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ABSTRACT

PAOLO SIANO. Synthesis of porphyrin-based polyhedral oligomeric silsesquioxanes
molecules for improved photodynamic therapy of cancer cells. (Under the direction of
Dr. JUAN L. VIVERO-ESCOTO)

Polyhedral Oligomeric Silsesquioxane (POSS) materials are a class of
nanostructured compounds based on Si-O linkages forming a cage with a silicon atom at
each vertex, where substituents are bound tetrahedrally determining the physical and
chemical properties of the cage. The vast variety of functional groups that can be added to
the cage allows for this class of nanocomposites to be used in a variety of applications such
as design of novel materials, bioimaging and drug delivery to name a few. Photosensitizers
like porphyrins used in light-activated therapies are hydrophobic molecules leading to self-
aggregation in agueous media, causing decreased bioavailability for biomedical
applications. We hypothesize that by using the multifunctionality of POSS platform, we
can selectively introduce photosensitizer(s), with targeting and hydrophilic groups for
tuning the final properties of the POSS derivatives. The aims for my project are: 1)
synthesize porphyrin-based octaaminopropyl-POSS and the trimethylammonium version,
and 2) fabricate porphyrin-based bifunctional POSS system containing a targeting group.

These novel molecules will be used for the selective elimination of cancer cells.
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CHAPTER 1: INTRODUCTION

1.1 Polyhedral oligomeric silsesquioxanes (POSS)

In the past decades there have been several efforts in developing controlled release
drug delivery systems to deliver a precise amount of a drug, increase the effect of the drug
on the body, and protect it from physiological degradation.® Along that idea, versatile
families of sophisticated three-dimensional nanoblocks have been designed, such as
polyoxometalates, fullerenes, and mesoporous silica (MSNSs), which bear multiple reactive
functionalities on their surfaces.? These systems have emerged as promising nanocarriers
in drug delivery because of their outstanding properties in promoting therapeutic efficacy;
such as good water solubility, long in vivo circulation times, efficient bioavailability, high
preferential accumulation at the tumor sites and minimized side effects against normal
tissues. However, the therapeutic efficacy of nanocarriers isn’t optimal, since they lack
sufficient drug loading efficiency and do not release drugs in a controlled manner.®* Hence,
it is desirable to develop a family of drug delivery systems who also exhibit a controlled
drug loading capacity, specifically intracellular drug release in tumor environments.

Recently, nanohybrids comprised of both inorganic and organic moieties, have
emerged as promising materials. Polyhedral oligomeric silsesquioxane (POSS) has
attracted considerable interest for several biomedical applications, such as drug delivery,
cellular imaging, biosensors, and tissue engineering systems because of its
organic—inorganic structure, biocompatibility, and nontoxicity.5® These types of
compounds allow for precise control of functionalization of targeting agents on their

surfaces.
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Polyhedral oligomeric silsesquioxane (POSS) is a class of three-dimensional cage-
like nanostructures applied in many fields.®*2 The term silsesquioxane indicates a RSiOz2
unit, which exhibits the chemically inert and thermally stable properties of Si-based
materials. Furthermore, in silsesquioxane the fragment sil- denotes silicon, sesqui-
indicates that each silicon is bound to 1.5 oxygens and, ane- points at the bond between a
Si atom and a R group, where R could be a potentially reactive moiety. POSS has a cage-
like structure, where each Si atom placed at a vertex is tetrahedrally bound to three O atoms
and one R substituent. The latter determines the chemical and physical properties of the
cage (Figure 1).14

Unreactive R groups, usually R X One or more reactive X group
organic, for stability, solubility =0 ~—gj (may ht "}C same as R) for further
and compatibility /7 /S\ modification, grafting or

0 polymerisation

Nanoscale dimensions

SiSi ca. 0.5 nm cage diagonal
R+R diagonal distance ca. | nm, /
for R = Me & R

Y
Well defined, three-dimensional
structure for introduction into
polymers and composite materials

I I'hermally and chemically robust
organic-inorganic framework

Figure 1. The physical and chemical properties of POSS are characterized by the bound groups. Because of
its 3D network, POSS compounds are used in polymeric and nanocomposite materials, in which they could
be inserted with reactive groups present on the cage.'*

The nomenclature used for siloxane polymers is also applied to POSS compounds,
where a silicon atom bearing three oxygen atoms, a SiO3 unit, is denoted by the letter “T”.14
The most common POSS compounds are the ones having formula TgRs, indicating an
octameric cage. Whereas other siloxane cages, such as Ta, Ts, T10, T12, have also been
reported,*™ 1 the octameric cage, Ts, is the most common POSS isomer observed, because

the Si atoms exhibit an optimal tetrahedral configuration, which results in minimum ring
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strain. In comparison, the T4 and Te need bulky substituents to make up for the ring strain,
while the T1o and T12 are formed by the cage rearrangement of Tg POSS and are difficult
to separate due to the formation of different isomers.** 1': 18 POSS’s three-dimensional
structure makes this compound very valuable for polymeric and nanocomposite materials.
The addition of this thermally and chemically robust compound enhances polymers’
mechanical and thermal properties (Figure 1).24

