | 2W, Z,,in the

opposite case (strong focus). For weak focusing the intensity where one and two -photon
events contribute equally is lva = a&/a, which we estimate from the kHz data in Fig. 2 to
Iba = 6.4 10?8 photons cm2 st [where a slope of 1.5 is manifest in thelogarithmic plot of
the emission intensity as a function of peak excitation intensity ; Figure 29 (left)] by
nonlinear least-squares fitting to the sum of a linear and a quadratic component. For the
strong focusing caselva = (a/a)L/(p/2 zr). For a Rayleigh length of 4 um in the MHz case
we expect a shift of Iva by a factor of about 1,600 tolsa © 1.8 10?2 photons cm2si, a
number consistent with our data (even though we could not measure at such a high

intensity).
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5.2.4 Hot-band model of linear absorption

With excitation at 800 nm and fluorescence shortpass filters at 700 nm, linear
absorption from the electronic -vibronic ground state cannot produce a detectable
emission signal. For a related conjugated multiporphyrin dimer it was noted that
absorption from hot vibronic states (hot -band absorption) could contribute to linear
absorption.4100\We confirmed this effect to be the cause of the onephoton absorptive
contribution evident in the log -log plots of DD emission intensity vs. excitation intens ity
(Figure 29) by cooling down our sample to 77 K (Figure 31). The left panel of Figure 31
compares the power scaling for DD at room temperature and at 77 K measured with the
1 kHz setup. While at room temperature we observed a combination of linear and
nonlinear absorption, at 77 K a purely quadratic dependence was observed. For low
excitation intensities the hot-band contributions dominate over the quadratic
contributions at room temperature. In contrast, at low temperature the hot -band
contributions are strongly suppressed and the quadratic contributions remain. At higher
excitation intensities, the emission intensity at 77 K is slightly higher than at room
temperature; we attribute this to reduced nonradiative decay process at the low
temperature. With the high -repetition rate setup, power scaling study at 77 K [Figure 31
(right)] also shows a strong suppression of the hotband absorption contributions, yet
some linear contributions still remain. These residual linear contributions could

originate from light -induced local heating in the solid phase.
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Figure 31. Logarithmic plot of the emission intensity of DD as a function of excitation
intensity with the 1 kHz  setup (left) and 76 MHz setup (right) at room temperature
and 77 K (/ex=800 nm). The numbers on each data set indicate the local power scaling
(the slope in the log -log plot).

Hot-band absorption can be reduced by moving the excitation wavelength
further away from one -photon resonance. To probe the balance between linear and
nonlinear contributions as a function of excitation wavelength, we performed power
studies on DD with longer wavelengths (840 ¢ 960 nm) with the 80 MHz setup and 950
nm with the 1 kHz setup . For longer wavelength excitation the balance shifts more
towards nonlinear fluorescence. While purely quadratic depen dence was observedin
DD at 950 nm excitation with 1 kHz setup , even for 960 nm excitation a linear
contribution remains (slope of 1.6) with the 80 MHz setup . That is due to the fact that
while the hot -band one-photon transition probability decreases by ab out 3 orders of
magnitude when tuning from 800 nm to 900 nm, the two -photon cross-sections also
decreases from ~ 2000 GM to a few tens of GMFor MHz setup, interestingly, n either

cooling nor excitation further from resonance (> 250 nm detuning from the SoA &
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absorption band maximum at 695 nm) could eliminate the one-photon absorptive
contribution to DD emission intensity observed as a function of increasing excitation
intensity. These temperature- and wavelength -dependent power studies clearly indicate
that hot-band absorption adds a significant linear contri bution to the fluorescence
signal.5 7410 This effect is especially pronounced at room temperature for strong
focusing geometries (NA 0.25 objective lens in our experiment)| conditions typically
encountered in conventional multiphoton fluorescence imaging.

