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Abstract

THIOGLYCOSYLATED PHORPHYRIN, CHLORIN,
BACTERIOCHLORIN AND ISOBACTERICHLORIN AS
PHOTODYNAMIC THERAPEUTIC AGENTS AND THEIR POSSIBLE

USE AS BIOIMAGING AGENT

by

Sebastian Thompson

Adviser: Professor Charles Michael Drain

Since first used about a hundred years ago, photodynamic therapy & well-
established treatment for a variety of cancers and other eseasd is emerging as new
treatments for a broad range of other cancers, antibiotics, andradstiln terms of
cancer therapy, a dye capable of photosensitizing the fornaftginglet oxygen and/or
producing reactive oxygen species is delivered to the cancaedisdpon activation by
either a band or a specific wavelength of light, the reactygen species produced will
oxidize nearby biomolecules such as aromatic amino acids, double Ipoliyigls, and
nucleic acid with diffusion limited kinetics. The resulting oxidat stress induces
necrosis or apoptosis depending on a variety of factors including degtdecation of

the damage. Currently, about four drugs are approved to treabkdifferent types of



cancer, these are porphyrinoids or porphyrin precursors, but none haws cafic
targeting motifs appended to the dye.

To improve the photodynamic therapy efficacy, significant rebearfocused on
development of new photosensitizers that may have advantages owsetheurrently
used. Major research thrusts include: (A) improving dye light absarpt the 650 nm —
850 nm region for activation deeper into tissues and tumors, (B) imgedeetivity
towards cancer cells, and (C) faster biodistribution and cleariiom the body after
treatments. Together with these objectives, it is also impot@mntnderstand the
mechanism of action in terms of how the photogenerated toxic spetimte the
different pathways for cell death. This latter informatiormpartant for the design and
development of new compounds, and to understand how the cancer cells resisd t
method of treatment.

Our lab developed a series of glycosylated porphyrins usihgether linkage.
The thioglycosylated phorphyrins are nonhydrolysable under physialogonditions
and have been shown to be active photodynamic therapeutics, but only abkséip
light above 650 nm. The chlorin, bacteriochlorin, and isobacteriochlorivatiees are
presented as new photodynamic therapy and dual-function imaging&bgcaagents
with photophysical properties that afford significant advantagesr dlie parent
compound, both in terms of light activation and imaging. The effectigemds
photodynamic treatment in initiating necrosis and apoptosis argzadadnd described.
In addition, the isobacteriochlorin is presented as a two photon active compdnenein
it is activated by two photons between 780 nm and 880 nm. The two pdizgorption

property of the isobacteriochlorin is an important feature that alegtimal wavelengths



Vi

to be used and is part of a burgeoning field in photodynamic therapy.d€ongithe
different photophysical properties of this compound, the possibility tthisseompound

as a dual function bioimaging/therapeutic agent is discussed.
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Chapter 1:

OVERVIEW OF THE PHOTODYNAMIC THERAPY OF

CANCER AND TWO PHOTON IMAGING.

1.1 Introduction

Cancer is a disease where one or several cells develop new fEepsach as
uncontrolled growth, invasion and, in the worst of the cases, they haveopiengity to
produce metastasis — secondary tumor sites. The changes that pleekeaew cell
behavior/properties rely on a specific suite of gén#wt control growth and
differentiation. In 2002 about half million of people died from canpethe United
States’ and while in most cases cancer is still an implacableskse growing number
of cancers can be cured if diagnosed in an early stage. Qurrené of the most
promising approaches for diagnosing the disease is the detectimonofrkers for a
particular cancer. However, variations in genetic patterns amdiggsa along with the
difficulty of finding new biomarkers for a particular cancerdygare important issues to
be overcome for the widespread application of genomic and proteomiciriccasicer
diagnosis’ Broadly, there are more than twenty different treatmentmstgeancer that
include, for example surgery, radiation, chemotheraphy, and photodynamic therapy.

Photodynamic therapy (PDT) is one of the current anticaneatntents that is
finding a growing number of applicatichs- especially when other procedures are

disfiguring or exceedingly painful such as head and neck candems.ir¥olves the



delivery of a photosensitizer dye (PS) to the cancer cell felfolwy irradiation with

either white light or a specific wavelength of lighithe current embodiment of PDT is

that the patient is dosed with a photosensitizing dye and the specificitylargedyg from

the selective irradiation of target tissue with light in thsible region of the
electromagnetic spectrum. Upon irradiation the dye becomesveeaad/or toxic, or it
photosensitizes the formation of reactive and/or toxic species sucdaetive oxygen
species (e.g. singlet oxygen, hydroxyl radicals) in vivo. It ismonly accepted that the

toxic species generated in situ will cause damage to wéidllar components (e.g.
aromatic heterocycles, double bonds, redox enzymes, membranes) kéncactivates

one of the different cell death pathways: apoptosis or/and nécr@siacerning the
photosensitizer, there are several characteristics that theg tte possess to be
considered a good agent for photodynamic therapy. (A) Although in ®BE is
possibility to deliver the light to only the cancer cells, the drigctivity for cancer cells

and uptake should be optimized to minimize possible damage to healtue tis
surrounding the tumor. (B) The sensitizer needs to be able to absorb the light, and 600 nm
to 800 nm is considered the optimal “therapeutic window” becausdighispenetrates
deepest into tissués(C) In addition to these important characteristics, the kineftics
uptake and elimination from the human body should be fast enough to reduce the possible
secondary effects such as damage caused by sun exposure.

1.2 Apoptosis Overview

Apoptosis is considered more than simply cell sigcibut is more accurately
refered to as “programmed cell deathApoptosis is the most important studied

mechanism of cell death, and several million cefisthe human body undergo



apoptosis every second. Insufficient apoptosis maympt oncogenesis by allowing
cell accumulation, while excessive apoptosis maythe basis of degenerative
diseases such as Huntington’s and Alzheim&rpoptosis is manifested by both
biochemical and morphological changes includingll cghrinkage, chromatin
condensation, DNA fragmentation, plasma membraeélbhg and vesiculating, and
phosphatidylserine lipid redistribution to the cedlrface. Apoptosis plays an
important role in the balance between cell deathaail growth!? Of the vast number
of reports on apoptosis, there are a few on theuahdn of apoptosis by
photodynamic treatments. Cellular responses toquhyotamic therapy depend on the
cell type, the specific photosensitizer, the dosafjgoth photosensitizer and light,
and other factofs The specific subcellular localizations of the fisensitizer
dictates the sites of primary photo damage, thwes ghtential apoptosis initiation
point(s). To date, the photosensitizers used in REElfound to localize mostly in the
mitochondria, lysosomes, endoplasmic reticulum (ERNd cell membranes.
Concerning apoptosis, after its activation, theogtiondrial potential is lost, which is
followed by the release of cytochrome c to the cyto€gtochrome c, upon binding
to apoptotic protease activating factor-1 (Apaf-Ahd pro-caspase-9 (cysteine
aspartate-specific protease), activates the caspd$e activation of caspase-9 then
triggers a cascade of proteases. The inductioheotaspases also triggers a variety of
other responses in the cell via signaling pathwaysh as chromatin condensation,
DNA cleavage, and the cleavage of repair enzymeah sas poly-(ADP ribose)
polymerase (PARP). The detection of these actwitie generally considered as

biochemical markers of apoptosis. Release of cytwole ¢ from between the inner



and outer membranes of the mitochondria has beewrsto accompany apoptosis in
every circumstance with every cell line studied teegdéghough the mechanism of the
release of this enzyme remains a topic of inter@stnerally, the photosensitizes that
localize in the endoplasmatic reticullimand/or mitochondrig initiate apoptosis

after they have been activated by irradiation vight.

1.3 Necrosis

While apoptosis is programmed cell death, necrosis is cell deatluqed by
external factor(s). These external factors include infection, traume sjpecies, and lack
of blood irrigation. Generally, cell necrosis is not considered baakfor the human
body since it is an uncontrolled process and several chemicglben&leased from the
dead or dying cells to the tissue that may trigger other ba@bgesponses. For example,
necrosis is produced when the plasma membrane is compromised podietion of
ATP is interrupted. Another important difference between thesecelN death pathways
is that necrosis is produced rapidly after the external fastmanifested, while apoptosis
is generally a much slower process that can take severaltoooinserve changes in cell
morphology**

As with apoptosis, necrosis can also be activated using PDT, andhaach
advantages and disadvantages in terms of treatthekithough less studied than
apoptosis, necrosis is activated usually when the photosensitipeatsd at the plasma
membrane and/or the endosomes/lysosdmedthough not a strict rule, it is often
considered that low light power and low PS concentration are twotmmsdithat will

induce apoptosis while the opposite conditions will activate nectosis.



In the cases where the PS concentrates in different orgatieiess are important
possibilities to induce necrosis or apoptosis depending the protocol usdigdottie PS
to the cell. Protocols that involve shorter incubation times willtké cell by necrosis,
since the plasma membrane will be the primary location wherB$heill concentrate.
On the other hand, apoptosis will be activated with protocols uemgget incubation
times because this allows the time needed for the PS to cateantorganelles such as
the mitochondria or the endoplasmic reticulum.

1.4 Two Photon Microscopy

Two photon microscopy (2PM) was first introduced by Denk et aCanell
University, and although the theory of 2PM is not yet compleis,ptesumed that two
photons are absorbed at the same {itr@ince the probability of a molecule absorbing
two photons in the same quantum event is low, femto-second laser grdseseded to
deliver enough photon flux to increase this possibility. After tlmeiléaneous absorption
of two photons, the molecule is in an excited state that followsdhmal relaxation
processes that occur after single photon excitafion.

Two photon microcopy in biological systems has several advantaggsaced
with standard, one photon microscopy (1PM). First, the photons used in 2RNbinger
energy (usually half) than those used in 1PM, and for this reasorathdikely located
in the “therapeutic windows” of the light spectrum. Secondly, becaluiee necessary
high light flux, the excitation is confined only the small volume rehthe laser is
focused, and it is almost zero where the laser is not focfigath the highly localized
light and the red photons used considerably decrease the damagehy swwattunding

tissues when 2PM is applied to biology samples, i.e. only cells cargamngood two



photon absorbing (2PA) dye will be effected. As mentioned above, the ligbtoh the
therapeutic window allows treatments deeper into the body. Althoughtades of
using 2PM to detect and treat cancer via PDT (over the traditgingle photon
absorbing dyes) exit, there are several unresolved problems cowgce@PM — PDT.
Though there has been recent progtésapst photosensitizers have poor two photon
cross sections (low two photon absorbance). Secondly, the instrumentatielivés a
sufficient light flux for 2PA is not as simple as the correspapdmcroscopes and
endoscopes used for standard single photon imaging and treatmsones & light
scattering and localized heating affected by two photon light eswersus penetration
into the various parts of the body are not well characterized, diod @ present restrict
the possible applications of 2PM and two photon absorbing dyes for photodynamic
therapy®.

1.5 Summary

Although photodynamic therapy is one of the promising anticancatntests,
there are several points that current research is focusegbtove them. First of all, the
second generation of PS are designed to absorb (and emit) ligbwvext energy
(wavelengths greater than 600 nm) where the light has more peEmetra tissue and
produces less damage to nearby healthy cells. For thisnre@sapter 3 describes the
discovery and characterization of three porphyrin derivates wibhg#r and/or longer
wavelength absorption above 600 nm; specifically, a chlorin, an isoioatierin, and a
bacteriochlorin. Of special note is the bacteriochlorin, sincectimnspound has a strong
single photon absorption band near 740 nm. To take advantage of two photatioacti

of the PS for therapy and for microscopy, there are severgyaaomds currently under



investigation designed to be used as two-photon photodynamic therapéutics.
Concerning our compounds, the isobacteriochlorin is practically actitera photon
microscopy using 750 nm to 880 nm light where there are no singlerphbsorption
bands. Interestingly, with 750 nm to 880 nm light the bacteriochlorinbaactivated in
both single-photon and two-photon excitation, or alternatively the compoandhave a
small amount of a single photon absorption band in this spectral region.
understanding of how the PS activates cell death is an importariotdmdth improving
PS efficacy and to develop the best protocol for drug delivery. Gaareh described in
Chapters 2 and 4 was mainly done to characterize uptake and evhkiaetdnt of
apoptosis and necrosis for the tetraglycosylated porphyrin andlyetiaylated chlorin.
While apoptosis is activated for the population that is located inetigoplasmic

reticulum, necrosis is presented when for the PS concentrated in the plasmameembr
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Chapter 2

APOPTOSIS ACTIVATION BY A NON-HYDROLYSABLE
TETRA GLYCOSYLATED PORPHYRIN AFTER
PHOTODYNAMIC TREATMENT: LOCALIZATION,

PATHWAYS AND CONDITION

2.1 Abstract

A water-soluble tetra-S-glycosylated porphyrin (Pgis absorbed by MDA-MB-
231 human breast cancer cells whereupon irradiation with visibleclgisies necrosis or
apoptosis depending on the concentration of the porphyrin and the powerlighthe
With the same amount of light irradiation power (9.4 &) nat 10-20 uM concentrations
necrosis is predominantly observed, while at <10 uM concentrations, apoigtakse
principal cause of cell death. Of the various possible pathwayshéoinduction of
apoptosis, experiments demonstrate that calcium is released tfi®nendoplasmic
reticulum, cytochrome c is liberated from the mitochondria to ybesol, pro-caspase-3
is activated, poly-(ADP-ribose) polymerase is cleaved, and themetin is condensed
subsequent to photodynamic treatment of these cells. Confocal mjgyosalicates a
substantial portion of the PGlis located in the endoplasmic reticulum at <10 uM. These
data indicate that the photodynamic treatment of MDA-MB-231 cedisng low
concentrations of the PGlporphyrin and low light induces apoptosis mostly initiated

from stress produced to the endoplasmic reticulum
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2.2 Introduction

Apoptosis, programmed physiological cell deaith,an essential and well-
regulated cell function that allows for the ordemesnoval of superfluous, aged, or
damaged cell§? Several million cells in the human body undergmmpsis every
second. Insufficient apoptosis may prompt oncogeneby allowing cell
accumulation, while excessive apoptosis may be #wmasbof degenerative diseases
such as Huntington’s and Alzheimer’s. Apoptosisnianifested by both biochemical
and morphological changes including: cell shrinkagfgomatin condensation, DNA
fragmentation, plasma membrane blebbing and vedtiogl, and phosphatidylserine
lipid redistribution to the cell surface. In comdta the pathology of necrosis is
characterized by significant degradation of membrartegrity and leakage of cell
contents.