1.2 Synthesis of polyhedral oligomeric silsesquioxanes

There are two main strategies to synthesize POSS compounds: 1) using a precursor
containing less than eight silicon atoms under catalytic amounts of an acid (hydrolytic
condensation approach) and 2) starting from a partially condensed POSS under catalytic
amount of a base (corner capping approach). As mentioned, Ts POSSs are the most
common and hence we will focus our discussion on the synthesis of the cubic octameric

cages.

1.2.1 Hydrolytic condensation approach

The formation of a Tg cage through a hydrolytic condensation involves chloro- or
alkoxy- silanes, (RSiX3), as precursors, and catalytic amounts of an acid, such as HCI, to
increase yields (Figure 2).1° A large number of POSS compounds can be prepared using
this methodology with different functional groups such as alkyl, alkylene, aryl, and arylene
moieties. These groups can be used as reactive groups for further modification to fabricate

polymeric or delivery materials.?% 2
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Figure 2. Hydrolytic condensation of an organosilane monomer to afford a fully symmetrical POSS.*8 This
reaction proceeds through the addition of excess acid in the solution.

The hydrolytic condensation approach offers the possibility of generating a fully
symmetrical cage. Nevertheless, it has a few disadvantages such as the long reaction times
that can vary from one week to as long as three months. Moreover, the yields are often
poor, typically between 20% and 30%. Most likely due to the formation of isomers in the
mixture (i.e. non-polyhedral silsesquioxanes and the formation of other lower or higher
oligomers of POSS).14 18 20.22 Tq obtain higher yields with less amounts of byproducts,

catalysts such as trifluoromethanesulfonate, are often employed.®

1.2.2 Corner Capping Approach

The corner capping approach of a partially condensed POSS affords unsymmetrical
POSS cages, with molecular formula TsR7R’, in high yields (>70%). The general reaction

pathway involves a partially condensed silsesquioxane trisilanol, R7Si7O9(OH)s,



DocuSign Envelope ID: 96EE712D-8435-4234-94C9-AFDEA7BBEGSC

(commercially available) in the presence of a base such as trimethylamine or

tetraalkylammonium hydroxide (Figure 3).18

R /R
R (0 Py R\ O\Si
\ \ xs base / o o) _R
/ O_._OOH R'SiX ~g;-0Si
o _Si“[ R 3 0\ S| R\
\ R7[si< > R [si
Si—0°1~~o OH _Si—0g~" o
R \. 9 \/ S SY \/
O\\SI /Sl\ O\Si\ /Si\
R

Figure 3. Corner capping of a partially condensed trisilanol POSS with an organosilane to afford an
unsymmetrical POSS. The organosilane added bears a reactive functionality. This reaction proceeds through
the addition of excess base in the mixture.

1.3 Stability of polyhedral oligomeric silsesquioxanes
The stability of POSS compounds is determined by the groups bound to the cage,
Generally, these compounds are air-stable and thermo gravimetric analysis (TGA)

measurements show degrading temperatures up to 500 °C.*

1.3.1 Stability of Octa-aminopropyl-POSS (OA-POSS)

OA-POSS is one of the most versatile POSS precursors for many organic/inorganic
hybrid materials, due to the reactivity of its primary amines. The most common synthesis
for OA-PQOSS affords the hydrochloride salt, stored in a methanoic solution below 0 °C.
This can be converted to the free amine version by eluting methanoic or ethanoic solutions
across an exchange resin, or treating the solution with a base, such as triethylamine or

potassium bicarbonate.?® The neutralization to the free amine is difficult to control and
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obtain without damaging the Si/O framework, and degrading the overall cage. The Si/O
framework of OA-POSS degrades in two ways. In the first, as shown in Figure 4, the
aminopropyl moieties on OA-POSS promote an intramolecular nucleophilic attack to the
silicon atom bonded on the same group. This mechanism leads to the formation of silanols
disrupting the cage. POSS compounds with unreactive R substituents do not show this type

of mechanisms.

Si — = Si —_— Si
o”|“ 07| o “| OH
\_0_/ \_0_“/ o/

NH,
N
—/Si—OH
A /0\3/ — 5 efc.
07| OH \
\._0,/

Figure 4. Degradation mechanism of OA-POSS. The aminopropyl moieties on OA-POSS promote an
intramolecular nucleophilic attack to the silicon atom bonded on the same group. This mechanism leads to
the formation of silanols disrupting the cage.?