Even in R6G dominant linear emission can be generated when the excitation
wavelength is tuned closer to the linear absorption peak. For 630 nm excitation, which is
far from the linear absorption peak (Figure 32), an essentially linear intensity scaling is
observed for the intensity range of (1028¢ 109 photons cm2 st with the 80 MHz setup
(Figure 33). It is worth recalling that R6G lases as much as 80 nm to the blue of this
point, consistent with very weak absorption. The linear intensity scaling in this common
two -photon chromophore suggeststhat the competition between hot-band one-photon
absorption and two -photon absorption under strong focusing geometry is universal for
chromophores. Accordingly, alowtrepetition rate laser (i.e. employing weak focusing
geometry) is better suited for TPEF characterization of a broad range of chromophores
since it avoids undesirable linear emission contribution under the conventional

excitation condition.
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Figure 32 Linear absorption and emission spectra of R6G in methanol
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Figure 33. Logarithmic plot of the emission intensity of
excitation intensity with the 76 MHz setup at room temperature ( /ex: 630 nm). The
numbers on each data set indicate the local power scaling (the slope in the log -log

plot).
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5.2.5 Pulse train shaping technique

Pulse shaping (either of individual pulses 134 or of the pulse train itself 153 offers
new ways to sensitively measure nonlinear prop erties, such as nonlinear absorption or
nonlinear refraction. For example, nonlinear absorption cross sections were measured by
analyzing the electronic spectrum of an amplitude -modulated pulse train transmitted
through a sample.153In practice, the drawback of this method is that it requires very
clean sinusoidal modulation, which is difficult to achieve with high modulation depth.
Here we describe amore robust pulse train shaping method that all ows for the selective
recording of nonlinear fluorescence signals. The key concept of this method is illustrated
in Figure 34. The first half of an optical excitation pulse sequence of period T consists of
a stable pulse train with pulses of fixed pulse energy, while the second half is divided up
into N on-off cycles of duration t (with t <<T), switching between periods when the
pulse energy is twice as large and whenthe light is off. The detected fluorescence signal
is analyzed with a lock -in amplifier at the fundamental frequency f = 1/T. In the case of
linear fluorescence, the averaged fluorescence energy in the first half and the second half
of the sequence are idetical, and no signal variation at the fundamental frequency fis
recorded. For two-photon fluorescence the intensity-squared scaling leads to an average
fluorescencein the second half that is twice as large as in the first half, leading to a

detectable signal at the frequencyf.
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Figure 34. (a) Schematic of the pulse train shaping technique where T is the total
period of the pulse train, t is the duration of o ne on-off cycle, and N is the number of
on-off cycles. Red lines represent individual pulses of a high

UOWUEEO] ABGWxEGBUOHEBHDE LB DO Y wE Gomatwékiind U
amplifier z signal as a function of N at frequency f =1/T for the case of linear
fluorescence (b) and two -photon fluorescence (c).

-repetition rate laser (not

In practice, since lock-in amplifiers separate the signal into in -phase (

T :
FJ S(N, T)sin(wt)dtwhere s(N,T) is the fluorescence signal function and 6 = 2wT) and

;
out-of-phase ( ﬁ S(N, T)cosrt)dt) components, each componentmust be considered.

Figure 34(b) and Figure 34(c) show the calculated components of the signal that are in-
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phase and out-of-phasewith the pulse sequence as a function of the number of on-off

cycles (N).
The in-phase componentcan bedivided into a positive contribution

12 .
S(N, T)sin(wt)dt from the stable pulse train part and a negative contribution

DY

7 .
ﬁ/z S(N, T)sin(wt)dt from the N on-off cycle parts. For the linear fluorescence case the

positive contribution and the negative contribution are equal, canceling the signal for all
N. For two-photon fluorescence, however, the negative contribution is always larger
than the positive contribution , producing a non-zero signal which is independent of N
as the cancelation of the positive andnegative contribution no longer remains. The out-

of-phase components for both linear and two-photon fluorescence are not zero due to

T
~

12 T
the asymmetric character of ) s(N, T)cos(vt)dt and ﬁ/zs( N, T)cosfrt)dt at low N

but eventually zero out at high N. Thus, the detection of the in-phase component at large
N enablesus to single out two -photon fluorescence from the significant linear
fluorescence contamination.

The robustness arises from relative ease of adjustment. If the amplitude in the
second half of the train is not exactly equal to the amplitude in the first half, there will be
a residual in-phase component, both in the linear fluorescence and more importantly in
the laser amplitude itself. So the laser output can bedirectly measured, and the
amplitude of this component nulled, to calibrate the system and eliminate one -photon

fluorescence contributions.
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Figur e 35. In-phase and out-of-phase components of pulse train shaping fluorescence
signals in (a) R6G and (b) DD as a function of N (the number of on -off cycles).
Measurements were performed with the 76 MHz system at /ex=80 nmand T = 2ms.
(c) Logarithmic plot of the in-phase component of the emission intensity of DD as a
function of excitation intensity a t N = 200 andT = 2 ms the power scaling is indicated
in the graph .