Photodynanmic therapy (PDT) is an approved treatnfen a variety of
cancers that can be exposed to a high flux of lightither white or a band centered
at a particular wavelength. The concept is that gatient is dosed with a
photosensitizing dye and the specificity arisegédy from the selective irradiation of
target tissue with light in the visible region dfet electromagnetic spectrum. Upon
irradiation the dye becomes reactive and/or toaicit photosensitizes the formation
of reactive and/or toxic species in vivo. The chopmores used in current
technologies, and those in the immediate pipelere, generally not selective for
cancer tissue beyond what would be expected froengtieater metabolism. These

agents are generally believed to photosensitize ftmmation of singlet oxygen.



11

Singlet oxygen then reacts with a variety of cellldamponents including, aromatic
amino acids, double bonds in lipids, a variety efiox enzymes and cofactors, and
both the bases and the phosphate backbones of DNARAA. The mechanism(s) of
action of PDT agents arise from both the photoptatgproperties of the chromophore
and the specific localization of the porphyrin imetcell or tissue. The uptake and
localization of the photodynamic agent in the adpends exquisitely on the exact
chemical structure of the dye and any covalentlyrigbauxiliary motifs®

The initiation of apoptosis using low concentragoof a non-hydrolyzable
tetraglycosylated porphyrin with low light irradiati is presented in this chapter.
Phototoxicity studies reveal that as the concenmadf P-Glg decreases from 20 uM
to 10 uM the percentage of immediately necroti¢scéécrease and the percentage of
cells that exhibit a delayed response increase.i&wt 5 uM show less necrosis and
the percentage of apoptotic cells is less, and @aMlneither necrosis nor apoptosis
are indicated. As illustrated below, the speciftmcentration and localization of the
photodynamic chromophore, as well as the lightrsigy, dictate the mode of cell
death.

Of the vast number of reports on apoptosis, theeea few on the induction of
apoptosis by photodynamic treatment. Cellular resps to photodynamic treatment
depend on the cell type, the specific photosergsitizthe dosage of both
photosensitizer and light, and other factors. Tpecdic subcellular localizations of
the photosensitizer dictates the sites of primanptp damage, thus the potential
apoptosis initiation point(s). To date, the photssezers used in PDT are found to be

localized mostly in the mitochondria, lysosomesdaiasmic reticulum (ER), and



12

cell membranes. Concerning apoptosis, after itvattdon, the mitochondrial potential

is lost, which is followed by the release of cytomine ¢ to the cytosol. Cytochrome c,
upon binding to apoptotic protease activating fedta/Apaf-1) and pro-caspase-9
(cysteine aspartate-specific protease), activates d¢aspases. The activation of
caspase-9 then triggers a cascade of proteasesindbetion of the caspases also
triggers a variety of other responses in the ca&dll signaling pathways, such as
chromatin condensation, DNA cleavage, and the @gawf repair enzymes such as
poly-(ADP ribose) polymerase (PARP). The detectibnhese activities is generally

considered as biochemical markers of apoptosised®el of cytochrome c from

between the inner and outer membranes of the notwbfia has been shown to
accompany apoptosis in every circumstance with ety line studied to date,

though the mechanism of the release of this enzymains a topic of interest.

The entry and partition of photosensitizers inlxes a complex issue that
depends on nonspecific properties such as hydragitpland the subtituents on the
molecule that may target specific cell membraneicttires. It may be that many
compounds enter into cells via more than one payhamd partition into several
cellular components with a time-dependence. Som&ogensitizers preferentially
bind the plasma membrane, where a number of sigpapathways including
apoptosis may be induced, though the mechanismsimesnatroversial. Apoptosis is
rapidly induced at the plasma membrane level viavatton of “death-inducing
signaling complexes” (DISCs) that involve cell sao¢ receptors such as Fas and

tumor necrosis factor receptor (TNFR).
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Research on porphyrins appended with sugar moieties has been aitgreat in the
last decad@. Glycosylated porphyrins can have greater water solubility tivest
naturally occurring and synthetic porphyrins. Amphipathic solubiign not only
increase the efficacy of drug delivery but also assist the dlingnation from the
organism after treatment. The proper amphipathicity of neutrahaade conjugated
porphyrins enables them to permeate better into both lipophilic andoghytic
biological structures. Furthermore, they can have specific otiens with saccharide
transporter and other proteins on cell membranes, and thus exhibficsiaegeting of

cancer cells
2.3 Experimental procedures

Materials. All chemicals were purchased from Sigitdrich. Dulbecco’s
Modified Eagle Medium (DMEM) and antimycotic for tefulture were obtained
from GibcoBRL. Bovine calf serum was obtained frdi#yClone. PBS (136 mM
NaCl, 2.6 mM KCI, 1.4 mM KHPQO,, 4.2 mM NaHPQ,) was obtained from
Invetrogen. The 13W fluorescent bulb was from Safddee antibodies against CHOP
and elF2 were a kind present from Dr. Alejandro idaom SUNY. The ER-tracker
Green and the Fluo-4 was purchased from InvitrogeiGlg was synthesized as
described previously, and has a fluorescence quasteld in cell culture medium of
about 5%.

Cell Culture. Cells were maintained in DMEM, 10%vine calf serum, 1%
antimycotic, at 37 C and 5% C@ atmospheré&.Typically, ~2 x 16 cells mL* were
seeded in cell culture plates and allowed to graw 24 hours. For experiments

involving the porphyrin saccharide conjugate, R@las added to the cells 24 hours
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prior to the photodynamic experiments and biochammassays to allow it to be taken
up by the cells. The cultures were rinsed 2-3 tinvék fresh DMEM to remove any
unbound porphyrinic compounds before proceeding the various assays.

Fluorescence microscopy indicates no unbound ponphgmains.

Confocal Microscopy. Cells were plated onto covgrssin cell culture dishes.
Porphyrins dissolved in methanol were added tocthieures to a final concentration
of 10 uM (methanol concentrations were < 0.2%). After ipation for 24 hours the
cells were rinsed, treated with ER-Tracker Greena(f concentration 1uM) in
growth medium, and incubated for 30 minutes unaerddions outlined above. Cells
were then washed twice with PBS and incubated wait#% paraformaldehyde
solution in growth medium for 15 minutes at®3Z under cell growth conditions.
Cells were then washed three times with PBS, mablrite Dako fluorescence
mounting medium, and visualized using a Zeiss LSM%dser scanning confocal
microscope where images were captured. For Mitddaagreen: excitation 476 nm,
emission 490-510; for PGJcexcitation at 633 nm, emission 650-670nm.

Inverted epifluorescence microscope. Cells wergéeglanto cover slips in cell
culture dishes. Porphyrins dissolved in methanalensdded to the cultures to a final
concentration of 1QuM. After incubation for 24 hours the cells were Wwed three
times with PBS. The cells were incubated for 30 utes in growth medium with
Fluo-4 (final concentration 1 uM) for 30 minut&3ells were then washed twice with
PBS and incubated for another 30 minutes in norgnalwth medium. Images were
taken using Nikon Eclipse TE 200 inverted epiflism@nce microscope.

Western blots. Cells were treated with porphyrin 8 hours, rinsed and
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irradiated as described above. After a period afetiappropriate for the given
experiment, cells were washed with cold PBS twietoke lyses with RIPA buffer (50
mM Tris-HCI, 1% NP40, 0.25% Na-deoxycholate, 150 tNACIl, 1 mM EDTA, 1
mM PMSF, 1pg mL* aprotinin, leupeptin, and pepstatin each, 1 mMV@, and
NaF). The lysates were gently rocked &C4for 25 minutes, centrifuged at maximum
speed for 10 minutes, and the supernatant appdied western blot.Equal amounts
of protein were adjusted into gel-loading buffe® (M Tris-HCI, pH 6.8, 100 mM
dithiothreitol, 2% SDS, 0.1% bromophenol blue, 1@%kcerol), and heated for five
minutes at 100 C prior to separation by SDS-polyacrylamide (8%)| ge
electrophoresis. After transferring to nitrocellsdo membranes (Osmonics),
membrane filters were blocked overnight 8€4with 5% non-fat dry milk in PBS.
The nitrocellulose filters were washed three tifeesfive minutes in PBS with 0.05%
Tween-20 (Bio-Rad), before incubation with anti-CPiCanti-elF2, anti-cytochrome
C, or anti-pro-caspase-3, or anti-PARP. Anti-molg® conjugated with horseradish
peroxidase was used as a secondary antibody. Thes baere visualized using an
enhanced chemiluminescent detection system (Amershdn the assay for
cytochrome c, the cytosol was further fractionatiexn the mitochondria with a kit
designed for this purpose (purchased from Biovisiand both the cytosolic and

mitochondrial fractions were examined by a westdon.
2.4 Results and Discussion
A previous report found that concentrations of RGleer ca. 10uM form

nanoscaled aggregates so may enter and partitionthe cells differently than the

non-aggregated compoufid.
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Figure 2.1. Structure of PGlc

The entry and partition of this compound depenadth lbon concentration and
incubation time. Our investigations on the mechanef apoptosis induction by light
and PGlg in MDA-MB-231 breast cancer cells is evaluated $gveral assays.
Confocal microscopy indicates that when treatechwilO uM, the porphyrin binds
predominantly to the endoplasmic reticulum. Althbuthe mechanism is partially
unclear, it is known that stresses to the ER caivate apoptosis and that the release
of calcium from the ER to the cytoplasm is one bé tsteps involved.Several
observations are consistent with our hypothesig tivader low light and low
concentrations, PGJcinduces apoptosis primarily by ER-stress in MDA-MB1
breast cancer cells. This evidence shows that walcis released from the
endoplasmic reticulum, which subsequently is fokaWby cytochrome c release from

the mitochondria.
Confocal fluorescence microscopy

ER-Tracker Greéh (Molecular Probes) is a dye specific to endoplasmic
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reticulum and Iluminesces green when exited with ebllight, and the
tetraarylporphyrin core of PGjé¢luoresces in the red region. The combination @f th
two dyes allows an evaluation of the location af ilycosylated porphyrin in MDA-
MB-231 cells. Confocal fluorescence images of caksted with both 1M PGl
and with ER-tracker Green exhibit both the porphyffuorescence (red) and the ER
Green fluorescence (Fig. 2.2). These experimemlicdte that after exposure the cells
to the PS, PGIlc is localized at the ER. This supports our hypothetiat
photodynamic treatment of cells with P-@tan induce apoptosis by stress to the ER.
Similar experiments using Mito-Tracker® (MoleculBrobes) reveal only a small
correlation with the fluorescence of PGlso the compound does not significantly

localize in the mitochondria.
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Figure 2.2. P-Glgis mainly localized in endoplasmic reticulum in MEMB-231
cells. Cells were incubated with 1M PGlc, for 24 hours (red), rinsed, treated with
ER Tracker Green, rinsed and fixed with 4% parafdahyde solution.
Fluorescence of A: ER-Tracker Green, and B: RGI: the overlapped image of A
and B. Confocal fluorescence images were taken rundentical conditions,

magnification is 60x

Release of calcium from the endoplasmic reticulum

To confirm the localization of the PGland that free calcium is released from
the ER upon photodynamic treatment, the calciundibigp fluorophore Fluo-4 was
used as an assay for monitoring intracellular freleiom’. The fluorescence of Fluo-
4 significantly increases when bound to free caltiafwo different experiments
were performed to measure the release of calcium fthe ER to the cytoplasm.

First, the MDA-MB-231 cells were treated with 1M of PGlg for 24 hours, rinsed,
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incubated with Fluo-4 as described in the methoestien, and irradiated for 5
minutes or 10 minutes with white light from a 13 Norescent bulb. Control
examined show no calcium release without both P@led light. In the second
experiment, MDA-MB-231 cells were treated with @M of the PGlg conjugate for
24 hours, incubated for 30 minutes withuld of Fluor 4, rinsed three times, and
incubated again for another 30 minutes with normatubation conditions.
Fluorescence images were then taken every minutdewhiadiating with low
intensity white light to observe calcium releasethe cells in real time; e.g. before
and after the cells were irradiated with white light 5 minutes (Fig. 2.3). Significant

free C&" are observed after photo irradiation of the ciellthe presence of PGlc

Figure 2.3. Release of calcium from the endoplasmic reticututieg cytosol can be
monitored in real time. Cells were incubated withuMd PGle, and the C& sensor Fluo-
4 , rinsed, placed under the microscope and images obtained every mithadat wi
moving the plate from the microscope, while the cells werdiatad with 0.84 mW/cf
(2.52 kJ/m2) white light. A: before irradiation, and B: after 10 minutesdiation.