Furthermore, when OA-POSS is found in an aqueous solution, the presence of
water encourages the hydrolysis of the cage and consequential degradation of the Si-O-Si
framework. This type of degradation is not seen for bulkier R substituents, which can shield
the cage.?* The hydrochloride salt of OA-POSS is stable for several months in a methanoic
solution, in DMSO or DMF, at temperatures below 0°C.® Ongoing tests are being carried
out to determine the exact shelf life of the hydrochloride salt OA-POSS in methanol,
DMSO and DMF. On the contrary, OA-POSS is stable in methanol for a few weeks at

temperatures below 0°C, but its shelf-life decreases to a few hours in bulk.4 2024
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1.4 Multifunctional polyhedral oligomeric silsesquioxane

One of the advantages that can be foreseen for POSS is the ability to precisely control
the functionalization of this material with more than one functional group. Several
strategies have been explored to pursue this goal. Recently, a luminescent POSS has been
synthesized from aminopropyl-heptaisobutyl-POSS. This molecule was synthesized
through two subsequent corner capping reactions to afford a reactive carboxylic
functionality and a fluorescein derivative to yield a molecule of interest in the biomedical
field.?® Moreover, Carniato et al. developed a bifunctional POSS where one Si corner has
been substituted by a titanium-isopropyl moiety. This was achieved through a multistep
process involving two corner capping reactions.?® Also, Froelich et al. have synthesized a
bifunctional POSS, containing different emitting dyes. These showed an increase in
thermal stability of the free emitter and were used as fabrications for organic light-emitting
diode (OLED) devices.?’

Although reactions on POSS cages are well known,?® 2 controlling subsequent
steps such as corner opening and corner capping on a siloxane cage is troublesome,?® but
important as the final product is a compound with different functionalities that can be
exploited in several fields.?® Adding functionalities to the cage have initially proven to be
difficult, reporting poor yields and complex procedures;® 3! still, these modifications are
very interesting in the design of novel materials with well-defined properties.3* 32 The
issues that arise with adding functionalities to a cage are experimental and sterical.

Adding more than one different functionality to the cage involves a multistep process.
Starting from a completely condensed POSS, the cage will be cleaved to one of its corners

via “corner opening” under the addition of a base, such as tetracthylammonium hydroxide.
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Subsequently, the open corner comprised of silanol groups, will be capped with an alkoxy-
or chloro- silane, such aminopropyltriethoxysilane. Next, the corner opening step is
repeated, where the Si opposite to the one bearing the most reactive groups is cleaved.
Finally, the last corner is capped with another silane. The corner opening steps are quite
complex as they involve opening one SiO3 unit through harsh conditions that require a long
reflux, and rough basic conditions that could compromise the Si/O framework. This could
significantly inhibit the success of the addition of an extra functionality. Lastly, subsequent

corner capping yields the final product with a supplemental functionality (Figure 5).14 3
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Figure 5. Reaction pathway of a multifunctional POSS. Starting from a completely condensed POSS, the
cage is cleaved via “corner opening” under the addition of a base. Subsequently, the open corner is capped
with an alkoxy- or chloro- silane. Next, the corner opening step is repeated, where the Si opposite to the one
bearing the most reactive groups is cleaved. Finally, the last corner is capped with another silane. 3*
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1.5 Structural Characterization of Polyhedral Oligomeric Silsesquioxanes

Several POSS compounds (TsRg and TgR7R’) are air stable, soluble in common
organic solvents used in laboratories and are bright white in color, or pale yellow if a
protonated substituent is present, such as an ammonium salt.

a. NMR Characterization of Polyhedral Oligomeric Silsesquioxane. The electronic

effect of the Ts cage in TsRgand TsR7R’ compounds have been shown by *C NMR
chemical shift studies to be electron-withdrawing, similar to that of the CF3 group, which
has an effect on reactions taking place on the cage.®> *® The shifts of the organic moieties
present on the POSS are not affected by the cage and their overall chemical and magnetic
environment is equivalent to their siloxanes counterpart; for this reason, in *H NMR and
13C NMR the shifts for the organic substituents are comparable to the non-POSS analogs.
The sensitivity for 2°Si NMR greatly changes with a siloxane cage compared to non-caged
siloxane. Typically, TsRs POSS compounds show a single shift in 2°Si NMR with chemical
shifts ranging from -65 to -70 ppm.2# There are specific cases such as aryl-Ts with a shift
between -77 to -83 ppm,®” 3 POSS cages containing fluoride ions around -83 ppm.*° In
addition, POSS cages with siloxy substituents give 2°Si NMR chemical shifts around -110
ppm.“% 41 Therefore, the sensitivity of 2°Si NMR makes this technique an important tool
for identification of different substituents on the POSS cage. The signal in °Si NMR for
TsR7R’ differ from the TsRs; that instead of only one peak, three peaks are observed, which
correspond to four chemically inequivalent Si atoms, in the unsymmetrical POSS
compound (Figure 6). The intensities of the peaks correspond 1:3:4, according to the
distance from the Si bearing the different substituent. However, the four signals are often

close together and difficult to resolve.®
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NH,

