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undergo a second spin-forbidden inversion and transition back to the ground state (S0) via
phosphorescence (T1 — S0), or the energy can transition to another molecule with the same spin

state through a non-radiative transition'8.

Because of the spin-forbidden nature of the triplet-to-singlet transition, the lifetime of
phosphorescence (tp = 103 — 1 s) is significantly longer than that of fluorescence. These
transitions, including the transition of energy to molecular oxygen, can be seen in the Jablonski

energy diagram in Figure 1.

Figure 1: Modified Jablonski Energy Diagram. Sourced from Sara Shaut, MS Thesis.1?

Due to the long lifetime of phosphorescence, triplet state T1 of PSs will undergo reactions
depending on the environment surrounding the PS. These 3PS (triplet state PS) reactions are

defined as Type-I and Type-II processes.
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Type | reactions are a broad class of reactions when either 1PS (S1) or 3PS (T1) states
transfers either an electron or hydrogen to the surrounding molecules. When molecular oxygen is
present, it can go on to react with Oz molecules to form reactive oxygen species (ROS). ROS are

a classification of oxygen molecules which contain a majority of radicals, along with superoxide

anions (O2"), and peroxides?. The presence of ROS within cells causes oxidative stress and, in

high enough concentrations, results in cell death?02t,

While Type | generation of ROS does occur with PS dyes, the predominant mechanism
which contributes more to the generation of ROS is the Type-lII mechanism?*. The Type-II
mechanism differs from Type | as it is a direct energy transfer between the 3PS dye and triplet state
molecular oxygen (3032). This transformation is favored and occurs readily due to the PS and O>
both existing in the same triplet spins states?*. When 3PS dye and 302 interact the spin of one of
molecular oxygens (302) outermost antibonding electrons inverts, generating singlet oxygen
(*O2)%, . This process results also in the depopulation of the 3PS back into its ground state So%
This photochemical reaction is likely to occur due to the low energy barrier to turn 302 into 102
alongside the high concentration of oxygen within the cellular matrix. Ultimately, there is no
singular pathway that is shown to lead to cell death after PDT treatment, however PDT destroys

cells through apoptotic, necrotic, and autophagic pathways?23,

The current market options of PS dyes used in PDT for the treatment of BrCa and other
cancers have several significant drawbacks that hinder their efficacy. Widely used PS dyes like
Hematoporphyrin?* and Photofrin®® suffer from limitations due to lack of selectivity for cancerous

cells, leading to cell death in both cancerous and normal healthy cells. This lack of selectivity
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results in potential damage to healthy tissues and can contribute to side effects associated with

PDT.

Another challenge with PS dyes is their limited ability to effectively absorb light, especially
when tumors are present deep within tissues. The lasers used in PDT typically have limited tissue
penetration capabilities, unable to pass through more than 1 cm of tissue?®.1f tumors persist beyond
this depth, fiber optic diffusers are required to give the PS dye the amount of light it needs for
proper activation?®. As a result of these drawbacks, PDT has been traditionally limited in

application to patients with accessible tumors.

1.5 Peptide Based Molecularly Targeted Photosensitizers

It is our hypothesis that an effective molecular targeting strategy can significantly enhance
the effectiveness of a PS dye. By selectively targeting unique biomarkers in cancer cell lines
following systemic injection, we have the opportunity to dose cancer cells selectively. Molecular
targeting in PDT enables the use of lower PS dye concentrations, reducing off-target accumulation

and minimizing side effects compared to traditional untargeted PS agents.

Our initial approach in this project was to combat the “lumpectomy reoperation epidemic”
through the development of an intravenous molecular targeting agent that can be used to both
visualize and treat BrCa within the same operating procedure. The BrCa cells will be visualized
using optical molecular imaging (OMI) using a near infrared dye (NIR) to guide the surgical
removal of the tumor in a lumpectomy procedure. After the removal of cancerous tissue any
remaining cancer cells in the margins will be treated with a photosensitizer (PS) dye utilized for

photodynamic therapy (PDT) to induce cell apoptosis, all within the same surgical procedure.
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This combination of utilizing OMI to allow for identification of the tumors in real time
using fluorescence to guide surgery, in tandem with PDT for selectively inducing cell death of any
residual cancer cells, will result in higher accuracy, and lower chances for recurrence and
reoperation for BrCa patients. The selective uptake of the combined molecularly targeted probe
(MTP) containing both the OMI and PS within BrCa will be enabled by coupling both dyes with
a known molecular targeting peptide, “18-427.28 which will also serve as the scaffold for

constructing our MTP.