Images are 20x and taken under identical conditions.
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Release of cytochrome ¢ from the mitochondria

If apoptosis proceeds through a mitochondria pathwgtochrome ¢ can be released
to the cytosol, which in turn triggers caspase ades and ultimately results in
apoptosis. Though the mechanism of release remaidsr investigation, it has been
demonstrated that two cytosolic proteins collab®raith cytochrome c¢ to induce
proteolytic processing and activation of caspasén3 vitro®. To assay the
mitochondrial involvement in apoptosis, the MDA-ME31 cells were treated with 4
uM of the glucose-porphyrin conjugate for 24 howigsed, and irradiated for 30
minute or 60 minute durations with white light from13 W fluorescent bulb. Five
hours later a mitochondria/cytosol fractionationh (BioVision) was used to separate
the cytosol from the mitochondria. Western blotstlod cytosolic and mitochondrial
fractions were then used to detect cytochrome ces&hresults show that mild
photodynamic conditions with P-Glucause cytochrome c¢ release from the

mitochondria to the cytosol (Fig. 2.4).
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Fig. 2.4. Cytochrome c release from mitochondria to cytosol. O @ 4P-Glu, was
incubated with human breast cancer MDA-MB-231 cells for 24 hours aadrafsing,
irradiated with 13 W fluorescent white bulb for 30 or 60 min at 0.96 enW/(17.28 or
34.56 kJ/M). Five hours later a mitochondria/cytosol fractionation kit was used
separate mitochondria and cytosol. The fractions were subjectedtermvblot to detect
cytochrome c. Lane 1: control (no porphyrin, no light). Lane 2: corntraM porphyrin,
no light) Lane 3: 4uM porphyrin, 30 min irradiation. Lane 4:14M porphyrin, 60 min

irradiation.

Pro-caspase-3 cleavage/activation

Caspase-3 is activated during most apoptotic msE® and is believed to be the
main executioner caspase€aspase-3 activation is essential for DNA fragmagon
as well as chromatin condensation and plasma merabidebbing. Caspase 3
activation can be stimulated by cytochrome releaskom the mitochondria via
caspase-9/Apaf-1 or by other pathways. For theperaxents the cells were treated
with 0, 4, or 10uM porphyrin conjugate, rinsed by exchanging the mednd
irradiated for 20 or 40 minutes with white lighthi§ experiment shows that pro-
caspase-3 is indeed cleaved to yield the activepasses after mild photodynamic

treatment of MDA-MB-231 cells in the presence oGRy (Fig. 2.5).
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Fig. 2.5. Detection of pro-caspase-3 cleavage. 0, 4 @M.®-Glw, was incubated with

human breast cancer MDA-MB-231 cells for 24 hours and irradiatead ®8W

fluorescent white bulb for 20 or 40 min at 0.96 mW/cm2 (11.52 or 23.04 kJ/m2). Seven

hours later, cells were collected and lysed. The supernatdm bfsate was applied to a
western blot to detect pro-caspase-3. Lane 1: control (no porphyiimadiation). Lane
2: control (no porphyrin, 20 min irradiation). Lane 3: control (4 uM porphynio
irradiation). Lane 4: 4 uM porphyrin, 20 min irradiation. Lane 5: 4 pkplpgrin, 40 min
irradiation. Lane 6: 10 uM porphyrin, 20 min irradiation. Lane 7: 10 uMpoip, 40

min irradiation.

PARP Cleavage

Given the evidence of subcellular localization BfGlw, at the endoplasmic
reticulum, cytochrome ¢ release, pro-caspase-3 vaain, and chromatin
condensation (see below), it not surprising to findt later stages of apoptosis, such
as poly-ADP-ribose-polymerase (PARP) cleavage, @s® observed (Fig 2.6).
PARP is one of the best-examined targets of a@tataspases and is a common

indicator of the action of caspase-3 in apoptosis
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Figure 2.6: Detection of Poly-ADP-Ribose-Polymerase (PAREjvelge in human breast
cancer MDA-MB-231 cells as an indication of apoptosis. The cadle weated with 20
uM P-Glu, for 24 hours, irradiated with a 13W fluorescent light (0.27 mW éon 10
minutes; 1.62 kJ i), and 9 hours after irradiation, cells were collected and lyseel. T
supernatant of the lysate was applied to western blot to deté&® Rkeavage. Lane 1:
with no irradiation or P-Gl Lane 2: with irradiation but no P-GltuLane 3: with P-Gly

but no irradiation; Lane 4: with P-Gland irradiation.

DAPI staining

To examine the morphological changes in the MDA-RIBL chromatin after
photodynamic treatment in the presence of P;GIDAPI (4’,6-diamino-2-
phenylindole) staining experiments were used. DBAiROs to dA-T rich regions and
is widely used as a DNA probe because of its langeeiase in fluorescence quantum
yield upon DNA binding* DAPI fluorescence images of the photodynamiclwtee
MDA-MB-231 cells reveal that the nuclei are condethsand split compared to a

parallel control experiment (supporting informafioThe observed condensed and
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split chromatin morphology is typical of apoptotells and further indicates that
photodynamic treatment using low concentrationshef glycosylated porphyrin and

low light irradiation is capable of inducing apogit®

Control

After Photodynamic Treatment

Figure 2.7. DAPI staining assays. 0 or i@ P-Glu, was incubated with human breast
cancer MDA-MB-231 cells for 24 hours and irradiated for 5 min at 0.8#am? (2.52
kJ/nf) under white light. 8 hours after irradiation, cells were fixeithw4%
paraformaldehyde and stained withud/ mL DAPI solution. Fluorescence images were

taken under identical conditions.

2.4. Discussion

Previous reports show that a tetraglucose-porphgonjugate, 5,10,15,20-
tetrakis-(4-1’-thio-glucosyl-2,3,5,6-tetrafluorophd)-porphyrin, (PGlg) can be
made in > 90% vyield in two steps from commercialpvailable meso-
tetrakis(pentafluorophenyl)-porphyrin (TPRBF and a thioglucose derivative. The
porphyrin-glucose bond of P-Gldoes not hydrolyze under physiological conditions.

Human breast cancer MDA-MB-231 cells preferentialysorb tetraaryl porphyrins
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with four glucose moieties 2-3 folds greater th&e torresponding tetragalactose
derivatives. It was also found that P-@ls also taken up by this cell line 2-3 times
better than several well-studied hydrophilic ponmphyderivatives such as the
tetracationic tetrakis(4-N-methylpyridinium)porphyriAdditionally, PGlg is highly
selective toward 3Y1°" transformed cells compared to normal 3Y1 c&lls.

Doseametric studies reveal that these saccharig#ipon conjugates exhibit
varying photodynamic responses depending on drugceadration and irradiation
energy. (1) Using 2QM conjugate and greater irradiation energy (> 22536m°)
induces cell death by necrosis presumably. (2) Wh@20 uM conjugate and less
irradiation energy are used, both presume necrosilsapoptosis are observed. (3)
Using < 10uM and the least irradiation energy (< 0.75 k3)ma significant reduction
in cell migration is observed, which indicates auetion in aggressiveness of the
cancer cells.

While greater concentrations of this porphyrin agréater irradiation with
white light leads directly to necrosis, lower contations and less light lead to a
delayed cell death predominantly by apoptosis. Goalf microscopy data indicates
that at low PGlg concentrations the porphyrin absorbed by MDA-MB-23Is is
localized at the ER, and calcium is released froenER after the cells are exposed to
the light. Thus, it is reasonable to conclude thaignificant fraction of the observed
apoptosis is a consequence of the stress induceithetoER after photodynamic
treatment. The uptake of PGlioy the ER is expected because the ER is knowrsé¢o u
sugar for glycosylation and is a large inner célusture!? The PGlg stress to the

ER releases calcium to the cytoplasm, cytochromas creleased from the
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mitochondria, caspase 3 is activated, PARP is eléaand chromatin conden&es
(Figure 2.8).

There are a variety of other cellular structured/anfunctions that can serve
as initiation points for the cascade of events tbatl to apoptosis that can be affected
by the remaining ca. 10% of PGldistributed throughout the cell. These include
processes originating in the nucleus and some ratjgorphyrins are well known to
interact and cleave DNA under photodynamic cond#iobut note that fluorescence
microscopy indicates little, if any, whether or &l enters the cell nucleus. The
200 octanol/water partition coefficiefur PGlc, between pH 7 and pH 4.75 renders
the compound amphiphilic because the water solsb@grs at the 4-phenyl positions
do not effectively surround the hydrophobic porphyore.

The enhanced activity of PGlcelative to other saccharide conjugates can be
attributed to several factors including the stability of the ®isaride bonds to
hydrolysis. The saccharide-porphyrin conjugates are more robust ligiddvecause of
the added oxidative stability imparted by the 16 fluoro groups. The sugaties likely
remain on the porphyrin even upon oxidation of the sulfur to the sulfaxicdelfone.
The reduced fluorescence intensity of RGiompared to many other meso tetraaryl
porphyrins is indirect evidence of a greater triplet quantum ydiesh results in greater
yields of singlet oxygen and thus of oxidative stress in trezglsl These and previous
results indicate that TPRfFmay be an ideal scaffold to build a variety of porphyrin-

saccharide conjugates and other biomolecular recognition motifsviEnse applications.

A PARP cleavage, cytochrome c release, caspasévataxt data from: XIN CHEN, CUNY doctoral
thesis, October 2005; Carbohydrate Conjugated BdnshTargeting Photodynamic Therapy (PDT):
Potent Inducers Of Cancer Cell Death Both By Nasrdsd Apoptosis; Solution-Phase Combinatorial
Libraries With Whole Cell Selection Method
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Since other cancer cell types take up different sugars sughlactose, this approach to
the formation of PDT agents is amenable to the rapid synthesis vahgateon of

compounds designed to be specific to a given cancer cell type or biomole@dar tar
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Figure 2.8. A proposed mechanism for the activation of apoptosis by &tldight.

cytoplasm

2.5 Conclusions

The various causes of MDA-MB-231 cell death mediaby the glycosyl-
porphyrin conjugate depend both on light energy dndj concentration; nonetheless
the elimination of cancer cells, via any mechanigithe goal. These results indicate
that highly vasculated tissues near surfaces adidegsi light irradiation that receive

greater doses of both drug and light may be eliteithdy necrosis, whereas areas of
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the tumor that absorb less drug and are furtheryanan the light source may be
eliminated by apoptosis. MDA-MB-231 cells are reratkless aggressive with yet
less P-Glg and lower light. Thus there is an array of respersgthis breast cancer
cell line that are elicited by this saccharide-gomin conjugate that depend on the
amount of porphyrin absorbed and the amount ot lighching the cell.

Based on our results, when low doses of P@lc under low light) are activated
by light, apoptosis is initiated at the £Rand the release of €ahen starts a cascade of
events that leads to activation of caspase-3, significant cyimehic release to the

cytosol, PARP cleavage, and chromatin condensation (Scheme 2).

Appendix

CHOP expression
Note that the CHOP and elé&2data were not used in the publication because the
standard proteins were omitted from the gel.

Given the evidence of subcellular localizationRGlc4 at the endoplasmic
reticulum, and the subsequent stress producduet&R when the glycophorphyrin is
activated by light, different stress-response maisms may be activated.One of
these responses is the transcription factor C/E&fdiogous protein (CHOP). It is
reported® that ER stress is characterized by an increaseel lef the ER stress
marker CHOP. The degree of CHOP expression was ieeamby Western blot,
where it was found that the level of CHOP increasbéen PGlgis activated by light.
This means that CHOP is also part of the appopteaibways induced by the PDT

using PGlg.
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Figure A.1. CHOP expression. 0 or uM PGlg was incubated with human breast
cancer MDA-MB-231 cells for 24 hours and after nmg irradiated with 13 W
fluorescent white bulb for 30 or 60 min at 0.96 mew{ (17.28 or 34.56 kJ/f)the
control is not irradiated. One hour later, the £ellere collected, lysed, and the
samples were subjected to western blot to detexteipression of CHOP. Lane 1:
control (no porphyrin, no light). Lane 2: contrdlO(uM porphyrin, no light). Lane 3:
10 uM porphyrin, 15 min irradiation. Lane 4: 1M porphyrin, 30 min irradiation.
Protein content was measured after lysis and 5@fuigtal protein were loaded in

each lane of an SDS-PAGE

elF2 phosphorylation

Another ER-stress response involves the phosphorylation of the eukaryoti
translation initiation factor 2 subunit (elF2x).'® Under normal conditions, elB2is
involved in transporting the initiator tRNA to the P-site of the-ipigation complex.
When the ER is under stress, aiF3s phosphorylated thereby reducing the
transformation of elF2-GDP to elF2-GTP required to bring imitiadRNA. Our result

shows that the elle2phosphorylation occurs when light activates R@lidhe cells.
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1 3 4

Figure A.2. elFa phosphorylation upon PDT treatment. 0 or AR PGlc, was
incubated with human breast cancer MDA-MB-231 cdbtls 24 hours and after
rinsing, irradiated with 13 W fluorescent white bdbr 30 or 60 min at 0.96 mW/cém
(17.28 or 34.56 kJ/f. One control was not irradiated with light. Aftene hour ,
cells were collected and lysed. The samples weea gubjected to western blot to
detect the EIF2 phosphorylation. Lane 1: contra forphyrin, no light). Lane 2:
control (10uM porphyrin, no light) Lane 3: 1@M porphyrin, 15 min irradiation.
Lane 4: 10uM porphyrin, 30 min irradiation. Protein contentswaeasured after lysis

and 50 ug of total protein were loaded in each lainen SDS-PAGE
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Chapter 3
MECHANISM OF NECROSIS: UPATAKE AND ACTYVITY

OF A TETRAGLYCOSYLATED CHLORIN.