Figure 35shows the in-phase and out-of-phase components of the measured
fluorescence intensity in experiments that utilized the pulse train shaping for 800 nm
excitation of DD and R6G chromophores at T = 2 msas a function of the number of on-
off cycles in the waveform. Note that R6G only exhibits two -photon fluorescence, with
the Figure 35(a) traces reproducing the computationally predicted behavior for the in -
phase and out-of-phase components of the two -photon fluorescence signal at frequency
f=1/T [Figure 34(c)]. In contrast, the analogous experiment carried out for DD [ Figure
35(b)] reveals a mixture of linear and nonlinear fluorescence under these conditions. To
demonstrate the suppression of the linear fluorescence contribution, we performed a
power study using the measured in -phase fluorescence signal intensity acquired for N =

200 at excitation intensities of about 10?° photons cm-2 s [the lowest intensity used in

Figure 29 (right)] . Whereas the conventional measurement demonstrates that the one
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photon -absorptive contribution plays the dominant role in determining the magnitude

of the measured fluorescence signal[i.e., the slope ofthe log-log plot of emission
intensity vs. excitation intensity is close to one,Figure 29 (right)] , a similar analysis of
the in-phase fluorescence component obtained in the pulse train shaping experiments
demonstrates suppression of the linear contribution, [evidenced by a slope of 2 in the
log-log plot of emission intensity vs. excitation intensity , Figure 35(c)]. In addition,
Figure 36indicates that clear N-dependence of the in-phase component of DD while R6G

only exhibits two -photon fluorescence.

2.0 J
1.8 - J
o 1.6 4
o
o
w 1.4 J
) —=— R6G
1.0 S —rrrr
1 10 100

N

Figur e 36. The detection of the in -phase component of R6G and DD as a function of N
(the number of on -off cycles). Measurements were performed with the 76 MHz
system at/ex=80 nmand T = 2ms.
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5.2.6 Estimation of two-photon absorption cross section of DD

Here we proceed to estimate the TPA cross section of DD from the two
measurement methods: 1) from the pulse train shaping technique data, s2op is
determined by direct comparison with the TPA cross section of a reference standard (in
this case R6G), and 2) from conventional measurements in whichszoo is determined by
comparison with its linear cross section through its intensity -dependent power scaling.

Because our pulse train shaping method inherently suppresses linear
contributions we directly obtain the two -photon cross section relative to the standard

R6G (taking into account the differences in the detection efficiency) using

s :[C]RGGfRGG /ZBG<F>DD
2PP [C]DDfDD QD <F>RGG

SRec

where [C] is the concentration, f the fluorescencequantum yield , / the collection
efficiency of the system, and <F> thein-phase component of the detected fluorescence.
The relative collection efficiency is determined by the radiant sensitivity of the PMT and
the transmittance through the fluorescencefilter set over the spectral shape of the
sample fluorescence. We performed measurements at 800 nm with an intensity of | =
7.2x107 photons cm2 st and a pulse sequence ofN = 200with a 2.76nM sample of DD,
and a10nM sample of R6G (5 %). The fluorescence signal ratio of R6G over DD was
measured to be 1.06 with an error d ~5% for each of the measurements. The ratio of the
detection efficiencies for our setup was determined to be 2.4+0.3 (based on the PMT
specifications and measured filter transmission). The quantum yields for R6G and DD

were taken as 0.92 and 0.16, respéively, each with an estimated error of 10%. Using a
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reference value of sz2.rec = 65 GM,” we obtain a TPA cross section for DD of s2.00 = (2300+
500) GM; however this value does not include the error of the reference value.”