The design for our MTP is based on a similar approach to the targeted molecular imaging
agents (TMIAS) previously synthesized in our lab, and published in literature2®. This approach
employs a near infrared (NIR) dye for optical molecular imaging (OMI) alongside a targeting agent
for selective delivery to BrCa cells. Our approach will expand on this previously described
modular method to incorporate a PS dye for PDT, to allow for the dual functionality of the MTP

to impart the ability to selectively induce cell death in addition to imaging of cancer cells.

While porphyrins alone have been viewed as targeting cancer due to their significant
lipophilicity which causes them to accumulate on cell surfaces, there has been no report of receptor
targeted PDT using a peptide targeting agent conjugated to the PS dye. Our novel approach aims

to greatly improve the efficacy of PDT through this new targeting strategy.

1.6 Peptide BrCa Targeting Probe “18-4”

The design of an effective probe has to consider bioavailability, cell penetration, clearance
properties, and overall safety in order to be feasible. Current hormonal therapies available such as
tamoxifen and toremifene are rife with side effects and only work on cancer cells which

overexpress hormonal receptors®®3l. Nanoparticles and antibodies have issues with nonspecific
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binding to unrelated tissues, have limited biodistribution, and have cell and tissue penetration
difficulties rendering them often ineffective at treating cancers®?. Antibodieshave also been shown

to occasionally produce immune responses 2-3°,

A significant advantage of combining the two agents upon a singular probe is to ensure
equal biodistribution of both agents. Upon uptake of the entire peptide, both dyes will be present
within the cell to perform their respective functions. The concentration of both agents will always
be equal within the cells, thus providing the biodistribution adequate for guiding surgery with OMI

and for treatment with PDT.

In our design the molecular targeting peptide 18-4 was chosen as it has been shown as an
ideal non-hormonal targeting moiety, as demonstrated by Kaur (2011)2¢. 18-4 binds to the KRT1
keratin receptor upon the cell membrane which has been found to be overexpressed in multiple
BrCa cell lines, and has low expression in normal cells.?¢ Due to this high differentiation in KRT1
expression, uptake of the MTP will be significantly higher within BrCa cells versus normal healthy
cells ensuring the drug is present majorly within BrCa cells. Through the exploitation of a
biomarker unique for cancer cells, this allows us to selectively deliver drugs to cancerous cells

minimizing off-target accumulation.
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Figure 2: The BrCa targeting decapeptide 18-4 developed by Dr. Kaur?® (Chapman University).

Lowercase letters denote the unnatural (D) form of the amino acid utilized.

Due tothe use of non-hormonal or non-antibody-based probes, 18-4 is remarkably effective
at binding to most types of BrCa cells, including TN BrCa cell lines. Preliminary studies showed
high affinity of 18-4 for both TN BrCa as well as cell lines which express hormonal receptors?”’.
Previous studies have validated the uptake of a 18-4-Microcin J25 (a bacterial RNA polymerase
inhibitor) conjugate into BrCa lines through the use of fluorescent microscopy?’-%® by testing the
drug conjugates in both BrCa cell lines and in mice implanted with BrCa tumors?. The mechanism
of uptake has more recently been shown to be meditated through the Keratin I (KRT1) receptors,

which are expressed to a high degree in active BrCa cells?”.

Small peptides under 4,000 molecular weight, such as 18-4, are ideal scaffolds for drug
delivery as they have numerous advantages over other drug delivery scaffolds. Peptides can be
proteolytically stabilized against bloodborne degradation through the incorporation of D-amino
acids which makes them ideal scaffolds for attaching imaging and therapeutic moieties®6-4°. Some

of the benefits of peptide scaffolds include:

e High bioavailability, tissue penetration, metabolism, and clearance which allows for high

efficiency of drug metabolism.
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e High water and fat solubility.

e High proteolytic stability due to unnatural amino acids being utilized to optimize
clearance after injection.

e Small peptides are readily synthesized with solid peptide synthesis, as well as easily

purified with chromatography and identified with mass spectroscopy*:.