Abstract

Phorphyrins and their derivates are widely used for photodynamapth&o treat
different diseases, including cancer. Although the final goal of this aoéc&eatment is
the destruction of the cancer cells, this objective can be achigvétkeactivation of
either apoptosis or necrosis. In the second chapter, the apoptotic mathitiated by a
tetraglycosylated porphyrin, PGJan MDM-MB-231 cells upon light illumination were
described and analyzed. In this chapter we describe how necrosis is dativata focus
on the uptake of the photo sensitizers by the cells.

Overall, our results show that PGlc-4 and a tetraglycosylatedichlCGlc-4 a
porphyrin wherein the macrocycle has one double bonds missing, begdasma
membrane by endocytosis and they are retained in the endoplastiatium. Several
assays also show that some of these photosensitizer compoundsoartaahed in the
plasma membrane. Our results show that the photosensitizersdldoathe plasma
membrane are the key activators of necrosis once activateghbylh terms of uptake,

the possible interaction with glucose transporters is analyzed.
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Introduction

As most widely practiced, photodynamic therapy of cancer udgs aapable of
photosensitizing the formation of singlet oxygen upon light illumimatb the cells or
tissues containing the dye. The resulting reactive oxygen espemnerated by the
photosensitizers are the compounds that will damage differentacetitdanelles and
molecules, that ultimately leads to cell death. Many reseambrts using a variety of
cell lines and methodologies show that the resulting damage lea€dl teath either by
apoptosi§ necrosié or even autophadyIn almost all of the cases studied so far, the
primary place of damaged produced for these toxic compounds correspondplacéhe
that the photosensitizer (PS) is localized inside thecells

Early work in our group found that simple click chemistry allowedftinmation
of a tetraglycosylated porphyrin, P@lavherein the sulfur attaching the sugar resists
hydrolysis by acid/base and enzymes (Figure 3.1). This compoundliseashown to be
an effective PDT agent in a variety of cell lines. For gxdamour compound PGjc
localizes in the endoplasmatic reticulum and the apoptosis \&@ctiwhen damage is
performed to the same organéilét is commonly accepted that PSs localize in the
endoplasmatic reticulum and/or mitochondria will activate apoptosis phdéodynamic
treatment, while the PSs confined in the plasma membrane or enddysosomes
activate cell death by necroéis.

PGlg activates apoptosis when the dye concentration and the power ajhthe i
are relatively low, and this was mainly characterized in chapte. Briefly, at low

concentrations PGJcis manly located in the endoplasmatic reticulum and once it is
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activated by light, stress is induced to the ER, and severateitfbiological signals
show that apoptosis is activated. In this chapter we focus on how theulesl enter the
cell and understanding how the process of necrosis is activated.

Because a minimum energy is needed to sensitize the fomumdtsinglet oxygen
and light penetration in tissue is greatest between 700 nm and 90Mheraptimal
absorption for this class of sensitizers is between ca. 650 n@0&naim. Thus, in order
to make derivatives of PGlahat have better light absorption properties in tissues —
stronger absorption band(s) on the red side of the UV-visible speetnwe made the
chlorin (CGlg) and isobacteriochlorin (IGJt derivatives. Chlorins are missing one

pyrrole double bond and isobacteriochlorins are missing two on adjaceniepy(Figure

Figure 3.1 The glycosylated porphryinoids
F

RS R SR

SR= 5-Glucose (PGlu-4)
SR=F (TPPF20D)

S5R= S5-Glucose (CGlu-4)
SR=F (ChlF20)

S5R= 5-Glucose (BGlu-4)

SR= F (BcF20) 5R= 5-Glucose (IGlu-4)

SR=TF (IcFF20)
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3.1). The synthesis and photophysical properties of these are repogtatian chapters.
In terms of uptake and localization, the hypothesis was thse therivatives would have
similar properties. In terms of the photophysics, G@&ca. 6-fold more fluorescent and
IGIc, is ca. 11-fold more fluorescent than the parent P@aantum yields: 3% for
PGlg, 17% for CGlg, 36% for IGIg). The triplet state, which is needed for the
sensitized formation of singlet oxygen, correspondingly decreasdst is reasonably to
assume this is proportional.

In this chapter our data also demonstrated thatG(8lg and IGlg are located,
beside in the endoplasmatic reticulum, in endosomes/lysosomes, and/plashea
membrane. The damage produced to the plasma membrane is the prenhanism for
the activation of necrosis. Since P&las the greatest triplet quantum vyield, it has the
greatest potential to generate the reactive oxygen spediesigi CGlg and IGlg
(chapter 3) have reduced triplet quantum yields, under high powecdgtitions CGlg
and IGlg also generate enough reactive oxygen species to produce the devesgEary
to activate any of the cell death processes. Most of the exgrdanperformed in this
chapter were done using CGlbecause: (1) it is easier to make an purify, (2) its
electronic absorption band at 650 nm is about 25-time greater thpartdm@ compound,
and (3) the proportionally greater emission above 600 nm facilitdtente$cence

microscopy assays. Similar results were obtained using,6t®&lc,.
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Experimental procedures

Cell Culture. Chinese Hamster Ovary Cells (CHO) werentaaied in F12, 5%
Fetal bovine serum, 1% antimycotic, af & and 5% C@atmosphere. Typically, ~2 x
10* cells mL* were seeded in cell culture plates and allowed to grow for 24 hbar
experiments where endocytosis was inhibited, culture plates cowtaieils were placed
on ice for at least half an hour and all the buffers wermtaiaed at 4C. C-Glcwas
dissolved in DMSO and added to the cells depending the protocol involvedatultures
were rinsed 2-3 times with fresh M2 to remove any unbound porphyrampounds

before proceeding to the various assays.

Fluorescence spectroscopy

To detect necrosis, ethidium homodimer (EthD-1) from the LIVE/DRA
Viability/Cytotoxicity Kit (Invitrogen) was used. The dye svadded to cells in M2
medium for five minutes. The fluorescence emission of EthD-1 isese&-fold when
intercalated into DNA, and is extensively used to detect necwisen the plasma
membrane integrity is compromised. For experiments focusing quidbma membrane,
Cellmask® (Invitrogen) was used to dye the plasma membrane. The dgeldegisto the
medium containing the cells at concentration of 0.5 ug/mL for five m#uBoth
procedures followed the recommended protocols that come with the kits.

Fluorescence measurements were performed on dilute solutions|lyypitaM
in phosphate buffered saline (PBS). Samples were excited aartie ls&and (500 nm)
where absorbencies0.1 and were within 10% of each other. For emission spectra, both

the excitation and detection monochrometors had a band pass of 1 nmoriButed
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emission (for instrument response) and absorption spectra were ABeskperiments
were carried out on the same day, using identical concentrationsinimize any
experimental errors.

Fluorescence microscopy was performed using on an inverted LeicdLDM
inverted instrument, exposure times were 100 miliseconds for ign@ggoposed and 30
sec for PDT, a Cy5 band pass (Excitation 580 nm to 640 nm - BmI8SD nm to 720
nm) for experiment involving CGJand filter TRITC (Excitation 500 nm to 550 nm -
Emission 560 nm to 610 nm) for CellMask and EthD-1 experiments. Brajtitimages
were taken on the same microscope. In general the activatidre afye used focused
light from the microscope using the aforementioned Cy5filter lpasd filter such that

the power was 6mW.
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Results and discussions

Figure 3.2. Fluorescence microscopy showing the localization &f,@Gthe endosomes
and lysosomes of CHO cells: (A) high molecular weight dext(ahge); (B) 1uM
CGlc-4 (green); and (C) the overlapped images. Images are Boight field image of
the same samples (bottom).

Endosomal localization CGJcThe endosome/lysosome localization of both our
compounds was indicated by colocalization with high molecular weigitashs using a
standard protocd(Fig 3.2 A, B, C). It is known that many macromolecules that are
internalized into cells by bulk phase endocytosis reside in the endosomes and since one of
the limiting factors for the therapeutic efficacy of a diggits ability to escape the
endosomes, and translocate into the cytdsesearchers have been experimenting with

many alternatives to enhance this translocation efficiency.9Dole approach is termed
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“photochemical internalization”, where a photosensitizer is usedddstroy the
endosomal membrane in response to light, and release the dyudpencytosol The
mechanism of release can be either activation of oxygen orziedaheating of the

endosome since aggregates of dyes often deactivate via vibrational processes.

Our results show that CGlcan serve as its own photosensitizer, i.e., when £Glc
loaded cells were exposed to light, the integrity of late endagbmesomes was
compromised, as evidenced by the release of endosomal dextraheadgetinto the
cytosol (Fig 3.3 A, B, C). A shorter exposure to light of of the sameelength and
intensity on the same microscope was required to obtain a siredait for PGlg
contained in the late endosomes/lysosomes. Since, P@éca greater triplet quantum
yield (ca. 95% vs. 70%), the latter result indicates the productiaeaaftive oxygen
species is a significant contributor to the release of dy@® fthe endosomes and
lysosomes (Chapter 3).

Figure 3.3. Fluorescence microscopy of CHO cells treated dattrans j(g/mL) and
CGlcg (1 uM) shows that (A) using a A4 band pass (Excitation 455 nm to 495 nm
Emission 515 nm to 535 nm) band pass emission filter shows dextraresélesmce is
located in the endosomes; (B) after CGlc-4 is activated biyghiefrom the microscope
for 30 s; the endosomes are destroyed and the dextrans rete#sedytosol; (C) The
overlapped images of A and B shows dextran before the endosomestangeadk(red)

and after (green).
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A B

Necrosis activation by CGjc

PDT is followed by the activation of apoptosis, necrosis or even agpphao
important conditions will dictate the different cell death pathsvapncentration of the
photosensitizer (PS) and the light dose. High dose light and/or highntaime of PS
will result in necrotic cell death cell4. To achieve necrasisur experiments, the light
used to activate our PS is focused white fluorescence light geneyaa 150 W
fluorescence lamp for 30 or 60 seconds, instead of a non-focusedludrnéscence light
generate by a 25 mW fluorescence lamp used in our apoptgsisreents.:* As can be
observed in the following images, the CHO cells are under signtfistress after the

PDT treatment.
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Figure 3.4. CHO cells were incubated witlaviL CGlc, overnight, washed three
times with M2 medium before imaging in the bright field (A) sdlefore activation of
CGlcy with light, and (B) cells after irradiation with the micrope light (60 s, using a
Cys5 filter, 6 mW). Post irradiation, the cells show obvious sigrstres as indicated by
the swelling, blebbing, and other changes in morphology. Similar regeits obtained

with different incubation times with CGJ¢1hs, 4hs, 16hs, data not shown).

To confirm that the cells are undergoing necrosis, after thdiation EthD-1 was
added to the medium, and after five minutes the cells were wasglag@tthree times and
images were obtained using this time TRIC filter to exatdy the EthD-1. The
fluorescence intensity EthD-1 increases several fold whenythétercalates into DNA,
and is generally used to recognize or detect necrotic cedisthé integrity of the plasma

membrane is damagéd.
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Figure 3.5. CHO cells were incubated wituid CGlc-4 overnight, washed three times
with M2 medium. (A) Bright field image of the cells after irradiation andsation of the
dye (see Fig. 3); and (B) fluorescence microscope imageedithD-1 localized in the
nucleus showing that the plasma membrane integrity and the cellsinaergoing

necrosis.

As shown in figure 3.5, the plasma membrane integrity is dainagen the PS
was activated by light. These results indicate that someopodi the PS must be
localized in the plasma membrane. These and previous results showthéhat
nonhydrolysable glycosylated porphyrinoids PGlad CGlg are taken up into the cell
predominantly by endocytosis, and subsequently partitions or localizethe
endoplasmatic reticulufrwhile some remains in the plasma membrane. £Gin be
detected in the plasma membrane as a weak fluorescence rrictioscopy, when the

cells are incubated at 37C.
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Figure 3.6. CHO cells were incubated withull CGlc, overnight, washed three times
with M2 medium. The cells were maintained at 37 C. (A) brighd fimage of the cells
and (B) fluorescence of CGlasing a CY5 filter. The endosomes are the white spots and

plasma membrane the smooth white areas. (C) Cell after been photodynatadt tre

When endocytosis is inhibited following a low temperature protocol whereells were

incubated with the CGlcat 4 C for two hour5,the fluorescence of the dye is strongly
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correlated with the plasma membrane (Figure 3.6).

Figure 3.7. CHO cells were incubated withu CGlc4 for two hours at 4 C, washed
three times with cold M2 medium. (A) Bright field image of thells; and (B)
fluorescence of CGlc-4 using a CY5 filter on the emission sities $hows that the
chlorin is localized only in the plasma membrane as indicatedhbywhite lines

surrounding the cells.