Figure 6. Chemical inequivalence of the Si atoms of a multifunctional POSS. In 2°Si NMR for TgR7R’ three
peaks are observed, which correspond to four chemically inequivalent Si atoms (shown in red, blue and green
according to their distance from the aminopropyl group). The intensities of the peaks correspond 1:3:4,
according to the distance from the Si bearing the different substituent.

b. Infrared Spectroscopic Characterization of Polyhedral Oligomeric Silsesquioxanes.

Infrared (IR) spectroscopy is a technique used for solid POSS and for hybrid materials
containing POSS. The IR vibrational spectrum for POSS is peculiar, in that the fingerprint
region shows a few stretching vibrations that denote the formation and integrity of the cage.
For example, the Si-O-Si linkages of the cage give rise to a sharp but broad stretching
vibration around 1100 cm™ (Figure 7). This vibration is very characteristic of POSS cages
as compared to the stretching vibrations of a ladder siloxanes, which show between 1030

and 1055 ¢cm1 14, 42-46
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Figure 7. FTIR of a POSS cage. The Si-O-Si stretching vibration is evident at 1100 cm, which indicates
the formation of a condensed cage.

c. Mass Spectroscopy Oligomeric of Polyhedral Oligomeric Silsesquioxanes.

Mass spectrometry techniques have been used to analyze the molar mass of POSS
compounds. MALDI and ESI-MS are helpful tools when determining the masses of “low”
molecular weight POSS compounds; however, the intensity of the laser may pose a
problem in the fragmentation of the larger ions.*” Furthermore, effectively analyzing the
mass of POSS compounds will confirm the formation of the desired cage. MALDI-TOF
mass spectrometry has be used to characterize high molecular weight POSS derivatives
such as glycoclusters prepared using Ts(CH=CHy2)s (up to ca. m/z = 5000),*® a bis-POSS
derivative of a phthalocyanine (m/z = 3656),*° octakis-POSS substituted
metallophthalocyanines (m/z = 7676-7681),>° and poly-pyrene substituted POSS species

(m/z = 3436).
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d. Crystal X-Ray Diffraction Studies of Polyhedral Oligomeric Silsesquioxanes. X-Ray

diffraction is a useful tool to corroborate the structure of an inorganic compound. In
fact, many Te, Tgand Tio POSS cages have had their structures determined by single
crystal X-ray diffraction.* 46 It was found that the Si-O bond lengths mostly fall in the
range between 1.60-1.63 A, in accordance to values from other siloxanes.5! Moreover,
there are specific cases in which Si-O-Si angles, of a Tg or Tio POSS cage shift
significantly: for example, the Si-O-Si angles of Tg (OSnMe3)s -4H0 fall within 136.35-
172.13° 5253 and 140.76-160.68° in TsCys.>* However, on average the individual Si-O-Si
angles for POSS compounds range between 147.5-150.8°. These variations in angles arise
from the flexibility of the Si/O framework along with more flexible substituents.>*

1.6 Photodynamic Therapy/Inactivation (PDT/PDI)

In photodynamic therapy and photodynamic inactivation (PDT and PDI), light,
oxygen and a photosensitizer (PS), such as porphyrin, are used to generate reactive oxygen
species (ROS), such as singlet oxygen (*O2), to cause cellular death. Once irradiated the
PS undergoes a transition to a higher energy level. At this point the PS can either relax
back, causing fluorescence, or “jump” to a forbidden energy state through intersystem
crossing (ISC). Here, the molecule is found at the triplet state and can generate 'O, via two
mechanisms. Type | mechanism occurs when the PS shares electrons with the surrounding
molecules, such as molecular oxygen. On the other hand, a Type Il mechanism occurs
when the PS relaxes back to the singlet state, releasing energy to the environment causing

the formation of ROS (Figure 8).
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Figure 8. The PS undergoes a transition to a higher energy level, where it can relax back (fluorescence) or
“jump” to a forbidden energy state through intersystem crossing (ISC). The molecule here can generate ROS
via two mechanisms. Type | mechanism occurs when the PS shares electrons with the surrounding molecules,
whereas a Type Il mechanism occurs when the PS relaxes back to the singlet state, releasing energy to the
environment.