From the conventional fluorescence measurements we estimate the twophoton
absorption cross section of DD by comparison with its one -photon absorption cross
section. Because this procedure determines the balance between linear and nonlinear
contributions, only the 1 kHz experimental data is suitable (the high -repetition rate data
does not show enough nonlinear contribution for reliable extraction). The linear
absorptive cross section determination needs to take into account hotband absorption
and excitation geometry effects. In order to obtain an estimate of the linear cross section
s1,00 Witho ut the need for a detailed calibration of absolute detection efficiencies we
estimated s1.0p in turn by comparison with the known two -photon fluorescence
properties of R6G using the same detection arrangement. By comparing the relative
fluorescence at an «citation intensity below 10 27 photons cm2 s (the linear region for
DD and quadratic region for R6G) and correcting for relative differences in the detection
efficiencies (the filter and PMT response) we estimate the effective linear cross section as
s1op = 1.2x10%°cm?2 for 800 nm excitation at room temperature. In order to compare
linear and nonlinear contributions, we then write the measured time -averaged

fluorescence as the sum of the onephoton contribution

(F)=/ 1 HClop #oead (D) (M (the angle brackets denote a temporal average and

the integration extends over the sample volume) and two -photon contribution
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1.
(F,)= 5/ , AClyp, & f,eak< f(1) 2> fS(T)? , where fand Sare the temporal and spatial

parts of the light intensity I (F",t) =1 . 0t) S(©), respectively.s These contributions

s, (f@) &5
s, (F()°) (P’

areequal atl =2

. For a Gaussian pulse in time the temporal ratio

in this expression is ( f (t)>/< f (t)2> =2 . In our weak (or loose) focusing (z= a1 ) case,

the spatial factor can be approximated as ﬁS(T)/ &’f’)z =2 for a collimated beam. We

extracted the peak intensity where one- and two -photon contributions balance from a
least-squares fit to the data in Figure 29 (left) aslva=6.4x1(8 photons cm2 s, Using
these values we obtain a TPA cross section estimated by conventional measurement
methods for DD at 800 nm of s2 = 1100 GM.Because of the large uncertainties in the
determination of the hot -band linear cross secton no error estimate is provided.

The conventional measurement followed by analytical model fitting that we used
to determine sz of DD at 800 nmrelies on the comparison with the linear cross section
and hence requirestedious calibration of parameters affecting the relative fluorescence
contributions (linear vs. nonlinear excitation volume, linear cross section at the
appropriate excitation condition). In contrast, our pulse train shaping method
suppresses linear contributions and allows for comparison with a known two -photon
reference with only small corrections for the wavelength -dependent detection
sensitivity. Currently the two methods produce TPA values that agree within a factor of
two, but a careful absolute calibration of the detection system would improve precision
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(especially for the conventional method by eliminating the need to compare with a
nonlinear reference standard). We would also like to point out that the results of both
measurements provide TPA cross-section values that are substantially larger than that
determined earlier for high repetition rate excitation of DD over the 750 -960 nm
wavelength domain, 82 where hot-band absorption and excitation geometry effects were

underestimated.

5.2.7 Other effects potentially influencing multiphoton emission
measurements

Since hotband population depends on temperature, linear and nonlinear light
absorption could affect steady-state emission measurements However, using two - and
three-dimensional heat dissipation models, 155we estimate the steady-state temperature
increase by linear absorption for 54M DD to be below 0.01°C for 76 MHz excitation at
an average incident power of 50 mW (corresponding to a peak intensity of 1.0% 10%°
photons cm2 s?), which does not significantly change the hot -band population. Under
the same conditions the temperature increase at the focus, induced by two-photon
absorption (with a two-photon absorption cross-section of 2300GM at 800 nm) is
estimated as~1°C.%5¢ This is much larger than for one-photon absorption but still
generates only a~0.7% changen hot band population .15 Thus, we conclude that the
dominant one -photon absorption we observed was not caused by absorption-induced
local heating.

Triplet state accumulation by pulse pileup is a well -known effect that can lead to

unexpected results in excited state measurements. In order to rule out any influence of
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these effectson our power studies, we performed a series of tess. Firstly, nanosecond
pump -probe transient absorption spectroscopic experiments determined the triplet state
lifetime of DD in THF (aerated) with excitation at 550 nm ( Figure S5. These spectra were
acquired utilizing a flash photolysis spectrometer (Edinburgh Instruments, LP920).

Pump pulses of ~5 ns duration were generated from a Q-switched Nd:YAG laser
(Quantel, Brillant) and a dual -crystal OPO (OPOTEK, Vibrant LDII). A Xe flash -lamp

was used as a whitelight probe source. Samples were prepared in 1 cm quartz cells
under aerated condition. Time constant at 480 nm (GSA: ground state bleaching) and 510
nm (ESA: excited state absorption) were measured as 247 =7 ns and 242 + 11 ns,
respectively. This triple t lifetime indicates that 1 kHz excitation does not provide fast
enough pulse repetition to induce significant triplet state accumulation that could give

rise to linear fluorescence contributions.
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Figure 37. (a) Transient absorption spectra of DD in THF under aerated condition.
Delay times are at 30, 70, 130, 220, 380 and 1240 rfgex =550 nm). (b) Decay profiles of
the excited state at 510 nm.