As expected, cells incubated for two hours at low temperature show that the PS is
localized in the plasma membrane since endocytosis, the way that the céksayptRS,
was inhibited. Thus, short incubation times result in the glycoconjugate porphyities in t
plasma membrane and in the endosomes/lysosomes.
Under the conditions studied, endocyctosis seems to be the major maookala

into the cells; however, the localization of some of the CGlc#henplasma membrane
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indicates that passive diffusion may also contribute somewhat toptiae. Passive
diffusion depends both on the kinetics (where longer incubation timedbenagcessary
to get the dye into the cell), and on thermodynamics where ldite/eeconcentration of
the dye and the physical properties of the dye are importantoctaeol/water partition
coeffecients for PGlds ca. 120 and for CGica. 40.
Necrosis activation by the PS located at the plasma membrane

In chapter two, apoptosis in MDS-MB-231 cells was observed whetivedyaow
PS concentrations were used with low light doses. It was conclidedthe stress
produced to the endoplasmatic reticulum was the first step of theoggopathway and
the majority of the PS was located in the ER after the 24 hmmubation time. In
addition, it was also concluded that when a greater power of lightssed, necrosis was
the major consequence after the PS activation. In this chapter thsitayv temperature
protocol described above and CHO cells, we find that when the, @Glelivered only to
the plasma membrane, and activated by light necrosis wasréiyjg€éhese observations
lead to the conclusion that CHctivates necrosis by damaging the plasma membrane;

the following experiments support this.
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Figure 3.8. CHO cells were incubated withM. CGlc-4 for two hours at 4 C, washed
three times with cold M2 medium. (A) bright field image of the cells; (Bpfescence of
the CGlg using a CY5 filter on the emission side showing localization inptasma
membrane aswhite lines surrounding the cells; (C) cells aftevation of CGlc-4 with
focused light from the microscope through the cy5 band pass filtersstinat the cells
are under stress (bright field); (D) after image C vek®en the cells were treated with
EthD-1 using standard procedures and the fluorescence images shokthiDal is
localized in the nucleus, indicating that the plasma membraneiiptesgcompromised
and the cells are undergoing necrosis. For control experiment (nmdigidarphyrin see
Appendix).
CGlc-4 in the plasma membrane at 37 C Quenches CellMask™

To confirm our hypothesis that our CGlis located partially in the plasma
membrane, quenching experiments were performed with a dye kndwacatze in the
plasma membrane. In this assay, the quenching (reduced fluoreszieach)e known to

localize in the plasma membrane by energy transfer to a sdgen@Glg, indicates that
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the second dye is localized in proxinfityThis technique is often used in biological
studies for imaging and demonstration of colocalizatibriThese requirements are
satisfied in that the emission spectrum of CellMask™ overlaplswithl the Q-bands of
CGlc, (Figure 3.9). We observe fluorescence quenching when 1 equivale@iafate
added to a PBS solution containing the same CellMask™, concentratidrfonseell
experiments, implying that the two dye molecules interacicgerfitly for energy transfer
guenching. For the case that both dyes localize in the same iplac cell, a similar

decrease in the fluorescence intensity from the CellMask™ should be expected.
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Figure 3.9. Blue line is the UV-visible spectra of CGlc-4.(8), and the red line is the
emission spectra of CellMask™ (&)/mL) in PBS. Note that the emission spectra of

CGlg, has a peak centered at 650 nm with a small shoulder at 707 nm (see below).

Experiments performed withM of the compounds dissolved in PBS demonstrate the

guenching effect when CGle added to the CellMask solution (Figure 3.9).
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Figure 3.10. Emission spectra of the compounds in PBS; excitatE®@0atm. Green: 3
ug/mL CellMask™ Red 3M CGlc,. Blue: Emission spectra of a solution containg both
compounds at the above concentrations indicates energy transfer &ddeltiask to

CGlcs.

As expected, the emission intensity of CellMask™ decreases witdey
added to the solution and concomitantly the emission intensity of ,dfdceases,
demonstrating energy transfer from the former to the lattemmpound. Once the
guenching by energy transfer was demonstrated between CGlc-@edliMbsk™, the
same experiments were performed in cell culture. Cells Woaded with CellMask™
following the recommended protocol to locate the compound at the ptasmaran®

and the fluorescense intensity was compared when CGlc-4 wasddsed to the cells.
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Thus, if CGlg localizes in the plasma membrane, it should quench the fluooesoén
the CellMask™. These experiments were performed at the two temperatureahmses!

where CGlc-4 is shown to remain in the plasma membrane at 4dCwhere it is

endocytosed and taken up by the cells at 37 C.
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Figure 3.11 CHO cells were incubated with CellMaskgimL for five minutes at 4 C,
washed three times with cold M2 medium, and the fluorescenceirmbtgraed using a
TRIC filter: (A) fluorescence of CellMask™ in the plasma nbeame, (B) CHO cells
were incubated for two hours withuM CGlc, at 4 C, washed three times with cold M2
medium, and immediately afterwards treated wiilgdmL CellMask™ for five minutes
at 4 C, washed three times with cold M2 medium, and images obiasnegithe TRIC
filter, showing the quenching of the emission intensity of CelkWasn the plasma
membrane. (C) and (D) The same experiments but the incubationC@ikty was

performed at 37 C yield similar results.

Conclusion

The ultimate objective of PDT is to activate one or all ofabk death pathways.
Most of the photosensitizing dyes currently under investigatioivahet apoptosis or
necrosis depending on both the conditions used to deliver the dythetight. In this
chapter, it was described that Cg&ls endocytosed into the CHO cells and that a

significant fraction also partitions into the plasma membrane evtieés population is
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responsible of the activation of necrosis. Certainly, the plasmabraem integrity is
altered and cell death immediately follows illumination of thisceontaining CGlg
Knowing that CGlg binds the plasma membrane and produced cell death when activated
by light, opens up several different research objectives. Fiestplasma membranes of
cancer cells are significantly different from those fromdberesponding healthy cefls.
As demonstrated with the PGlderivative with MDA-MB-231, CHO, and other cancer
cell lines™ the sugars impart significant selectivity to cancer celisl are generally
poorly taken up by non-cancer cell lines. The rapid, high-yieldiogscto append other
cancer cell targeting motifs, such as RDG and polylysine geption the TPGE core
platform means that this photosentizer can be tailor made foethoph of different
cancers. This provides an alternative strategy for the fewecéyymes that do not take up
the glycoconjugates.

The mechanism of absorption/binding of photosensitizers to the plasma
membrane is dictated both by the chemical properties of the molecule anddiffettest

components present in the medium.

Mechanisms of Binding to Cancer Cell membranes

Possible rolls of theactive glucose transporter (SGLT)

As demonstrated above, CGloinds the plasma membrane. Considering: (A)
CGlc, has four non-hydrolysable thioglucose moieties appended to the perifBgry,
most cancer cell lines express glucose receptors and/or transottesir membranes as

a means to obtain additional source of energy, and (C) previous ssthdie
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demonstrated that free thio-glucose can bind to and inhibit the gbtivese transporter
(SGLT) transporterS) there is a possibility that CGlbinds the plasma membrane via an
interaction with the active glucose transporter.

One circumstantial evidence that further supports this hypottetiimt Caco-2
cells present much larger amounts of our compounds on the plasma mer(figure
3.11), and are reported to contain several-fold more SGLT receptotfseorplasma

membranes compared to the CHO cells used above.

Figure 3.11. CGlg is located on the plasma membrane on Caco-

indicating that it is binding the SGLT transporter.

Another important information that supports this theory, it is the ibibiof
necrosis when thio-glucose is added to the medium or in the basdht plasma
membrane is washed five times with PBS 5% BSA. (See AppenBR) is an
increasingly popular therapeutic modality for various types of cante!’ There are,
however, several outstanding problems with the currently existipgrtcere of PDT

agents. Although the distribution within the tumor and not to the headtbyetiis not the
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most important drawbacks of current PDT agents, better selgdtvitumor cells will
improve PDT performance. We propose that R&hd CGlc-4 will be able to overcome
this problem specifically in tumors that overexpress SGLT (byeviof specific plasma

membrane binding to these cells).

Interaction with Glucose presented in the medium

Glucose is one the most interesting compounds to be studied in terRfS of
internalization, since most cancer cells over express gluassptrters with the aim to
obtain more glucose to be used as an energy sSUfeeobtain information about the
possible interaction in the uptake between G@&@hd the glucose transporters, MDA MB
231 cancer cells were pre-incubated with different glucose contensraThe glucose
concentration results show negative correlation with in the amount a@f @&én up into
the cells. When no glucose is present in the medium, [d&lacorporated to a much

greater extent than when glucose is present in the medium (Figure 3.12).

400
350 -
300 -

250 A o225 mgfl
200 - 45 mgll

04,5 mgll
150 1 oo g
100 -

50 A
0

Figure 3.11: The relative amount of C@lgp taken by MDA MB 231 cancer cells as a

function of the glucose concentration in the medium. After 4 hs incubagtia,veere
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washed three times with PBS, lysis and the fluorescencesitytevere measured as it
was described in material and methods. Cell numbers were eorrastng protein

concentration.

The results show a direct effect of the glucose concentratiomeingtowth
medium and the incorporation of CGlc-4. This result is expected becdubke four
exocyclic thioglucose moieties. One of the important steps inufptake by cells in how
the compound gets close to the cell to been incorporated. In the lbase there is no
glucose in the medium, the concentration gradient will facilttagediffusion of CGlgto
the cells, but when glucose is present in the medium, the diffuSitie &S may not be
as facile due to changes in viscosity and/or intermolecularacttens with the free
glucose. However, the presence of various glucose transporters @ar caeils that
significantly increases the local concentration of the dye arthandell. Because of the
four glucose groups on these porphyrins, the effective concentration giuttuse is 4-
fold greater. This increased local concentration around the cell ahé omembrane may
result in (1) aggregation of the dye such that nano-aggregates aredfand
endocytosed, (2) blocking the uptake of free glucose from the medd)inmcfease the
final uptake by the cancer cells by endocytosis. See appendixefanteraction with the

albumin.
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Appendix

Figure Al. Control no light. CHO cells were incubated witliM. CGlc, (PS) overnight,
washed three times with M2 medium before imaging the cellsn(&)e bright field, (B)
fluorescence microscope image of the EthD-1 using TRICT .filecrosis is not
produced since the PS was not activated by light. Control abibuti PS. Free PS label
CHO cells washed three times with M2 medium before imamgirtge bright field and

irradiated as it was described in the materials and methodbri¢@j field image of cells
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after radiation, (B) fluorescence microscope image of the Ethi3ing TRICT filter.

Necrosis is not produced since there was no PS.

A B
Figure A2. CHO cells were incubated withM CGlc, (PS) overnight, washed five times

with PBS 5% (protocol used to wash the plasma membrane) and afterwardssthecel|
washed again three times with M2 medium before imaging intightbfield (A) cells
before irradiation as it was described in material and methodC@H) after radiation
showing no necrosis since there is no PS present in the plasma anembhis
experiment supports the idea that necrosis is activated by thec&8d in the plasma

membrane.
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C D
Figure A3. CHO cells were incubated withM CGlc, (PS) 4 hours together with several

concentrations of thioglucose, washed again three times with M2umebefore
imaging in the bright field (A) cells before irradiation aisvas described in the material
and methods section; (B) cells after radiation showing no nedfosisV thioglucose);
(C) cells before irradiation as it was described in mdtarid method (1uM thioglucose)
(D) cell after radiation showing necrosis (1 uM). This experit supports the idea that

our PS may bind the active glucose transporters.
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Figure A4. CHO cells were incubated withM CGlc, (PS) overnight, washed three
times with M2 medium before imaging using CY5 filter (A)le€B) cells after Kl (0.3
mM) was added to the medium. The quenching of the PS located at the plasma membrane

is observed.

A B C
Figure A6. MDA MB 231 cancer cells were incubated for four siouith 1uM CGlcy,

washed three times and images were obtained under the same cdhditsame day to
minimize possible variations. (A) cells incubated in DMEM mediith 10% serum.
(B) cells incubated in DMEM medium 1% serum. (C) cells inopdbawith DMEM

medium 1% serum and albumin.
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Chapter 4:

PHOTONIC PROPERTIES OF THIOGLYCOSILATED
CHLORIN, BACTERIOCHLORIN AND
ISOBACTERIOCHLORIN FOR BIOIMAGING AND

DIAGNOSTICS

Abstract

The facile synthesis of a non-hydrolysable thioglycosylatedrich(CGlg) and
isobacteriochlorin (IGlg are reported. CGlcand IGlg have significantly enhanced
fluorescence quantum yields compared to the corresponding porphyrig) 416- and
12-fold in phosphate buffered saline, respectively. The uptake of degsatives into
cells such as human breast cancer MDA-MB-231 and K:Molv NIH 3T3 enfiln®blast
cells can be observed at nM concentrations with confocal fluoresceiocoscopy. In
addition, bacteriochlorin (a secondary product of the isobacteriochlorthesys) is also
presented as a novel PDT agent since its fluorescence quargltmisyisimilar than

PGlg's.
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4.1. Introduction

For diagnostic and photodynamic therapeutic (PDT) applications thefuthe
lower energy light (red — near infrared) is an important clenatics that the new
generation of compounds should pos5€ss this reason, porphyrinoids derivates such as
chlorins and isobacteriochlorins are often synthesized becauseiofstitoeg and/or
redder lowest energy absorption b&r€hlorins and isobacteriochlorins are porphyrinoid
derivates with one and two pyrrole double bond missing, respectivelgatiye and
more often reductive transformations are used to form the natu@l synthetic
chromophore$. Porphyrins, chlorins, and isobacterio-chlorins each have unique
photophysical properties that are exploited by nature and can be wsetivérse
applications’ The intensity of the lowest energy UV-visible absorption band irrete
region progressively increases in intensity and red shifiseasumber of missing double
bonds increases: porphyrins to chlorins to isobacteriochlorins. For diggraosl
photodynamic therapeutic (PDT) applications, the enhanced intenshg ¢dw energy
absorption bands allows more efficient use of wavelengths ofthghtpenetrate further
into tissue& The excited state lifetimes, singlet and triplet quantundsjend distortion
upon metal ion binding are significantly different for these three types of parpiayr

Photophysics. To understand the full potential of a given compound for use as
Photodynamic theraphy agent, the triplet state quantum yield hanguantum vyield of
singlet oxygen formation should be obtained and analyzed both in solution egltsior
tissue? Photosensitisers remain at their electronic lowest or growd shergy level
until a photon of light is absorbed and the subsequent promotion of amlEon the

HOMO to the LUMO to produce the excited state. There severa that the compound
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may return to the ground state: (1) but the by emitting a photoor€éicence), (2) by
internal conversion with energy loss as heat, (3) enteringigiet tstate via intersystem
crossing. Once the dye molecule is in the triplet state piossible to transfer the energy
to another molecule in the triplet state — in this case ground stptet dioxygen. The
result of the collision between the excited state triplet alyg the ground state triplet
oxygen is that the energy is transferred from the former tdattter to result in the
ground state singlet dye, and the excited state singletgkoxyvhich is widely referred
to as sensitization. Dioxygen is unusual in that its ground istatériplet. Singlet oxygen
is a highly reactive oxygen species that reacts with diffugioited kinetics to oxidize a
variety of biomolecules and with water to generate other weaotiygen species (ROS)
such as hydroxyl radicals and peroxides. Cell stress and/or @salls rfrom oxidative
damage at multiple sites including mitochondria, endoplasmic reticulum, calbraeres,
etc.