Conventional PS have poor water solubility and aggregate through - stacking
and hydrophobic interactions, causing the PS to prematurely quench before reaching their
targeted goal.>® To overcome these issues PS are usually incorporated into liposomes,®>°
micelles,®*%? metal nanoparticles (NPs),®*¢ polymeric NPs,®" 8 protein-based NPs,®® 7
mesoporous silica NPs,”" 72 graphene oxide”™ ™ and quantum dots.” ® These methods
provide physical encapsulation of the PS, and although it is often effective it doesn’t afford
high loading capacity.

1.7 Applications

POSS compounds have been studied in detail to investigate their structure, optimize

their synthesis and discover the scope of chemical transformations that could be

implemented without damaging the siloxane cage. Due to their physicochemical structure
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and properties, this class of materials has found a wide array of applications in

elastomers,’’> 78

thermosets,”® thermoplastics,”® liquid crystalline polymers,? &
dendrimers,®! low dielectric materials,®? electrolytes,®" 8 holographic gratings,®* laser
materials,® cosmetics,'* dental and medical applications,® 12 23 25 44, 78, 81, 83, 86, 87 gnace

applications,' 8891 piology,** 8 9294 resists,'® bioimaging,® 8 *>%7 tissue engineering,®

biodetection,® %1% and antimicrobial treatment. 101103

1.7.1 Biomedical applications of polyhedral oligomeric silsesquioxanes

POSS compounds show an inert nature, low inflammatory responses, and
biocompatibility. POSS nanostructures have been evaluated for various fields in diverse
areas of biomedical fields such as drug delivery, dental applications, biomedical devices,
implants and tissue engineering.

POSS compounds have found important applications in photodynamic therapy and
photodynamic inactivation. Both PDT and PDI rely on the presence of a photosensitizer,
oxygen and light to kill cancer cells or pathogens, respectively. PS are usually hydrophobic
compounds that aggregate in aqueous media resulting in self-quenching and reduced
phototoxic effect.

a. Incorporations of POSS compounds into electrolytes-photosensitizers for multi-

amplified antimicrobial activity:

PDI inactivates pathogen bacteria via the generation of ROS, such as singlet oxygen
10,, and lately it has been shown to be extremely useful in the field as no bacterial
resistance has been found.'%1%" Recently, quaternary ammonium (QA)-POSS has been
conjugated to electrolytes to probe the interactions towards bacteria. It was shown that

because of its light harvesting properties, broad UV-vis absorption spectrum,'® cationic
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pendant groups, and binding ability towards bacteria,’*® ® QA-POSS conjugated to
electrolytes and PS, such as porphyrin, report effective bacterial toxicity. Moreover,
oligoelectrolytes containing pendant terminal QA-POSS groups showed great affinity for
Gram-negative cellular membrane and were able penetrate it (Figure 9).'! Specifically the
PS, oligo-(p-phenylenevinylene) electrolytes (OPVES) have been grafted onto a QA-POSS
for antimicrobial activity to enhance cationic charges, increase the solubility of the PS, and
cellular membrane penetration,'*? facilitating 'O, diffusion. This system showed
multiamplified antibacterial efficacy under white light doses (400-700 nm, 6 mWcm™2, 5

min, 1.8 Jem) to Escherichia coli (8 uM) and Staphylococcus aureus (500 nM).%*

5 (porphyrin)

Figure 9. Synthetic Route to Porphyrin-POSS—-OPVE (PPO)%. The POSS-Porphyrin system shown exhibits
multiamplified antimicrobial activity where the QA groups have light-harvesting properties capable of
increasing ROS production. Furthermore, the presence of QA-POSS enhanced cellular uptake and solubility
of the PS, facilitating O, diffusion.
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b. A crosslinked 3-D network structure involving POSS, chlorin e6 (Ce6) and a PEG

coating.*®

The nanohybrid showed excellent aqueous stability, low toxicity and high drug
loading capacity (19.8 wt%). Moreover, due to the conjugation with POSS, this system
exhibited enhanced cellular uptake, specifically intracellular accumulation within the
mitochondria and endoplasmic reticulum was observed, leading to high anticancer
efficiency under light exposure, and negligible dark toxicity and side effects. Because of

the aforementioned reason this system showed improved PDT efficacy (Figure 10).