These advantages make the molecular targeting peptide 18-4 an ideal candidate to serve as
the targeting agent for our dually functional MTP. Peptide 18-4 was synthesized utilizing solid
phase peptide synthesis (SPPS), with a procedure developed for the molecular probe M2 as
described in the M.S Thesis by Xinyu Xu?®, as well as Basant Kaur#2 and Sara Shaut!® assisted by
student Matthew Law. Our SPPS method has been modified from the original procedure from
Kaur? to allow for the use of Sieber resin. The rationale for this modification was that dyes and
other imaging agents that are attached during the SPPS would survive the cleavage reaction of the
peptide from the synthesis resin through the use of dilute acid cleavage that the Sieber resin

enables.

In the previous research in our lab%29-42 dyes were placed on the side chain of the lysine
residue which is the third residue from the right on 18-4. However, when heavily sulfonate dyes
were conjugated with the sidechain of the 3’ Lysine residue, the binding affinity of these dye-
peptide conjugates was greatly reduced. Incommunications with Dr. Kaur, it was speculated that
optimal binding of 18-4 to the keratin-1 (KRT1) receptor relies on positively charged residues near
the C-terminus, along with the C-terminus remaining somewhat lipophilic as to allow for necessary

hydrophobic interactions between to occur for binding.
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Conjugating a highly charged, bulky dye payload near the C-terminus might prevent
optimal binding interactions to occur, therefore it was decided to replace the 3’ lysine as utilized
in our past approaches with the original arginine in 18-4, and to conjugate all new imaging and

therapy groups on the N-terminus of 18-4.

The OMI and PS dyes will therefore be conjugated to the 18-4 scaffold through the use of
multiple bioconjugation reactions at the N-terminus of the peptide. For the dual modal agents, the
OMI and PS dyes will be conjugated together upon single a lysine amino acid and then this dual

modal module will be conjugated onto the N terminus of 18-4 in order to form the TMIA.

1.7 Solid Phase Synthesis (SPPS) of 18-4

Utilizing a peptide scaffold also allows for the addition of multiple functional modules,
also known as “puzzle pieces”, upon the original scaffold. As SPPS is highly efficient at linking
amino acids, if lysine amino acids have their free amine coupled with a carboxylic acid of another
molecule such as imaging agents via an amide bond, one could easily attach any molecule
containing a carboxylic acid functional group onto the peptide. The dyes chosen for this
experiment contain free carboxylic acid groups thatare utilized to form modules or “puzzle pieces”
constructed by attaching the dyes to the side chain of lysine amino acids. These modules can then
be coupled to a targeting peptide through conventional peptide coupling methodology for the

completed TMIA%3,

As described in detail in the MS thesis of past students Xinyu Xu and Basant Kaur?%42,

the eleven step SPPS to form the starting peptide shown in Figure 3 have been optimized and
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scaled up to the gram scale for synthesis of the peptide.

Fmoc-Leu-NH
¥ 10 Steps in SPPS
Fmoc-Trp-d-Mle-Glu{OtBu)-Ala-Ala-Tyr{tBu)-Gin-d- Lyrs{M'IT]-Fhe-Leu@
W cleavage (also removes protecting groups)
Fmoc-Trp-d-Nle-Glu-Ala-Ala-Tyr-Gln-dlys-Phe-Leu-NH2

Figure 3: The SPPS of BrCa targeting peptide 18-4 on polymeric Sieber resin?°.

The SPPS of 18-4 allows for the efficient synthesis of the scaffold for the MTP. Utilizing
the ‘puzzle piece’ approach developed in our lab*®, the MTP will be bioconjugated to one or two
amino acid based modules, also called ‘puzzle pieces’ containing either a PS dye or OMI dye, or
both dyesfor dual PS & OMI. The synthesis of these puzzle pieces will be described in subsequent

chapters of this thesis.

1.8 Optical Molecular Imaging (OMI)

Early detection of cancer cells is the most significant factor in favorable patient outcomes.
In response to this, a plethora of imaging methods have been developed to allow doctors to
visualize and treat cancerous cells. Imaging is essential for treatment as it aids in visualization and
understanding of the cancerous tissue, how aggressive the cancerous growth is, if the cancer has
metastasized, or how effective a treatment regime is working to reduce tumor mass.