The therapeutic applications of dyes as photosensitizers for éatmant of
disease and infections (bacterial and viral) means that hgattquantum yields should
improve efficacy by increasing the yield of singlet dioxygenc&the amount of internal
conversion is expected to be reasonably consistent with a relatéy ¢ dyes such as
those described below, the lower the fluorescence quantum yielgtaheer the triplet

quantum vyield.
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Figure 4.1. Zeblanski diagram for the sensitization of the formation of solighgtgen

from the excited triplet state of a dye. (from www.ieee.org)

The oftentimes significantly greater fluorescence quantum yuéldsme chlorins
and isobacteriochlorins make them suitable for use as fluoresgsntatad their use as
therapeutics depends on the triplet quantum vyield and sensitizationgtdt oxygen
formation. For example, a photosensitizer for PDT is meso-te(Bydroxyphenyl)
chlorin. In general, the excited triplet state of PDT agents phwtiizes the formation
of singlet oxygen which then causes damage to diverse cellular compenespecially
double bonds and heterocycles

Porphyrins with appended sugar moieties can have cytoxic attivitye
previously reported synthesis of non-hydrolysable thioglycosylated-aey/lporphyrins,
also showed that the tetraglucose derivative (R&chemel 1b) is a quite selective and
effective PDT agent in vitro using several cell lines, sudd@8-MB-231 human breast
cancer cells. In this chapter is reported an outline of the symtfformed by lab

members Dr. Joao Tome and Ms Sunaina Singh), photophysical propemntiesela
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uptake studies of the glycosylated chlorin (C{land isobacteriochlorin (IGIE
analogues (Figure 4.3). The overall goal is to develop these compoundecas tags

and therapeutics under normal, single photon, photodynamic conditions. In addition,
bacteriochlorin (BGlg) is presented as a PDT agent with excellent photophysical
properties, since its triplet quantum yield is hight but hasocagtred absorption at 730

nm.

4.2 Experimental procedure

Synthesis and characterization: The reduction of BRI carried out by a
previously reported 1,3-dipolar cycloaddition reaction of an azomethinke wliith
TPPFy, to produce chlorin 2 and isobacteriochlorin 3 (Figure 4.3), but we spallee
reaction.. TLC indicates the two products are formed in yielda.o42% for 2 and 34%
for 3 and 4; somewhat less than those reported. NMR and mass spésiramne
consistent with the previous report and attest to the purity of theeemediates.

Preparative TLC and column chromatography were used to separate the compounds.

FsCe CeFs
F
GIcAcSAc
DEA, DMF, rt
FsCg CeFs
F
1, TPPF,qo
OAc RS
- o)
GlcAc, R Aicgoﬁﬁ/ 1a, PGIcAc,
OH ¢ MeONaJMeOH(
1b, PGlc,
(e}
Glc, R= Hi
Ho S

Figure 4.2. Synthesis of PGlc
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The nucleophilic substitution of the thioglucose at the para positiorheof t
perfluorophenyl substituents of these three porphyrinoids is carriddy@imodification
of our previously reported. Thus, this new procedure was used to sSyatheéza
(CGIcAw), 3a (IGIcAw), and 4 (BGIcAg), respectively from 2, 3 and 4 (Scheme 2).
Figure 4.3. Synthesis of CGJdGlc, and BGlg. Though the parent chlorin has a plane of
symmetry, the bridgehead carbons of the fused N-methylpyrrolidoiety are prochrial
such that appending the glucose groups on the four meso aryl posisoits e a
diastereomeric pair at the chlorin 2 and 3 positions. For both the syantairfidrms of the
bacteriochlorin there is a plane bisecting the fused N-methglines and two pairs of
diastereomers are formed at the bridghead positions with additibve glucose groups.
The minor syn isomer of the isobacteriochlorin has a mirror plane, and tbdveogoairs
of diasteriomers at the bridgehead carbons, whereas the antr isasnenly a £axis so
has a set of diastereomers before addition of the glucose grobpsmikture of
diastereomers of the chlorin, the anti isomer of the isobadidwiot, and the anti isomer

of the bacteriochlorin are used in the present work.
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1, TPPFyg
N-methylglycine RS
paraformaldehyde
toluene, reflux F
chlorin
F5Ce CsFs GlcAcSAC
—_— -
DEA, DMF, rt N—CHs
N—CHj3
F 2a, CGlcAcy
FsCs rs MeONa/MeOH ( 2b, CGlcs

isobacteriochlorin

7:1 anti:syn
MeONa/MeOH(_ 3a, IGlcAcs
3b, IGIc4
G
N
EC bacteriochlorin
5Cs CeFs
GlcAcSAc 5:1 anti:syn
— T 4a, BGIcAcy
MeONa/MeCH
DEA, DMF, rt ( 4b, BGIcs
F5sCs / CsFs
L7
EH OAc
3 4 GlcAc,R= Ai‘é’o’t :O _
OH

Glc,R = Hﬁéﬁ%\ﬂ’

Note that for the bacteriochlorin and isobacteriochlorin, The carbdieydra
protection groups are removed by treating 1a, 2a, 3a and 4a with sodiboxiche in

dry methanol to obtain the glycoporphyrins 1b, 2b, 3b and 4b in ca. 95-98%Rimide
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4.3). The detailed spectroscopic characterizationtbyand *C NMR, high resolution
mass spectrometry, and a discussion of the diastereomers of each compobedywéh
elsewhere. It should be noted that the mixture of diastereoore2b fanti 3b and anti 4b
is used for all of the studies presented herein.

Cell Culture. Cells were maintained in DMEM, 10% bovine caltisgri%
antimycotic, at 37 C and 5% C® atmosphere. Typically, ~2 x i@ells mL* were
seeded in cell culture plates and allowed to grow for 24 hours. Foliragpés involving
the porphyrin saccharide conjugate, 1618Gly or CGly, was added to the cells 24
hours prior to the photodynamic experiments and biochemical assajlsvoit to be
taken up by the cells. The cultures were rinsed 2-3 times va#h DMEM to remove
any unbound porphyrinic compounds before proceeding to the various assays.
Fluorescence microscopy indicates no unbound porphyrin remains.

Fluorescence spectroscopy Cells maintained in DMEM% BCS, 1%
antimycotic at 37 °C and in 5% G@tmosphere were plated in cell culture dishes.
Compounds (dissolved in methanol) were added to thdtures to a final
concentration of 1 or 2.pM such that there was never more than 0.5% methianol
the solution. After 20 h incubation, cells weresiwad with PBS 3 — 5 times and then
visualized using a Nikon Optiphot 2 fluorescencenmscope. Images were captured
as JPEG files at 10X magnification, with excitati®®5 nm — 565 nm and emission
at 565 nm — 685 nm. For each set of experimergs avere cultured and the
fluorescence images were taken under identicauoeiland microscopic conditions.
For confocal microscopy, cells were then washeddwwth PBS and incubated with

a 4% paraformaldehyde solution in growth mediumfdminutes at 37C under cell
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growth conditions. Cells were then washed threeesiwith PBS, mounted in Dako
fluorescence mounting medium, and visualized usirgpiss LSM510 laser scanning
confocal microscope where images were captured MitwmTracker green: excitation

476 nm, emission 490-510 nm; for P@lexcitation at 633 nm, emission 650-670
nm.

Western blots. Cells were treated with porphyrin 8 hours, rinsed and
irradiated as described in above. After a periodtimfe appropriate for the given
experiment, cells were washed with cold PBS twietote lyses with RIPA buffer (50
mM Tris-HCI, 1% NP40, 0.25% Na-deoxycholate, 150 tNACI, 1 mM EDTA, 1
mM PMSF, 1pg mL* aprotinin, leupeptin, and pepstatin each, 1 mMW@, and
NaF). The lysates were gently rocked &C4for 25 minutes, centrifuged at maximum
speed for 10 minutes, and the supernatant appmiedviestern blot. Equal amounts of
protein were adjusted into gel-loading buffer (50AnTris-HCI, pH 6.8, 100 mM
dithiothreitol, 2% SDS, 0.1% bromophenol blue, 1@%kcerol), and heated for five
minutes at 100 C prior to separation by SDS-polyacrylamide (8%)| ge
electrophoresis. After transferring to nitrocellsdo membranes (Osmonics),
membrane filters were blocked overnight 8€4with 5% non-fat dry milk in PBS.
The nitrocellulose filters were washed three tifeesfive minutes in PBS with 0.05%
Tween-20 (Bio-Rad), before incubation with anti-PFARNtibodies. Anti-mouse IgG
conjugated with horseradish peroxidase was usedsezondary antibody. The bands

were visualized using an enhanced chemiluminesteteiction system (Amersham).
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Fluorescence spectroscopy and Quantum Yield Calculations:

Fluorescence measurements were performed on dilute solutions,lyypizalM,
of compounds in methanol, phosphate buffered saline and ethyl a&datiples were
excited at the same band (around 500 nm) where absorbenfidsand were within
~10% of each other. For emission spectra, both the excitation aedtiaet
monochrometors had a band pass of 1 nm. The corrected emission (femamgtr
response) and absorption spectra were using to calculate the gyalturRluorescence
guantum vyields were determined for the chlorins, isobacteriochlorensd
bacteriochlorins in solution relative to TPP (in toluene), whichfagaescence quantum
yield of 0.11. The quantum yields are measured indirectly usingaiBRs such these
values may have some systematic error. All experiments earied out on the same
day, using identical concentrations to minimize any experimentals. Figures 4.4 to

4.6 show the emission spectra, and figure 4.7 to 4.10 show UV-visible spectra

4.3 Results and discussions

Photophysical Properties. The deprotected glycosylated derwvatieeused to
evaluate uptake by K:Molv NIH 3T3 mouse fibroblasts (Figure BS (phosphate
buffered saline, pH = 7.4), methanol or ethanol, and ethylacetatentolwere used to
probe the photophysical properties since the glycoporphyrinoids mdigzéoitaaqueous,
highly polar, or hydrophobic environments within cells. UV-visible spéatiata in
different solvents are summarized in Table 4.1, and the PBS data discussed.

The lowest energy Q band of chlorin Cg&in PBS buffer at 649 nm has about

25-fold greater intensity than corresponding Q band of porphyringRGE45 nm. For
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isobacteriochlorin 1GIgin the same buffer, the lowest energy Q band at 645 nm is 5-fold
greater than the porphyrin, and the band at 593 nm gains signifioanmtiiensity. The
CGlc, Soret band intensity decreases by 20%, broadens into two peakise ang blue
shifts by several nm. The Soret band splits into four peaks fox W&h aimax 25 nm to

the blue of PGlc4. The spectral properties of the deprotectedyitisglated compounds
2b, 3b, and 4b do not differ significantly from the protected 2a, 3a, andetmatiates

in organic solvents.

Table 4.1. Photophysical Properties of Glycosylated Porphyrinoid Derivatives.

Cpd. UV-visible Emission Quantum vyield
methandt

PGIc4 | ethanol | 412, 505, 535, 586, 653 | 649, 701 0.05
PBS buffer | 410, 510, --- 576, 645(1) | 646, 691| 0.03
ethylacetate 412, 507, 450, 583, 655 | 649, 701| 0.05

CGlc4 | ethanol 406, 504, 532, 597, 651 653, 715| 0.43
PBS buffer | 409, 506, 533, 597, 649(25)649, 707 | 0.17
ethylacetate 406, 504, 531, 597, 651 653, 712| 0.39

BGlIc4 | ethanol 374, 505, 673,732 737 0.06

IGlc4 | ethanol 385, 508, 545, 586, 643 598, 646| 0.70
PBS buffer | 385, 513, 548, 593, 645{5)| 606, 650 | 0.36
ethylacetate 384, 510, 548, 589, 653 598, 646| 0.60

2 fluorescence experiments done in &felative intensity of lowest energy Q bands (see
figures 1-6 below).