POSS-Ce6-PEG

: O‘ﬁl\f)_/‘h‘“. (_(/r*)
R PN

PEGylatfon

POSS-Ce6

Figure 10. Schematic illustration showing the synthetic method of POSS-Ce6-PEG NPs.1° This nanohybrid
encapsulates the POSS-Porphyrins network, increasing aqueous stability and drug loading capacity.

c. Alternating copolymer involving maleimide isobutyl polyhedral oligomeric

silsesquioxane (MIPOSS) for enhanced phototoxicity.
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An amphiphilic block copolymer has been synthesized, where porphyrin and POSS
were installed on the backbone in an alternating fashion. The self-aggregation of the
porphyrins was effectively reduced by the steric cage structure of POSS units and
alternating structure as the system self-assembles into nanoparticles in water. This allowed
for enhanced singlet oxygen production, improving PDT efficacy against human lung

cancer (Figure 11).%
f‘?‘?‘{ o
A AL -
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Figure 11. Schematic illustration showing the approach to the formation of the alternating copolymer
synthesized. This system decreases interactions among porphyrins, through steric hindrance, and allows
enhanced production of singlet oxygen due to the presence of POSS units.®

0, =0,
High yield of
singlet oxygen

d. Organic—inorganic hybrid photosensitizers for highly effective photodynamic cancer

therapy.

Recently and organic-inorganic hybrid photosensitizer was synthesized based on

biodegradable POSS scaffolds and 5,10,15,20-tetra(m-hydroxyphenyl)-porphyrin (THPP).
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This incorporation of a photosensitizers into the robust POSS 3D framework makes the
THPP molecules isolated, avoiding self-quenching of the excited states. The hybrid
possesses high water solubility, excellent stability, good biocompatibility, and high singlet
oxygen production efficiency. In vivo studies indicate that the photosensitizer excellent

PDT performance with a low dose (0.4 mg/kg) and light density (72 J/cm2) (Figure 12).8°

Poeptyrin POSS-PEGg0
{PPPs)

e GEP-E S O=Si

§=PEGuym

PEGuy p8rcantage > 70%
Regidual Viry! percentage < 30%

Figure 12. Schematic illustration showing the synthetic approach to the formation of the organic-inorganic
hybrid involving octavynil-POSS and THPP. This isolates THPP avoiding self-quenching of the excited
states. The hybrid possesses high water solubility, excellent stability, good biocompatibility, and high singlet
oxygen production efficiency.®’

1.8 POSS compounds in this Thesis

1.8.1 Octa-aminopropyl-POSS (OA-POSS)

OA-POSS is a three-dimensional organosilicon oligomer synthesized through the
hydrolytic condensation of a trifunctional organosilicon monomer,

aminopropyltriethoxysilane, in methanol under catalytic amounts of hydrochloric acid. The
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functional moiety on OA-POSS are aminopropyl groups, which make it an interesting
precursor for further functionalization on the cage (Figure 13). Several syntheses have
been carried out that highlighted the difficulty in obtaining good yields, typically between

20% and 30%,2% 22 so, to overcome this issue, several catalysts have been employed.® 113
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Figure 13. Molecular structure of octa-aminopropyl-POSS.

1.8.2 Octa-methylpropylammonium-POSS (MOA-POSS)

MOA-POSS is a three-dimensional organosilicon oligomer synthesized through
consecutive alkylation of the free amine present on the aminopropyl moieties of OA-POSS
(Figure 14). This compound is of particular interest to study its interactions with cells and
bacteria and understand how the permanent charge surrounding the cage affects its

properties.?®
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Figure 14. Molecular structure of octa-methylpropylammonium-POSS.

1.8.3 Multifunctional aminopropyl-hexaisobutyl-mercaptopropyl-POSS (AP-IB-MP)

As mentioned previously, POSS compounds bearing multiple functionalities are
important to develop for various applications. Although functionalization of an
unsymmetrical POSS has been shown to be straightforward, further modifying the cage
with another functionality hasn’t been achieved successfully.!* This is because the
methodology employed to add a third functionality can damage the Si/O framework.
Looking at these challenges, | have synthesized a multifunctional POSS with two different
reactive functionalities, an aminopropyl and a mercaptopropyl moiety, and an unreactive
functionality, such as an isobutyl group (Figure 15). A multifunctional POSS allows us to

probe its reactivity for further conjugation reactions.
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Figure 15. Molecular structure of aminopropyl-hexaisobutyl-mercaptopropyl-POSS.

1.9 Research objective

The main goal of this Thesis is to exploit the chemical properties of POSS to
develop new delivery systems. In particular, two novel POSS-Porphyrin molecules
containing propylammonium or N, N’, N’’-trimethyl-propylammonium groups are
synthesized and characterized. The PDT properties of these POSS-Porphyrin compounds
were evaluated. We hypothesize that the positively charged groups on the ammonium
moieties will interact electrostatically with the membrane of cancer cell to enhance the
PDT efficacy. Moreover, a multifunctional POSS molecule is also synthesized and
characterized as part of this Thesis.