Notably, the development of ultrasound, magnetic resonance imaging (MRI), and
computed tomography (CT) have enabled doctors to screen patients and precisely localize lesions.
However, these imaging methods do not generate tumor specific signals, and mostly rely on
differences in anatomic structures*4. They also cannot provide doctors with real-time imaging
during radiotherapy or surgery*4. Moreover, these imaging methods are expensive, and require

bulky, highly specialized equipment that are not available within an operating room?®,
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As a result of these limitations, there is demand for a real-time imaging method which is
minimally invasive, provides tumor specific response, and can be utilized with portable and
affordable equipment. In recent years, the use of optical imaging strategies to image tissues intra-
operatively has garnered significant attention due to the development of targeted molecular
imaging agents (TMIAs). These TMIAs are a combination of a targeting group selective for a
cancerous biomarker in combination with a near-infrared fluorescent dye?°. By combing these two
groups, the normally unspecific dye molecule will selectively undergo endocytosis in cancerous

cells. This allows for real time cancer-specific visualization of tumors.

The use of such a TMIA to assist in the visualization of cancer cells during surgery is called
Optical Molecular Imaging (OMI). OMI relies on the difference in expression of a cancer specific
biomarker which is mutated or overexpressed within tumors to allow for selectivity*4. For the
peptide probe 18-4, this biomarker is the KRT1 protein?’. Such imaging using TMIA’s is also
referred to as “functional imaging” and it could be said that TMIA’s do not only describe “what is

there”, but also describe “what is happening there”.

OMI will allow doctors to easily compare healthy and BrCa cells in real time through a
noninvasive procedure in vivo. If the cancer cells contain a sufficient concentration of OMI dye,
the doctor will be able to detect any cancerous tissue by shining a laser upon the breast tissue in
order to check for any fluorescence emission. This allows for visualization of occult and non-

palpable tumors in real time.

Through the use of OMI in BrCa therapy, our hope is to reduce the reoperation rate of the
lumpectomy operation through the imaging and identification of cancerous cells during surgery,

with a pre-administered OMI dye. The OMI dyewill be selective for BrCa cells dueto the attached
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peptidescaffold and BrCa targeting agent ‘18-4’. This strategy of “light directed surgery” will help
combat the “lumpectomy reoperation epidemic” as described earlier through selective

visualization of BrCa cells.

In our prior research in this project, confocal fluorescence microscopy (CFM) has been
utilized to validate the uptake of a TMIA, composed of 18-4 which had been conjugated with
Cy5.5-2S (a NIR OMI dye), into the triple negative (TN) MDA-MB-231 BrCa cell line*® as shown

in Figure 4 below.

Figure 4: The CFM imaging of MDA-MB-231 TN BrCa cells. The red fluorescence is from
Cy5.5-2S and the blue is the nucleus stained with Hoechst 33342. The 18-4 decapeptide was

utilized to target KRT1 in MDA-MB-231 BrCa cells*3.

1.9 Strategy for Modular Synthesis of TMIAS

In recent years, our research lab has developed a modular synthesis of peptide-based
TMIAs utilizing modules or “puzzle piece” building blocks. These puzzle pieces consist of an
amino acid with an imaging molecule conjugated upon the sidechain“¢4?. These puzzle pieces are

then conjugated further with a targeting group to prepare a TMIA as shown in Figure 5 below.
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Figure 5: A TMIA composed of two puzzle pieces each containing a unique imaging agent

conjugated to a targeting agent selective for a cancerous biomarker.

The approach we will use follows a similar process. The first dye was conjugated to the
sidechain of Fmoc-Lysine-OH through an amide bond formation reaction. This will link the free
carboxylic acid upon the imaging module and the amine group upon the Lysine to form an amide
bond, linking the two molecules together. The resulting Fmoc-lysine module conjugate was
subsequently deprotected, and then coupled with another dye on the newly liberated N-terminus
of the lysine. This resulted in a dual module lysine conjugate with a free carboxylic acid group for
subsequent activation and coupling upon the N-terminus of peptide 18-4 1 for the targeting of
breast cancer.

An overview of this synthetic approach to creating these multifunctional imaging modules

is shown in Figure 6. The targeting peptide will be synthesized separately through the use of SPPS.
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Figure 6: The convergent approach to synthesize the Dual-Module Puzzle Pieces, followed by

conjugation to the N-terminus of 18-4 to yield the final Dual Functional TMIA.

This approach is convergent and thus minimizes the overall amount of synthetic

transformations needed to synthesize the dual TMIA-MTPS (targeted molecular imaging agent-

molecular targeted photosensitizer) allowing for two different possible dye positions upon the

lysine. With two arrangements available, both dual probes can be synthesized and tested to see if

one is optimal over the other for the binding of the novel peptide-based conjugates to the KRT1

receptor.