Secondly, we performed frequency -domain lifetime measurements for DD

(Figure 38) with 76 MHz excitation using R6G as a reference. Phaselomain lifetime
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measurements were performed with a widely tunable Ti:sapphire laser (Coherent,
Chameleon, 80 MHz repetition rate ) as an excitation source and the pulse train was
intensity -modulated by an acousto optic modulator. With modulation frequencies from
0.7 MHz to 20 MHz, a lifetime of #=1.85 ns was obtained (previously ¢t = 1.05 ns was
measured with time -domain methods).4” Accordingly, we find that triplet states do not

contribute to linear response at 800 nm excitation even at 76 MHz repetition rate.
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Figure 38. Frequency responses of R6G and DD un der 80 MHz laser excitation.
Experimental data and theoretical fitting line are represented by dots and solid lines,
respectively (/ex =800 nm). Lifetimes were fitted as 5.9 ns and 1.85 ns for R6G and DD,
respectively.

5.3 Conclusion

With ever increasing attention to multiphoton imaging and broad biomedical
applications using exogenous fluorophores, comprehensive insight into the nature of
chromophoric linear and nonlinear responses requires significantly improved optical
characterization methods. For the meseto-mescethyne-bridged bis[(porphinato)zinc(l1)]

fluorophore (DD), we have shown that for 800 nm excitation, this chromophore exhibits
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concomitant linear hot -band absorption, and much more substantially under high -
repetition rate excitation conditions. In conventional two -photon absorptive cross-
section measurements, the relative contribution of linear and nonlinear fluorescence to
the total measured signal is a function of the focusing geometry. Tight focusing,
typically used in h igh-repetition rate systems, can result in a large linear fluorescence
through hot -band absorption in out -of-focus regions, which can be problematic for TPA
characterization especially in wavelength regions close to one-photon absorption bands
(even in spectral regions with seemingly negligible linear absorption). Here we
demonstrated key proof -of-principle experiments that show that appropriate pulse train
shaping methods that suppress linear contributions to the fluorescence allow for
extraction of pure nonlinear absorption cross sections, even in the presence of strong
confounding linear fluorescence. Because our pulse train shaping method inherently
suppresses any linear absorptive contribution to the fluorescence, this technique enables
the use of high repetition rate laser excitation sources for determining TPA cross-
sections under conditions identical to that used for TPF microscopy. Moreover, because
this method should also be insensitive to linear fluorescence contributions in an imaging
environment, it dramatically extends the excitable wavelength range of multi -photon

contrast agents that can be used for tissue imaging applications.
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5.4 Experimental
5.4.1 Materials

The reference compound, R6G, was purchased from Exciton, Inc. R6G samples
were prepared at concentrations of 10 uM in methanol for all measurements. Synthesis
and characterization for the compound DD in this study is described elsewhere. 48 52
Sample solutions of DD were prepared at concentrations of < 105M in THF to avoid

aggregation effects

5.4.2 1 kHz power study

The emission intensity as a fundion of excitation power was acquired using a 1
kHz regenerative amplifier (Spectra Physics, Spitfire), producing 150 fs pulses (FWHM)
at 800 nm. Excitation powers were varied over arange of (10¢ ¢+ 109 photons cm2s®.
Other wavelengths in the range of 500-1100 nm were obtained from an optical
parametrical amplifier (OPA; Light Conversion, TOPAS -C) with pulse widths of
typically 100-120 fs. For excitation, a 1 cmpath-length quartz cell was placed at the focal
point of a weakly focused beam (with f=+7@® mm lens producing 70 um beam radius at
the sample position). Emission was collected at 90° with a PMT (Hamamatsu, R3896)
through a set of short-pass filters (Thorlabs, FES0700 and FES0750) to reject scattered
excitation light. The PMT signal was amplifie d (Stanford Research Systems, SR445) and

averaged with a gated integrator (Stanford Research Systems, SR250) for 10 s.
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5.4.3 76 MHz power study