Conjugation of POSS to a photosensitizer, such as porphyrin, allows for the
synthesis of compounds that play an important for biochemical applications, while
avoiding those issues associated with the synthesis and purification of porphyrin-like
compounds. POSS is considered a useful tool kit to overcome these difficulties, such as
purification through column chromatography, which are troublesome to manage

effectively for these compounds, poor yields associated to the struggle in thorough
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purification, and ease of functionalization.!** POSS compounds represent an interesting

material not only for their properties but also for their multifunctionality, to which several

functional groups can be added, developing useful hybrid platforms that can bear different

targeting agents.

1.9.1 Specific Aims

To achieve the goals proposed in this Thesis the following specific aims were

pursued:

1.

2.

3.

4.

Synthesis and physicochemical characterization of POSS-Porphyrins molecules.
Photophysical characterization of POSS-Porphyrins.
Synthesis and physicochemical characterization of multifunctional POSS.

PDT and PDI evaluation of POSS-porphyrin molecules.

1.9.2 Innovation

This proposal is innovative because: 1) Two novel POSS-Porphyrin molecules are

synthesized and characterized in this project. 2) The PDT properties of these POSS-

Porphyrin molecules are evaluated for the first time.
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CHAPTER 2: EXPERIMENTAL SECTION

2.1 Materials and Methods.

All commercial solvents were of reagent grade or higher and were used as received.
All experiments with moisture/air-sensitivity were performed in anhydrous solvents under
a nitrogen atmosphere. Column chromatography was performed using silica G60 (70-230
mesh). Trisilanol hepta(isobutyl) POSS was purchased from Hybrid Plastics. (3-
aminopropyl) triethoxysilane (APTES) was purchased from Alfa Aesar. Pentahydrate
tetramethyl ammonium hydroxide in methanol (TMAOH), N,N’-diisopropylethylamine,
pyrrole, benzaldehyde, 4-formylbenzoic acid, boron trifluoride etherate (BFs-Et,0), p-
chloranil, N-hydroxysuccinimide (NHS), N,N’-dicyclohexylcarbodiimide (DCC), 4-
dimethylaminopyridine (DMAP), iodomethane and dimethylanthracence (DMA) were
purchased from Sigma-Aldrich. Potassium carbonate was purchased from EMD. Roswell
Park Memorial Institute (RPMI 1640), fetal bovine serum (FBS), penicillin-streptomycin
(pen-strep), phosphate buffer saline (PBS, 1X), trypsin were purchased from Corning.

NMR spectra were recorded at room temperature in CDClz and DMSO-De solvents
using a 300 MHz or 500 MHz JEOL NMR spectrometer. Mass spectra were collected by
a Voyager Biospectrometry Laser MALDI-TOF, and a spectrometer thermal Scientific
MSQ Plus ESI spectrometer. Infrared spectra of liquid and solid sampled were collected in
KBr pellets on a Perkin-Elmer 100 IR spectrophotometer, from 4000 to 700 cm™. UV-vis
spectra were recorded on a Cary 300 UV-visible spectrophotometer in a range between 300
and 800 nm. Fluorescence were collected using a Delta Vision Elite Workstation based on
an inverted microscope (1X-70; Olympus) equipped with a 100x, 1.4 NA oil immersion

lens.  Photophysical properties were measured wusing a RF-5301 PC
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spectrofluorophotometer Shimadzu.

2.2 Synthesis and physical characterization of porphyrin derivatives.

2.2.1 Synthesis and Characterization of 5-[4-carboxyphenyl]-10,15,20-triphenylporphyrin

(Porphyrin-COOH).

In a 1000-mL round bottom flask CH2Cl (700 mL) was degassed using nitrogen
gas for 30 min. Pyrrole was purified by using a Pasteur pipet with silica gel. This process
yields a transparent solution as indication that the polypyrrole has been removed. Purified
pyrrole (3.5 mL, 50 mmol), benzaldehyde (3.8 mL, 37.5 mmol), and 4-formylbenzoic acid
(1.8768 g, 12.5 mmol), were sequentially added to the flask. Then, boron trifluoride
etherate (BFs-Et20, (0.2 mL, 1.6 mmol) was immediately added to the reaction flask, which
was covered with aluminum foil. The solution was stirred at room temperature for 24 h
under nitrogen atmosphere. After the completion of the first step, p-chloranil (9.229 g, 37.5
mmol) was added to the flask and the reaction stirred for 19 h at room temperature, in dark
conditions. After the reaction completed, the tetrachloro-hydroquinone byproduct was
filtered through gravimetric filtration. The solvent was removed with rotary evaporation.
The remaining solid was purified using a column chromatography on silica gel
(DCM:Ethanol ; 97:3).1% On the TLC three spots were observed associated to the targeted
compound and impurities. The first and second bands eluted first and were orange and
yellow, respectively. These corresponded to tetraphenylporphyrin (TPP) impurities. The
last band was dark red and corresponded to the targeted compound. After purification, the
compound was dried and obtained as a dark purple powder (Yield= 25.3% wt).