2. Strategy for Dual Targeted BrCa Imaging and Photodynamic Therapy

2.1 Wavelength design strategy for dual OMI-PDT molecular probes

Both PDT and OMI, which rely on light activation, each offer distinct and captivating

possibilities. By using an OMI dye and a PS dye with different absorption properties, it becomes

feasible to employ one light wavelength for fluorescent imaging and another separate wavelength
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for activating the photosensitizer dye (PS dye) for PDT.

When considering dyes for use in biological systems, one has to consider the “Near-
infrared window” in biological tissue. Existing within biological tissue exists a diverse assortment
of biological chromophores, which turn excitation into heat dissipation“®. One highly prevalent in
vertebrate tissue is the chromophore heme, which is responsible for capturing and transporting
oxygen within hemoglobin. Both the oxygenated and deoxygenated heme molecules strongly
absorb light within the <600nm range, giving blood its distinctive red color*®. Other biomolecules
such as aromatic amino acids, melanins, heterocyclic flavins, and adenine dinucleotide (NADH)
all additionally contribute their own respective absorbances, preventing the use of NIR
wavelengths in biological imaging*®. Water also has multiple vibrational overtones with absorption
maxima at 970nm, 1200nm, 1450nm, and beyond 1800nm®°.

Considering the absorption maxima of the chromophores present within biological tissue,
the spectral region of 600-850nm is most favored for fluorescence imaging®!, and this spectral
region is denoted the “biological NIR window”. Dyes which excite within this region will not
compete with chromophores naturally present within biological tissue, allowing for minimal off
target absorption robbing the PS dye from absorbing light. Additionally, it is advantageous to use
dyes which have high absorption wavelength maxima, as higher wavelength lasers have increased

tissue penetration. For this reason, red lasers are commonly employed in photodynamic therapy .

2.2 IRDye78 for Imaging of BrCa

The NIR dye utilized for this TMIA is IRDye78, as seen in Figure 7 below. This dye has
been developed in our lab at RIT to function as an easier-to-synthesize, symmetrical analog of the
clinically tested IRDye800CW®, which has seen notable attention for presenting the highest

contrast in prostate cancer cells compared to other related cyanine dyess®. However, the actual
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synthesis of IRDye800CW® is low-yielding due to the formation of symmetrical impurities

resulting in undesirable byproducts®*.

Our lab has promoted the use of this analog with the identical chromophore but
symmetrical in structure through the use in our past collaborations®*. The symmetric IRDye78 as
seen in Figure 7 below is readily synthesized in four steps from commercial starting materials and
has high water solubility due to four sulfonate groups. IRDye78 has a Amax at 783 nm and Aemission

at 805 nm in Methanol*.

0,

S

N

Ho3s\j

IRDye78

Figure 7: The structure of IRDye78 as previously described in Literature®*.

Upon cellular uptake, the peptide targeted IRDye78 will allow for the imaging of the BrCa
cells through visualization of the emission photons upon excitation of the dye (Amax=783nm). The
fluorescence can be detected and visually observed with appropriate NIR goggles after excitation
with a laser by a doctor. The dye could also be utilized in vitro experiments by the use of confocal
fluorescence microscopy (CFM), or by the use of the plate reader, molecular image station, or

related instruments such as an 1VIS or Odyssey instrument™,
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2.3 Porphyrin Photosensitizers for PDT of BrCa

Porphyrin rings are a class of heterocyclic macrocycles which consist of four substituted
pyrrole rings joined at their a carbons by methine carbons®. The porphyrin ring remains one of
the most widely studied macrocyclic ring systems, largely due to their unique light-absorbing
energy-conversion properties, as well as the ability to act as a strong metal-complexing ligand®®.
In biological applications, porphyrin rings are involved with the processes of oxygen transport and
photosynthesis.

The porphyrin macrocycle is commonly substituted at the £ and meso positions as seen in
Figure 8. Porphyrin rings which are fully substituted with hydrogens at the £ positions are known
as Porphine rings. Porphyrin rings are also able to form strong metal chelates, denoted as
Metalloporphyrins®€. When unchelated, the porphyrin ring is denoted as the ‘free base’
porphyrin®.