As expected, the fluorescence emission spectra for the tiyeesylated
porphyrinoids are notably different and have a strong solvent dependeaide 4.1).
There are negligible Stokes shifts for PGdnd CGlg in the three solvents. This likely
indicates most specific solvent solute interactions are relégat the sugar moieties.
Notably, for the I1Glg in PBS, the strongest fluorescence band max is at 606 nm with a
much weaker emission centered at 650 nm. Excitation spectnaialite the presence of

only the given compounds. The 0.17 and 0.36 fluorescence quantum yields fpa@dlc
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for 1GIc,s in PBS are six times and twelve times that of the porphamalogue PGlc
(Figures 4.4 to 4.6). There is a small decrease in fluorescenceéunqugield upon
replacement of the para F by the thiocarbohydrate due to bottorleand heavy atom
effects. The greater quantum yield of 2b than mTHPC, likelgsufiom the presence of
the 16 F groups. Interestingly, the BGIc4 system with the 730 nm albsobgind has a
fluorescence quantum vyield of about 0.05 and thus for the present weeassist of the
excited state intersystem crosses to the triple manifold. Neless, the fluorescence is
sufficient to observe the uptake into cancer cell lines. Becauseadiminor product, the

anti/syn ratio smaller, and the set of diastereomers, this 4b was not elieasaluated.
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Figure 4.4.Emission spectra of the compounds in ethanol; excitation at 512 hare whe
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K:Molv NIH 3T3 fibroblast cells were selected to evaluate thesav
thioglycosylated porphyrinoid derivatives because our previous studigh wi
thioglycosylated porphyrin 1b PGlindicated good uptake and photodynamic effects on
several cancer cell linésOur initial hypothesis was that the N-methyltetrahydroglgrr
moieties used to make and stabilize the chlorins, bacteriochlandssobacteriochlorins
would have minimal effect on cell uptake, because these are saedwietween the
phenyl-sugars. Cells were incubated identically with 1 uM or 2.5cpMentrations of
CGlcy, IGlcy, and PGlg. The relative uptake and fluorescence was quantified by
comparison of images taken by fluorescence microscopy under aleseitings. The
unique spectral properties of BGio terms of the 750 nm emission required the use of a
different fluorescence microscope. At 2.5 uM, the relative intedrattensities for
PGlg, CGlg and IGIg in the fluorescence micrographs are 1:2:7, respectively (Figure
4.11). In comparison to the quantum yields, this data indicates thdikeetyralifferences
in uptake of the three compounds with this particular cell line. On @lu@d with 3:2
ethyl acetate/methanol, the Rf of P&I€CGlgy, and 1Glg is 0.67, 0.48 and 0.26,
respectively. Thus the differences in polarity, and maybe the proypd¢nsaggregate
in/on the cefl may result in differences in uptake. Detailed studies ofufitake and
photodynamic effects in this and other cell lines will be repodkgwhere. The
electronic spectra, fluorescence, and fluorescence microscopyssalidsbow that these
compounds are robust to photobleaching. The remaining 16 F groups impdity sta

toward oxidative damage to the macrocycle and further enhance the photonic mopertie
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Figure 4.11. Fluorescence microscopy of K:Molv NIH 3T3 cellatae with 2.5 uM
PGlg (1b), CGlg (2b), and IGlg (3b). 3T3 NIH cells were incubated for 20 hrs with
porphyrinoid, followed by removal of unbound dye from the cell culturedpeated
rinsing, and the cells were imaged using standard methods. Imegeakan under

identical microscope setting and not enhanced; magnification 10X.

Though there may be differences in uptake between these compoundsjewe ha
shown that the PGJccompound localizes in the endoplasmic reticulum because of the
metabolic needs of this organell@he significantly greater fluorescence quantum vyield
of the 1GIc4 system indicates that it can be used at ca. 25amdentrations to be
detected under this condition. For PDT applications, sensitizers stiong red

absorptions are generally considered better because these wasleengtrate deeper
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into tissue. The optical cross section of Cicthe red region is significantly larger than

the porphyrin or isobacteriochlorin analogues. Thus, if red lightes &3 activate the
second generation dye CGlthe increased light absorptivity more than compensates the
reduced triplet quantum yield. Given the enhanced fluorescence quaeldrofiGlg it

is better suited for other tagging and sensor applications. Givaretiestrong 730 nm
absorption of BGlg and the low fluorescence quantum yield, this may be the best
photosensitzer for PDT of the compounds described herein. However, aefincient
synthesis and purification of the isomers and diastereomers reeesleveloped for the
bacteriochlorin compounds to be used. The detailed photophysics of these compounds

including that in biological systems will be the subject of future studies.

4.4. Conclusions

Dual function photodynamic therapeutic and fluorescent tag. The nowcdr |
concentrations of the glycosylated chlorin (C{kend isobacteriochlorin (IGJEindicate
these compounds can be used as bioimaging and diagnostic tools. To demdhist,
the compounds were tested with the same conditions as RBlatodynamic therapy
agent). The results confirm that the compounds result in much lessydao the cells
compared to our PDT agent Pgilmder similar conditions.

In conclusion, both CGlcand IGlg have significantly enhanced fluorescence
guantum yields compared to the PGlwhile the BGIg derivative has a fluorescence
guantum vyield that is similar to the parent porphyrin. Thus,IG&s greatest potential
use as fluorescent tags, diagnostics, or imaging agents. Thaeadtate fluorescence of

the CGlg system may well serve as a dual purpose agent for targdétegting, and
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treating diseased tissues. The Bgstem has near optimal properties as the PDT agent,

but new synthetic strategies are needed to make these compounds.

1 2 3 4

PGlu-4 1GIlu-4
10uM 10uM
(no light)

_1

PGIlu-4
10uM control

kDa
13 —
89 —_

Figure 4.12. Western blot analysis for cleaved poly(ADP-ribose) polymef@sdrP) in
MDA-MB-231 cells. The 89 KDa band indicates apoptosis. MDA-MB-231 osbse
incubated 24 hours with PGl@used also as control) and IGlu-4. Cells were washed three
times with porphyrin-free medium and irradiated under a 13 W flaentdight (0.69mW
cm®) for 25 min. Cells were collected three hours after irradiation. La®ld, (10 uM),

lane 2 no porphyrin (control), lane 3 no light - PG{&0 uM), lane 4 I1Glg (10 pM).
Protein content was measured after lysis and 100 ug of totainpvegee loaded in each

lane of an SDS-PAGE.
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Chapter 5

Two-Photon Microscopy using Tetraglycosylated Cinlor

Isobacteriochlorin, and Bacteriochlorin

Abstract

One of the main limitations of photodynamic therapy (PDT) is daenage
produced to healthy tissue that has absorbed the dye — both in tdrsssie$ adjacent to
the tumor exposed to therapeutic light doses and elsewhereuastisgposed to high
light conditions such as sunlight. This characteristic is presdrgeduse of the low
specificity of photosensitizes (PS) currently in use. Thus, twonshed increasing
specificity in PDT are to increase the targeting of the dye to camsaes$ and to increase
the localization of irradiation. Secondly, there is a significaedne develop dyes with
greater optical cross sections in the red region of the specthereby allowing
activation of the drug deeper inside tissues. For this reason, ¢hefudyes with
significant two photon absorption (2PA) of red light may mitiglte disadvantage of
collateral damage to nearby tissues by using a more spdoifused illumination. We
reported the synthesis and biological activity of a tetraglyatey porphyrin (P-Glg
starting from tetra-(perfluorophenyl)porphyrin (TRRFElimination of one or two of the
double bonds on the pyrrole moieties of the macrocycle allows mamulafi the
photonic properties of the macrocycle, and the synthesis of thre¢etraglycosylated

derivatives were also described in the previous chapter: theinchléhlF,g) and
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tetraglycosylated chlorin  (CGJ; the isobacteriochlorin  (lbef) and the
tetraglycosylated derivative (IGJ; the bacteriochlorin (Bek) and the tetraglycosylated
derivative (BGlg). Herein we report the photophysical properties these derivatives
compared to the parent porphyrin. Using 2PA spectroscopy and oupggsve show
that the core macrocycles TRRFand — Chlky are not suitable for two photon
microscopy, but IbcF20 and BgFare two photon active in the region of 760 nm to 860
nm. Further analysis indicates that Bg&lso has a one photon absorptivity in this region,

while IbcF,o has only 2PA properties.

5.1. Introduction

In the last decade 2PA research was mainly focused on theveligcand
characterization of new molecules that have greater two photon sectisns, for
applications in optical technologies such as optical limiting, fem@ece techniques,
lithographic micro fabrication, and biomedical applicatforBecause porphyrins are a
broad class of compounds with a diverse array of photonic propertieXR #hproperties
have been intensely studigd. Unfortunately, most porphyrin derivates have low 2PA
and lower fluorescence quantum yiélsp are poor chromophores for the aforementioned
imaging applications. Consequentially, research on two-photon porphyrieriaea
contines to be focused on formation of multichromophore systems iwtieeesecond
chromophore served as the 2PA mofeBxamples include the “2PA antenna- porphyrin
complexes” that append auxiliary dyes to improve the two photon seati®n, and the
energy is transferred to a porphyrin core. Covalently couplingammore porphyrin

molecules via ethyne bridges at the meso positions also resuftalltichromophore
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systems with 2PA cross sectichbut these systems may also have significant single
photon absorptions in the same regiohough the aforementioned advantages for
photodynamic therapy using two-photon dyes are recognized, 2PA addadinmited
success thus far Two-photon PDT with 2PA dyes is, up to now, not well devéloped.

PGlg, (Scheme 1) has high selectivity to MDA-MB-231 breast camedls’
Furthermore, PGlcwas shown to be an effective PDT agent for MDA-MB-231 and
several other cancer cell lines, and that under low light anddgsv concentrations
induces apoptosi$.It was also shown that TPRFan serve as a core platform to make
solution phase combinatorial libraries and appended with a varietyioetargeting
motifs'’. Modification of the core porphyrin macrocycle is well known taiicantly
change the ground state and excited state properties. Elimimdtmme of the pyrrole
double bonds in TPRB§results in a chlorin Chl. Eliminating two pyrrole double bonds on
adjacent pyrroles yields the isobacteriochlorin Ibc, and on oppogitelgs yields the
bacteriochlorin Bc. However, methods for the effective synthesisewf porphyrinoid
cores that can serve as platforms for further modification bynalopg biotargeting
motifs are limited. A synthetic strategy to make thesee qmorphyrinoid platforms
starting from TPPi was reported? and yields Chlk , IbcFo, and Bcko (Chapter 3).
We have shown that the Ch§Fand Ibcky can be appended with thioglusose to give
CGlcy, and IGlg (Scheme 1) and that these are also taken up by cancer balisef@
and 3).

The results presented in this chapter suggest that a single porghgrmolecule,
as opposed to a multichromophoric system, can possess a sufficierghtwton cross

section to be a good two photon imaging agent. SpecificallydbBEF,o, 1Glc, and
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BGlc, have a sufficient 2PA to obtain high quality two photon images. Tiesséts also

suggest that Ibckyis a good candidate for simultaneous imaging and PDT in animals.

R=5-Glucose (PGlu-4)

R=5-Gl CGlu-4
R=F (TPPF20) ucose (CGlu-4)

R=F (ChIF20)

|

. . CHy
E=5-Glucose (BGlu-4) R= S-Glucose (IGlu-4)
R=F (BcF20) R= F (IcFF20)

Figure5.1. Structures of the six compounds.
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5.2. Experimental procedures

Synthesis and characterization: All the compounds (P@IGlc, 1Glc,, BGlc,
ChlF,, Ibcko and Bcko) were synthesized and characterized as previously described in
chapter 3.

Cell Culture. NIH 3T3 K:mol cells or CHO cells were main&l in DMEM,

10% fetal bovine serum, 1% antimycotic, af 87and 5% C@atmosphere and F12, 5%
bovine serum, 1% antimycotic, at®3Z and 5% C@atmosphere respectively. Typically,

~2 x 10 cells mL™* were seeded in cell culture plates and allowed to grow for 24 hours.
For imaging or photodynamic therapy experiments, the compounds were tadte
cells 24 hours prior to the experiments, unless otherwise nottt.iddubation with the
compound, the cultures were rinsed 2-3 times with fresh PBS to reamyvanbound

porphyrinic compounds before proceeding to the assays.

Two-photon imaging. Two-photon imaging was performing using a cubtoln
multiphoton imaging system in the laboratory of Professor Sushmithkdfjee at
Cornell Medical College. The system consists of an Olympus BX@#jhipmicroscope
and a BioRad 1024 scan head. The specimens are excited using a Tuw&dgehire
laser (Mai Tai, Spectra-Physics), tuned to 860 nm. The lasesrpovder the objective is
controlled through a Pockel Cell (Conoptics). To avoid one photon process)n860
excitation light was used and the emitted light collected wasea® 500 nm and 670

nm. Note that the lowest energy optical absorption bands for the compauagiseous
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media are: PGlc645 nm, CGlg 649 nm, IGlg 645 nm, BGlg 730 nm. Thus, under these

conditions, there is no single photon excitation of the compounds.