The emission intensity as a function of excitation power at 800 nm was acquired
using a modelocked Ti:Sapphire laser (Spectra Physics, Tsunami 76 MHz repetition
rate) as the excitation source. Excitation powers were varied over a rangeof (1028¢ 10:0)
photons cm2 s, The beam was focused in the center of a 1 cm quartz cuvette using a
10x/NA 0.25 objective lensproducing a beam radius of 1.0 mm at the focus. The detection
optics were similar to the 1 kHz setup, but here a transimpedance amplifier (TTI PDA -
700)and an oscilloscope measured the PMT signal. For other wavelengths, a widely
tunable Ti:Sapphire laser (Coherent, Chameleon, 80 MHz repetition rate ) was used as an
excitation source. For confocal measurements, an iris was placed between the collection

lens and the PMT.

5.4.4 Pulse shaping technique

A modelocked Ti: Sapphire laser (Spectra Physics, Tsunami, 78MHz repetition
rate) was used as the excitation source at 800 nm. To generate the desired intensity
waveform the beam was focused into an acousto-optic modulator, whose drive signal
was adjusted with an arbitrary function generator (LeCroy, LW420A). The b eam was
then focused in the center of a 1 cm quartz cuvette using alOx/NA 0.25 objective lens.
The detection was similar to the 76 MHz power study setup described above, with the
oscilloscope replaced by a lockin amplifier (Stanford Research Systems, SR80). The
lock-DOWE Ox 0D D1 Uz UwUi 1 1 UpuiseBdquetcs of felodTweiveiwE Owo O ¥ Of
from the second channel of the arbitrary function generator.
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6. Two-photon Absorption of Various NIR-Emissive
Porphyrin Arrays under NIR-1l Wavelength Excitation

6.1 Introduction

Two-photon fluorescence microscopy (TPM) is often used in deep tissue imaging
in vivo to provide subcellular structural and functional information. 131663 |n particular,
using long near infrared (NIR) wavelength (100G 1350 nm, NIR-Il) excitation beyond the
conventional tissue imaging window (700 ¢+ 1000 nm, NIR-I) and exogenousNIR -emissive
markers have advantages that include negligible autofluorescence, improved imaging
depth, and reduced photo-induced damage.?? In this context, there are two fundamental
requirements for a NIR-emissive two -photon fluoropho re for in vivo use: i) highly
emissive in NIR region under NIR -1l wavelength two -photon excitation, and ii) safe to
use. Meeting these two conditions is not trivial . Firstly, fluorescencequantum yield sin
the NIR are restricted by the energy gap law, whic h dictates that the nonradiative decay
rates areincreased with smaller energy gap s due to enhanced overlap between vibronic
wavefunctions of a ground state and an excited state5” This law accounts for the
gradual decline of quantum yields of Alexa dyes from 0.92 to 0.12 from Alex a488
through Alexa750 (the numbers in their names refers to the approximate absaption
maxima of each dye) in agueous solution. 58 Secondly, most NIR fluorophores suffer
from biocompatibility issue s for in vivo applications. Although Alexa and cyanine dyes
have shown two -photon absorption (TPA) cross-sections of b2 =14 70 GM (Goeppert-
Mayer, 1 GM = 1x10% cm* s photon-t) at 100@ 1350 nm excitation w avelengths,?* the

safety of these two dye series has not been prova. Other NIR fluorophores , such as
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borondipyrromethane (BODIPY) and squaraine analogues, have been limited by the
same problem15¢162 |ndocyanine green (ICG) is the only NIR-emissive fluorophore FDA -
approved for human use; for this fluorophore, the emissive quantum yield in dimethyl
sulfoxide (DMSO) is 0.111¢3However, its low quantum yield in water, propensity for
aggregation, and poor photostability are significant drawbacks to its used as aNIR dye
for in vivo application s. Accordingly, although a great deal of ef fort has been made
toward efficient and biocompatible NIR two -photon fluorophores, no satisfactory
candidates for in vivo use are currently available .112