Porphyrins are known for their extensive conjugation, which results in a highly planar and
stable macrocycle. Porphyrin rings in particular have been investigated for their ability as highly
potent photosensitizers due to their high degree of intersystem crossing resulting in a prolonged
T1 lifetime®’. A large population of Ti state PS is required for the generation of 202, which is

necessary for PDT to occur.
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Porphyrin Chilorin Bacteriochlorin
22 e’ 20 1re” 18 e’

Figure 8: The numbering of the Porphyrin Macrocycle and different Porphyrin rings with their

respective unique compositions of pi electrons.

Depending on the degree of saturation of the macrocycle, porphyrin rings are grouped into
different classes each with their own unique degree of saturation. Porphyrin rings contain a fully
unsaturated ring with 22 w electrons. Commercial porphyrin-based photosensitizers suffer from
poor tissue penetration due to its poorly absorbing UV -vis absorbance maxima (630nm)?>8 (see table
1), Chlorin and Bacteriochlorin rings contain either one or two reduced exocyclic double bonds
respectively.

Compared to porphyrin rings, chlorin rings have been seeing considerable attention for
their intense absorptions in the near-infrared region (>650nm)®°8. As such, these dyes are more
viable for biological applications as this is well outside of the range of the absorbance of most

chromophores within biological tissue.
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Due to this, many chlorin-type PSs have seen success in clinical applications for PDT
treatment, with talaporfrin®® (mono-L-aspartyl chlorin e6) being approved in Japan for PDT
treatment of lung cancer, and temoporfiné (m-THPC) being approved in the EU for the PDT of
squamous cell carcinoma of the head and neck. However, like most untargeted PSs, patients
suffered from off-target accumulation and photosensitivity complications®?.

Bacteriochlorin rings are a class of tetrapyrrole macrocycle which contain two reduced
exocyclic double bonds in comparison to porphyrin rings, which results in an intense red -shifted
UV-Vis absorbance Amax, With bacteriochlorins absorbing around 740-780nm?®8, As a result of this,
bacteriochlorins have received significant clinical attention, as the high absorbance maxima allows
for deep tissue penetration of light.

Examples of successful bacteriochlorin PSs include Redaporphyrin which has seen
success in Phase 2 clinical trials for head and neck cancer®?, and Pd-Bacteriopheophorbide
(Padeliporfin) obtaining approval in the EU for the PDT of prostate cancer!2. However, use of
Bacteriochlorin scaffolds has been hindered by their lack of commercial availability, as naturally
derived Bacteriochlorins are extremely difficult and low yielding to extract from bacterial
cultures®,

As a result of the commercial inaccessibility of Bacteriochlorin scaffolds, PSs of the
Chlorin ring type will be employed as the PS dye for the TMIA. Specifically,
Mesopyropheophorbide (mPPa) 2 will be utilized, as it can be synthesized in a one-step
hydrogenation from commercially available Pyropheophorbide al® (PPa) 1.

To improve the PDT ability of freebase PS dyes, the addition of metals to form
metalloporphyrin PSs have demonstrated great clinical potential. Upon coordination of metals, the

structure of the PS changes to become more planar, which results in a more stable porphyrin ring.
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The presence of the heavy metal within the ring reduces the energy difference between the 1S and
1T of the PS, due to a phenomenon known as the heavy-atom effect®. This will allow for greater
ICS to occur, which results in greater production of 102, which allows for a more effective PDT
treatment.

In particular, palladized-PS dyes have seen clinical success, with notably Padeliporfin and
TOOKAD® Water-Soluble®® both proving to be highly efficient 102 generators for PDT of
cancers. As aresult of this increased PDT efficacy observed in literature, the metalated chlorin Pd-
Pyropheophorbide will also be investigated as an alternative viable PS dye for the TMIA. The

structures of the two PS dyes which will be utilized in the final TMIASs can be seen in Figure 9.

( ) ( )

HO 0]

Mesopyropheophorbide a Pd-Mesopyropheophorbide a
CAS: 56145-41-6
\_ J \_ J

Figure 9: The Structure of the Chlorin-type PS dyes utilized in this project.
3.0 Aim and Design of Dual targeted TMIA probes.

3.1 Design of Dual PS and NIR dye-based targeting agents
The primary goal for the project is to synthesize novel targeted molecular probe (MTP) for

the dual PDT and OMI of BrCa cells as proposed in a recently funded NIH-R15 grant proposal.
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The modular method previously developed for the synthesis of TMIAs in our lab will be utilized
as shown in Figure 11 and as described in Section 1.9.