Two-photon cross section: 2PA measurements were done as previous
described: Briefly Ti-sapphire laser (Spectra-Physics Tsunami) pumped by a fregue
doubled diode-pumped solid-state laser (Spectra-Physics Millepnaajided 90 fs
operating at 82 MHz was used to probe the 2PA properties of & dpd a CW
(continuous wave) laser was used for the single photon studies. Beth \eere operated
at the same power (6 mW). Secondly, experiments concerning quakaéicdence with
the laser power were obtained using the femto second laser. E@periwere performed
at the same condition time with rhodamine G (standard) and cabridatsed an existing

protocol.

5.3. Result and discussion

Our observations that cells treated with the iGlad BGlg derivatives were
observable in the two-photon microscope prompted us to further investigese
molecules and quantify the two photon absorption properties. Simgaevmus studies
on the PGlg with MDA-MD-231* CHO cells were incubated overnight with Pglc
CGlcg, and a mixture of IGlcand BGlg (5:1) at 10uM final concentrations. The 5:1
mixture of the two compounds is a result of the synthetic methodptéhtwo). As can
be seen in Figures 1 to 3, only the 5:1 mixture of J@hld BGIg appears to be active by
two photon microscopy, or at least, some fluorescence light in the range of 500 nm to 670

nm is detected when the compounds are excited with 860 nm light.
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Figure 5.2. CHO cells were incubated with 1M PGl overnight. Two-photon
microscope excitation light was at 860 nm, and the detector was set for 500 nm to 670 nm

detection. The image data was collected for 1 s. The image is not manipulated.

Figure 5.3. CHO cells were incubated with M CGlc, overnight. Two-photon
microscope excitation light was at 860 nm, and the detector was set for 500 nm to 670 nm

detection. The image data was collected for 1 s. The image is hot manipulated.
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Figure 5.4. CHO cells were incubated with aid of a 5:1 mixture of IGlg: B Gl
overnight. Two-photon microscope excitation light was at 860 nm, and teetatetvas
set for 500 nm to 670 nm detection. The image data was collectédsforhe image is

not manipulated.

These result clearly show the possibility that either JGIBGI¢, are two-photon
active. The 5:1 ratio of the glycosylated compounds was determinedHeoiV-visible
spectra and the previously reported extinction coefficients ofsthtgacteriochlorin and
bacteriochlorin, Ibcky and BcF20 respectively. In order to delineate the contributions of
each compound to the observed two-photon microscopy data, we returnedbioFthe
and Bchko mixture, separated the isomers, and re-evaluated the photophysjzatties,
and two-photon microscopy. Because the long-term goal is to use fiieeerti
porphyrinoids as core platforms to append an array of bio-targetiotfsmthe

photophysical properties of these were investigated. Thus, fronpdhis onwards the
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experiments were performed only with the core ppahd BcF20 platforms rather than
the glycosylated derivatives.

After IbcF,y and BcRkowere separated, cells were incubated under the same
conditions with each compound. UV-visible spectra show that none a@bthpounds
absorb at the 860 nm excitation use in the two-photon microscopy.tBenftaorescence
of Bck, begins around 720 nm and the detector is set up from 500 nm until 670 nm,
significant fluorescence of this compound is not observed. As expdiotédy is two

photon active as can be observed in figure 4.



92

Figure 5.5. NIH 3T3 K:mol cells were incubated with i of IbcF,, overnight. Two-
photon microscope excitation light was at 860 nm, and the detectoetvas SO0 nm to

670 nm detection. The image data was collected for 1 s. The image is not manipulated.

Two photon fluorescence versus One photon fluorescence
Although the one photon absorbance spectra of ;tbeRd Bcky show no
absorbance peaks around 860 nm (figures 5.6 and 5.7), both compounds were excited

using CW laser and femtosecond laser to insure that the absorpimespis due two
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photon process only. The CW laser is typically used to excite compautidsone
photon, while the femtosecond laser is utilized to produce the esnitély two
photons®. The difference between the two ways of excitation is duelépendence of
the two photon efficiency on the instantaneous irradiance.
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Figure 5.6. UV-visible spectra of the BgEompound, & M in ethanol.
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Figure 5.7. UV-visible spectra of the Ibgéompounds, 1 M in ethanol.
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The powers of both modes used in the following were the same. Tuits i@e
expressed in the following table for the rhodamine 6G standard used for calculakien of t
2PA properties.

Table 5.1 Wavelength vs integrated area (A.U.) for R6G.

Wavelength | Femtosecond Laser | CW Laser
760nm 39916720 0
780nm 145011030 0
800nm 30758521 0
820nm 8564341 0
840nm 50934864 0
860nm 681493 0
880nm 174537 0

Our two photon reference, R6G, is not exited at all when the CWitagsed. On
the other hand, excitation is produced (and fluorescence light isuredasvhen a
femtosecond laser is used instead. Similar results are obtain#dzti,,, indicating that
IbcF, is two photon active, and no one photon absorption is presented. The results are
presented in the following table.

Table 5.2 Wavelength vs. integrated area (A.U.) for dpcF

Wavelength | Femtosecond Laser | CW Laser

760nm 76390 0
780nm 3008379 0
800nm 289240 0
820nm 69493 0
840nm 841539 0
860nm 296746 0
880nm 44659 0
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The mixed results are obtained when BdBE exited using a similar set up. The
one photon absorption can be observed from 760 nm until 880 nm. It is very interest
that when 760 nm, 780 nm or 800 nm wavelengths are used, the one photon process
dominates the excitation process. Concerning lower energy wgtlede(820 nm, 840
nm, 860 nm and 880 nm) the combination both two photon and one photon absorption is
presented. The results are expressed in the following table.

Table 5.3 Wavelength vs integrated area (A.U.) for BgcF

Wavelength | Femtosecond Laser | CW Laser
760nm 427192460 427192460
780nm 427192460 427192460
800nm 10134667 10134667
820nm 7142291 3188409
840nm 10063471 6598879
860nm 1076278 384684
880nm 35527 22199

The combination of both absorption processes is presented in the casepof B
because of the lower energy absorption peak around 730 nm. Laseti@xcitith
energies close to 730 nm (760 nm to ca. 800 nm) may possibly exciteotbeule by
one photon process wherein there is a very small, but significhontthe red edge of
the absorption band, or there is a small band centered at ca. 838enkigisre 5). An
anti-Stokes effect is also possible wherein the moleculewjatation and rotational
excitation from the basal level from the room temperature gndigis allowing
excitation of the molecule with a lower energy than is nogmakpected. Neither the

small tail or the absorption band, nor the anti-Stokes effect isvaasarith the Ibcky
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compound because its lowest energy absorption peak is located at 6@diam,is far
enough away from the lower energy laser used (760 nm). Thug ke only have a
2PA at wavelengths greater than 760 nm.
Quadratic dependence with laser power

Two Photon absorbance processes imply that the fluoresces lighasesre
guadraticly versus increasing laser power, and not linearly &sfor one photon
emission. This behavior arises from the fact that two photons apebaldsin the same
guantum event. Using a femtosecond laser,,8afRdIbcF,, were exited at a 860 nm
wavelength, and the fluorescence light measured while the pasesr was changed.
Together with both compounds, rhodamine 6G was measured under the samensondit
as a two photon reference compound. The following graph illustrageButbrescence

dependence of the three compounds on the laser power using 860 nm excitation.
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Fluorescense light vs laser power dependance
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Figure 5.8. Dependence of light emitted versus laser power. &xcit860 nm. Light

collected: 500 nm to 800 nm. Pink = lgFblue = rhodamine 6G, yellow = BgF

As can be appreciated from graph 1, ldfas a clear quadratic dependence on
the laser power that is similar to the rhodamine 6G standduite cF,, shows a linear
dependence on the laser power. These results confirm that iscihdeed 2-photon
active, and that Bcly either has no 2PA or the single photon processes dominate the
observed fluorescence.

Two photon cross sections (2PA) are difficult to measure congystand
accurately because of the large flux of photons needed from thestond laser can

vary significantly. For this reason, all the 2PA calculatiaresbased in the fluorescence
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light emitted when the sample is excited by two photons and asstinmngs directly
proportional to the photons absorbed. Using the same laser power fantpke @and for
the two photon reference, it is possible to calculate with reasomabtision the 2-
photon cross section. The only assumption is the quantum yields of both sanepthe
constant as a function of the wavelength. Our reference for two pisotbadamine 6G

in methanol at 11@M (Quantum Yield = 0.93). Ibckwas dissolved in DMSO at the
same concentration (Quantum Yield = 0.15).

The cross sectiono) of Ibckyy was calculated for each wavelength using the

following equation:

F(A) X QYr X nr
Fr(A) X QY xXn

os(A) = or(A)

Where FA), Fr(A), QY, QYs andor are the two photon fluorescence of the sample, two
photon fluorescence of the reference, quantum yield, quantum yield oféhence, and

the reference cross section, nr and n are the reflective indére alvents. The cross
sections obtained are expressed in the following table 4. Two-photonseigms for
molecular systems are expressed in Goeppert-Mayer (GM) wutiese 1 GM is 18°

cm* s photoff. GM units arise from the product of two cross sectional areas (one for each
photon, in crf) and a time (when two photons simultaneously interact with the eampl

The large scaling factor allows for convenient comparisons of the molecukamsys
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Wavelength | Cross section (GM)
760 1.7
780 7.5
800 3.2
820 3.1
840 3.2
860 24.5
880 6.1

Table 5.4. Two photon cross section values of JpcF

Photobleaching in cells

Photo bleaching is also observed in two photon process. The photo statifigy of
fluorescent imaging agent and/or PDT photosensitizer is vgugriant, since a longer
photo stability would allow imaging over a greater amount of timewltiple images to
be taken, and from a therapeutic perspective, the stability ofetgtiger to photo
bleaching increases the efficacy of the dye.

To investigate the photo stability of IbgF25 scans were performed using the
two photon microscope and the first image (obtained from the fiast) segas compared
with the last image (obtained from the last scan). As can be@aagd form the images

in Figure 5.9, Ibckpis not photo bleaching to a great extent. Thus this core platfayn m
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be an excellent choice for both therapeutic and imaging applicatioae one needs to
follow cells or biochemical processes over time.

Figure 5.9. After 3T3 NIH cells were incubated with Igcfor 24 hours and rinsed with
buffer, the 2-photon microscopy was done repeatedly to examine the pdimtysof
the compounds under these conditions. Excitation was a 860 nm, and ddietitioan
500 nm and 670 nm. Top the 2-photon microscopic image after one scan, aathéhe

sample after 25 scans.
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5.4. Conclusions

The two photon absorption proprieties of two compounds were presented in this
chapter. Ibck is two photon active in the range analyzed (760 nm to 880 nm), while
BcFyo is largely a one photon dye that may have small contributions feewm photon
processes.

Both compounds are considered good chromophores for the next generation of
photosensitizer for PDT. The first generation includes the porphgtigomers
formulated as Photofrin (the first photosensitizer approved for alinise). One
disadvantage of the first generation systems (poor light absoratiwavelengths that
penetrate deeper into tissues, and the lack of exocyclic targettits that direct the
compound to cancer cells or other cells) is reduced in the segeneration of
photosensitizer (e.g. 5,10,15,20-tetrakis(3-hydroxypheny)chlorin) in thae tise a
stronger red absorption. There are other second generation choromopnootisef
applications, such as the chlorin Visudyné®used for wet macular degeneration.
However, these compound in clinicl use or trials generally lagiroc moieties that are
designed to direct the choromphore to specific cell types, tissuesher organisms for
uses as antibiotics. Thus, the appending of the sugars will theke compounds more

biocompatible and have cancer-targeting properties.
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The strong red absorption bands are advantages of the both batbernoand
isobacteriochlorin platforms in terms of single photon processes sémsitizer
applications. The 2PA properties of IbgF while not large compared to the
multichronmophore systems reported, are sufficient for imaging apipls and perhaps
for therapeutic applications. One advantage also may be that trentpsgstems are
significantly smaller in terms of molecular size; thereforay be better taken up into cell
and tissues. Based on our new knowledge of theJBafél Ibck, systems, perhaps other
bacteriochlorins and isobacterioschlorins have the potentiahfarray of applications.

Another point that should be mentioned is the paucity of work done using robust
dyes as contrast and imaging agents for two photon microscopyecial/ dye
appended with targeting motifs. The main reason is that most compounddoihave
guantum yields compared to isobacteriochlorins. The 2-photon microscepgbted by
the fact that Ibckp combines a high quantum yield of ca. 30% with a 25 GM 2PA cross
section. Future research must be conducted to reach several diffiejextives. First of
all, IbcFkyis just the core platform, upon which many different targeting fexoin be
attached, so that two photon active dyes with significantly improesectsvity and
uptake by cancer cells are possible. This will result in méireaeious molecules for
PDT applications and imaging applications. It may be advantageas® ta combination
of two or all three of systems discussed herein (chlorine, ¢satachlorin, and
bacteriochlorin) where each brings a specific photonic property.

Currently our group, in collaboration with Cornell University MediCallege, is
focusing on the possibility of detecting cells that were incubateernight with Ibcky

and injected intra-dermally in mice skin by two photon microscopy. @eliminary
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positive results show for the first time that two photon microdspuitable to excite a

molecule and detect the fluorescence light emitted in vivo. Trasltrepens the

possibility to perform two photon photodynamic therapy in vivo, somethiaigstill not

performed with good results. On the other hand, although neither thenaidor Bckyg

is suitable for two photon imaging or two photon photodynamic thesapge the

compound possesses several advantages as a one photon photosensitizer (chapter 2).
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