We recently discovered that highly conjugated meseto-mescethyne-bridged
porphyrin arrays 4748 5052 8386 164166 mgnifest exceptionally large TPA cross-sections with
high NIR -fluorescence quantum yield s (Chapter 3). The meseto-mescethyne
connectivity is of particular importance to achieve efficient two -photon fluorophores
due to the generation of two -photon allowed states in the NIR-Il wavelength window.
More specifically, the generation of occupied and unoccupied orbitals of the same
symmetries that results from meseto-mescethyne and butadiyne porphyrin  connectivity
is the fundamental origin of the two -photon allowed states. In addition, the inherent
biocompatibility of porphyrins lends them promis e assystems meeting the requirements
for NIR-emissive two -photon fluorescent marker sin vivo.35 130 Although the poor
solubility of porphyrin arrays in aqueous environment s may appear to be an obstacle for
their biological application, polymersome s can solve this problem by dispersing

porphyrins in their hydroph obic bilayer in aqueous medium. 57 61 110112, 130,133 165167
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Here we investigate the two-photon absorption of series of NIR -emissive
porphyrin arrays inspired by the previous two -photon study on meseto-mescethyne-
bridged bis-, tris-, and pentakis(porphinato)zinc(ll) arrays ( PZnn; n=2, 3, and 9 that
were discussed in Chapter 3. The first class ofcompounds are donor-acceptor type mese
to-mescethyne-bridged porphyrin arrays ( DA, DAD , ADA , and DADAD ; DA -derived
porphyrin arrays )48 84which feature alternating electron -rich and electron-poor PZn
and the meseto-mesaethyne-bridg ed porphyrin heptamer ( PZn7) (Scheme4). The second
class ofcompounds are benzothiadiazole (BTD)-conjugated porphyrin oligomers
(Schemeb): thesearrays consist of a BTD spacer between porphyrin units, PZn-(BTD -
PZn)n, and porphyrin arrays with BTD -groups conjugated at their terminal mese
positions, BTD -PZnn-BTD . Notably, BTD-porphyrin oligomers exhibit large
fluorescencequantum yields (2 =13t36% in toluene) in the NIR range (spanning a
wavelength range of ~700t 1000 nm).The interrogation of two -photon excited
fluorescencereveals that these porphyrin oligomers possesslarge TPA cross-sections of
up to ~40000 GM in the NIR -1l excitation window with strong NIR -emission (2 = 0.09
0.36). This work confirms that the design motif of connecting porphyrins via efficient w
conjugated bridge proposed in Chapter 3is a promising strategy to prepare two -photon

fluorophores that achieves strong NIR-emission under NIR -l excitation .
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PZn,

Scheme 4. Molecular structures of studied donor -acceptor type mesoto-mesoethyne-
bridged porphyrin arrays and mesoto-mesoethyne-bridged porphyrin heptamer
(PZn?)
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BTD-PZns-BTD

Scheme 5. Molecular structures of studied benzothiadiazole (BTD)-conjugated
porphryin arrays
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6.2 Result and Discussions
6.2.1 Linear optical properties of highly conjugated porphyrins

6.2.1.1Linear optical properties of meso -to-meso ethyne-bridged porphyrin arrays
(DA -derived porphryin arrays and PZn 7)

Porphyrin arrays featuring meseto-mescethyne linkage manifest broad Soret
manifold s (S) due to exciton coupling and strongly allowed Q -state derived wt w
excited states (S).47-48 5052 84168 Donor -acceptor type ethyne-bridged porphyrin arrays (i.e.
DA -derived ethyne-bridged porphyrin arrays) inherit the broad Soret manifold sand
strongly allowed Q -state derived wt w* excited states that progressively red-shift with
increasing number of the oligomer unit s (Figure 39 and Table 6): S band spanning ~36G
550 nmand ({S) = 34 000 Micmt (DA ) + 176 000 Mtcmt (DADAD ). While the red-shifts
of the Q-derived uyuf states are observed in both PZnn and DA -derived ethyne -bridged
arrays, those of the DA -derived porphyrin arrays are less substantialthan those of their
PZnn counterparts: €.9. Msima{PZns) = 770 nm SMs1ma{ADA ) = 760 nm SMs1ma{ DAD ) =
738 nm in THF (Table 6). This trend may indicate that the degree of conjugation strength
is dependent upon frontier orbital wavefunction distribution among the porphyrin
arrays of same molecular length. Congruent w ith PZnn, DA -derived porphyrin arrays
display strong NIR -emission Memimax = 788 840 nm,2 = 0.1%0.19) save forDA (Figure 40
and Table 6). The weak fluorescence ofDA (2 = 0.063) compared to relativdy strong NIR
fluorescence of PZnn (2 = 0.14 0.22)and other DA -derived porphyrin arrays ( 2 = 0.1%
0.19)has beenascribed to fastsolvent relaxation processes that augment excitedstate
polarization and reduce concomitantly the SY S oscillator strength. 8. Congruent with
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the trend for PZnn(n = 2,3, and 5), PZn~, the longest ethyne-bridged porphyrin array
among available PZnn display s NIR -absorption and emission peaked at 864 nm and 903

nm, respectively, with a modest fluorescence quantum yield of 0.089(Figure 39, Figure