There is one single example of a dual agent containing a dye for OMI and a dye for PDT,
reported by the Pandey lab (at Roswell Park), described in a paper as a “bifunctional agent for
tumor imaging and photodynamic therapy”. Inthis paper the dual-dye compound, shown in Figure
10 below was synthesized, followed by insertion of three metals, In, Gaand Pd. These were tested
and importantly, were found effective agents for the PDT of basal cell carcinoma (a type of skin

cancer) cells in mice models®®.

M= In, Ga, Pd, 2H

Figure 10: The structure of a direct conjugate between a cyanine dye for OMI alongside a
metalated porphyrin, as synthesized by Pandey et al. (2016)%6. This dual dye conjugate was

successful for the PDT of cancer cells.

Itis noteworthy that although these agents are not targeted, lipophilic photosensitizers have

been shown to accumulate within cancerous cells at a higher concentration then healthy, somatic
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cells®’. As a result, the direct conjugates synthesized by Pandey were observed to accumulate in
skin cancer cells to a greater extent than normal healthy cells. Although this can be considered as
one type of targeting, the selectivity for cancer is not mediated by a receptor mediated interaction
and the applicability of this approach to other cancers cannot be assured. The lack of a receptor-
based targeting scheme also causes significant off-target accumulation of PS, which can potentially
cause side effects in patients®’.

For this reason, all non-targeted PS dyes are applied to tumors through physically painting
the dye upon the diseased tissue or applied with injection to the tumor mass prior to illumination
with a light source. In contrast, our goal is to provide an injectable, molecularly targeted agent and
one that combines imaging to direct the therapy, and the PS dye itself in the same compound. It
was reassuring to find that the combination of similar imaging and PDT dyes was shown to be
efficacious in the case of cancer, giving credence to our expansion to a receptor targeted scheme.

In the modular synthetic approach, the porphyrin ring will first be coupled to the side chain
of Fmoc-lysine, followed by the subsequent Fmoc deprotection, and coupling of the IRDye78 to
form the dual dye conjugate. This important dual-dye module or puzzle piece will then be activated

for coupling to the N-terminus of peptide 18-4 as described above.
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Figure 11: The synthesis of a Dual Dye TMIA utilizing the formation of a Dual Dye Puzzle Piece
containing mPPa and IRDye78. The final structure elaborates the TMIA structures illustrated by

their names in boxes.

In a preliminary study, the following direct conjugate as seen in Figure 12 below was

synthesized by group member Micah Hrubec in our lab. This unpublished preliminary result of
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this conjugate of IRDye78 to the n-terminus of 18-4 was shown in confocal fluorescence studies

to successfully bind to the TN BrCa cell line MDA-MB-231 as seen in Figure 13.
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Figure 12: The structure of the single modal TMIA with OMI dye IRDye78 (highlighted in red)

directed conjugated upon the n-terminus of decapeptide 18-4, which successfully bound to MDA-

MB-231 TN BrCa cells.

Figure 13: The obtained CFM results from Dr. Timothy Baran at the University of Rochester
showcasing stained MDA-MB-231 BrCa cells with the above single modal TMIA (left stain

incubation for 4 hours, right: stain incubation for 22 hours.)
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Due to the success of the binding of this direct conjugate, the KRT1 receptor is thought to
be somewhat tolerant of highly planar & sulfonated dyes conjugated near the n-terminus of 18-4.
Therefore, it is of interest to design the next generation of dual dye conjugates to be produced with
IRDye78 closer to the n-terminus of the peptide scaffold, as this result will be similar in design to
probes which have been validated to bind to KRT1.

In contrast to this preliminary single modal agent, our ultimate design is a lysine module
first containing two dye molecules. As lysine contains chiral carbon, the possibility for different
design of chiral payloads is introduced. Part of this first aim to therefore produce both dual-dye
puzzle pieces conjugated upon the side chain of both the D and L enantiomers of lysine.

It was further envisioned that the two dyes could be placed also in “reverse order”, by first
placing the IRDye78 upon the sidechain of the lysine followed by coupling the porphyrin PS dye
upon the new N-terminus of the lysine. An example of this final dual dye conjugate can be seen in
Figure 14. While this approach results in a probe less similar to previously validated probe designs,
it still serves as potential interest for understanding the receptor binding ability of the KRT1

receptor.
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Figure 14:The Dual Dye TMIA with the porphyrin dye upon the N-terminus of the peptide scaffold.