40, and Table 6).
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Figure 39. One- (solid line) and two -photon ( blue dot) absorption spectra of donor -
acceptor type mesoto-mesoethyne-bridged porphyrins arrays and mesoto-meso

ethyne-bridged porphyrin heptamer

in THF. While TPA spectra are plotted with

doubled laser excitation wavelengths (bottom axis) for direct comparison with one -

photon absorption spectra , original laser excitation wavelengths for
indicate d at top axis.
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Table 6. Summary of Spectroscopic Parameters of Studied Oligomeric Porphyrins

L b

o

Compound Umax Q (Sl) Umax U 1’l.TPA,max ljZL ¢

(SoY S)) M-iecm?t  (StY So) (SoY Stea)

/nm /nm IGM /nm IGM
Ethyne-bridged porphyrins ¢
DA 689 34 000 750 0.063 1500 1080 97
DAD 738 84 000 786 0.17 6100 1100 1000
ADA 760 127 000 810 0.17 7400 1110 1200
DADAD 798 176 0006 840 0.1 13000 1240 2500
PZn:f 690 51 400 711 0.1¢ 1300 1030 210
PZnsf 770 116 000 806 0.22 7000 1100 1400
PZnsf 842 230 000 883 0.14 76000 1040 11000

15000 1280 2100

PZn» 864 276 000 903 0.089 40000 1280 3600
BTD-porphyrins ¢
PZn-BTD- 667 117 000 688 0.32 2500 1040 800
PZn 756 (0.31)
PzZn-(BTD- 718 103 000 736 0.38¢ 5000 1080 1800
PZn)2 (0.36)
PZn-(BTD- 745 105 000 763 0.26¢ 7800 1100 2000
PZn)4 (0.29)
BTD-PZn- 660 69 000 668 0.14 195 1210 2.7
BTD 733 (0.13)
BTD-PZn>- 736 99 000 697 0.29 3800 1080 1100
BTD 762 (0.30)
BTD-PZns- 770 79 000 811 0.33 4000 1150 1300
BTD (0.29)
BTD-PZns- 799 81 000 840 0.33 6500 1210 2200
BTD (0.28)

(BMolar extinction coefficient. "Fluorescence quantum yield. cTwo-photon action cross-
section.9Measured in THF. Data from T. Duncan et al. (2006}’ Previously measured

linear and nonlinear optical parameters of PZnz, PZns, and PZns are alsosummarized in

this table for comparison. M easured in Toluene."Measured by an integrating sphere

upon Si band excitation. ‘Measured by lan Stanton upon S band excitation)
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Figure 40. Normalized emission spectra of donor-acceptor type mesoto-mesoethyne-
bridged porphyrin arrays and mesoto-mesoethyne-bridged porphyrin heptamer
(PZn7) measured by 480 nm excitation in THF.

6.2.1.2 Linear optical properties o f BTD -conjugated porphyrin arrays

Over the last decades, the Therien lab has developed uniquemeseethynyl -
bridged porphyrin oligomers ( PZnn) that directly link juxtaposed (porphinato)zinc(ll)
(PZn) moieties.48 5052 84.86,164 168 Sych connectivity engenders strong urconjugation
through the entire chromophores and creates large dipole strength emissions that
penetrate into the NIR range (over 800 nm). As an extended endeavor tomanipulate the
electronic energy gap and emission characteristics, variousPZn-spacer-PZn
supramolecules have been synthesized'® The spacers include4,7-
diethynylbenzolc][1,2,5]thiadiazole ( E-BTD -E), 6,13diethynylpentacene (E-PC-E), 4,9
diethynyl -6,7-dimethyl[1,2,5]thiadiazolo[3,4 -g]quinoxaline (E-TDQ -E), and 4,8
diethynylbenzo[1,2-c:45E s ¢ EPUpZ O | G-BRETDEP AntoAgEhese Ghe KZnkEp

BTD-EPZn (or PZn-BTD-PZn in this dissertation for simplicity ) compound exhibited a

134


























































