3.2 Design of Dual Palladized-PS and NIR dye-based targeting agents

A second overall goal for this project would be to investigate the use of palladized
porphyrin dyes in use alongside OMI dye IRDye78, as Pd-porphyrin dyes have seen significant
attention due to their increased PDT ability. Such a TMIA would be synthesized utilizing similar
conditions as the previously proposed dual dye lysine conjugate, provided the metalated porphyrin

dye is resistant to demetallation under amide coupling conditions.
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Figure 15:The structure of a dual dye TMIA with OMI dye IRDye78 and PS dye Pd-mPPa.

3.3 Design of Single-Dye Water-Soluble Porphyrin targeting agents

A previous MS student Sara Shaut synthesized a single modal targeted PS with mPPa
conjugated upon 18-4 on the third amino acid residue, D-lysine. Unfortunately, this compound
proved to be completely water insoluble, hindering its ability asa therapeutic agent. Because water
solubility is essential to ensure optical bioavailability foran injectable agent, a stretch goal for this

project is to synthesize a more water-soluble version of the peptide-porphyrin conjugate.
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Figure 16: The design of a single dye TMIA with mPPa conjugated with 18-4 upon the sidechain
of the 3’ lysine residue by MS graduate Sara Shaut*°. This design has been since abandoned, in
favor of attaching therapeutic agents upon the N-terminus to avoid negative binding interactions

with KRT1.

In the case of a single porphyrin agent, the dye alone has the capability to serve as a
multifunctional imaging and PDT dye alone, but the imaging is hindered by its low wavelengths
for activation (600 nm) and emission (660 nm). Moreover, the molar absorptivity coefficient at
this wavelength is one-tenth of a typical cyanine dye?®.

When searching for a design of a water-soluble module or puzzle piece, we sought to make
use of sulfonates to impart additional water solubility upon the final TMIA. Dyes have been
previously engineered in our lab to contain additional sulfonate groups, and as a result the water

solubility of the planar dyes significantly increased®®. However, preliminary attempts to sulfonate
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the starting material Pyropheophorbide a 1 proved unsuccessful, and alternative methods to add
water solubility to porphyrin rings would have to proceed through the generation of another
molecule containing a high amount of sulfonates for later conjugation to the porphyrin macrocycle.

This aim then developed into creating a new module or puzzle piece that was similarly
based on the modular strategy using lysine, but instead of adding a second imaging group on the
n-terminus of lysine, to instead add a water solubilizing group.

It should be noted that the porphyrin dye alone has the capability to serve as a
multifunctional imaging and PDT dye alone, but the dye is hindered by its low absorptivity and
limited emission signal. While porphyrins are rarely used as imaging dyes compared to other
higher absorbing and emitting dyes, we predict there would be considerable interest in a novel
approach to prepare single modal or solo water-soluble PS dyes that could be attached to targeting
agents like 18-4 which also have limited water solubility.

The availability of a water-soluble (injectable) targeted PS photosensitizer (WS-PS) dye
could be used in tandem with imaging methods such as ultrasound, CT, or MRI in mapping the
site of photodynamic therapy. While depth of penetration requirements of 1-2 cm would often be
a problem, there are many instances in which tumors persist within that range. Anexample would
be when tumors have metastasized to lymph nodes, or for tumors residing close to the surface of
the breast. There is also a technique in which cells are irradiated utilizing interstitial fiber optics,
to overcome the limited tissue penetration of lower wavelength absorbing dyes. Therefore, the
development of a single-modal PS for the targeted PDT of BrCa was developed through the
synthesis of the “water-soluble” module 25, from commercially available starting materials, as

discussed in Section 4.5.
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Figure 17: The water-soluble module 25 and a water-soluble

26.

This water-soluble module 25 was then conjugated to the water-insoluble porphyrin-amino

acid puzzle piece 6 to yield a highly water-soluble porphyrin-amino acid conjugate 26.

Inthe larger scope, this method of conjugating puzzle

could be expanded to increase the water-solubility of any lipophilic drug or peptide. This method
of imparting water solubility to insoluble drug payloads or peptide conjugates would allow for

drug candidates which have been previously discarded for being insoluble to be re-engineered for

increased solubility to ensure optimal bioavailability.
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