IH NMR (500 MHZ, CDCls, ppm) & = 8.89 (d, 2H), 8.77 (d, 2H), 8.85 (s, 4H), 8.45 (d,

2H), 8.32 (d, 2H), 8.22 (m, 6H), 7.76 (m, 9H), —2.77 (s, 2H).
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FTIR (KBr pellets, cm™) = 3700-2400 (b, vcoon), 1692.4 (s,vc=o0), 1600 (S, vc=c).

MALDI: m/z 659.02 [M-H]" observed; 658.88 calculated.

2.2.2 Synthesis and Characterization of 5-[4-(succinimidyloxycarbonyl)phenyl]-10,15,20-

triphenylporphyrin (Porphyrin-NHS)

In a 25-mL round bottom flask, compound 10 (40.0 mg, 0.06 mmol) was reacted
with NHS (8.3 mg, 0.07 mmol) in CH2Cl> (10 ml) in the presence of DCC (18.6 mg, 0.09
mmol) and DMAP (7.3 mg, 0.06 mmol). The reaction was stirred at room temperature for
72 h, under nitrogen atmosphere. Once the reaction was completed, the dicyclohexylurea
byproduct was filtrated by gravimetric filtration and the CH,Cl, was dried using a rotary
evaporation. Finally, the crude product was purified using column chromatography on
silica gel (DCM:Methanol ; 9:1).1*° On the TLC two spots were observed associated to the
targeted compound and the parent porphyrin. The first band eluting was red and
corresponded to Por-COOH. The last band was orange and corresponded to the targeted
compound. A dark brown solid was obtained after evaporation of the solvent (Yield=
22.6% Wt).
'H NMR (500 MHZ, CDCls, ppm) & = 8.77 (m, 8H), 8.52 (d, 2H), 8.37 (d, 2H), 8.24 (m,
6H), 7.76 (M, 9H), 2.94 (brs, 4H), —2.77 (s, 2H).
FTIR (KBr pellets, cm™) = 3319 (s, vn-n), 2916 (M, vcr), 2848 (M, ven), 1738 (s, ve=0),
1603 (s, vc=c).

MALDI: m/z 755.29 [M-H]" observed; 755.23 calculated.
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2.2.3 Synthesis and Characterization of Octaaminopropyl-POSS (OA-POSS)

To a50-mL round bottom flask containing methanol (24 mL), APTES (3mL, 12.82
mmol) was added and the mixture stirred at room temperature for 5 min. After the time has
elapsed, HCI (4.05 mL, 37% m/v) was added dropwise in the solution (addition time: 5
min). The reaction stirred at room temperature for 7 days. The product was purified via
centrifugation, washing twice with methanol. Compound 8 was stored in the freezer at -4
oC 113 (Yield = 45.5% wit).

IH NMR (300 MHz, DMSO-Dg, ppm) &: 8.2 (s, 3H; -NHs*), 2.79 (t, 2H; -CH2NH3"), 1.74
(M, 2H; -CH2CH2CHaNH3Y), 0.74 (t, 2H; Si-CHy).

13C NMR (300 MHz, DMSO, ppm) &: 40.7 (-CH2NH3"), 21.3 (-CH2CH2NHs"), 9.2 (Si-
CH>); 2°Si NMR (500 MHz, DMSO with 0.1% TMS, ppm) &: -69.2.

FTIR (KBr pellets, cm™): = 3134 (s, vn-+), 2944 (S, vc-r), 2876 (S, ve), 1489 (M, ven),
1098 (S, Vcage-si-0-si)-

MS (ESI): m/z (%): 441.19 [M-2H]?* observed; 440.75 calculated.

224 Synthesis and Characterization of Octaaminopropyl-POSS-5-[4-

(succinimidyloxycarbonyl) phenyl]-10,15,20-triphenylporphyrin (OA-POSS-Porphyrin)

In a 20-mL round bottom flask compound 8 (9.2 mg, 0.0078 mmol) was mixed in
DMSO (10 mL) with DIPEA (7.1 mg, 9.6 uL, 0.0546 mmol). The solution was stirred at
room temperature for 30 min. Next, compound 10 (11.8 mg, 0.0156 mmol) was added to
the reaction mixture and the reaction stirred at room temperature for 24 h. Once the reaction
was completed, the resulting mixture was filtrated with THF and stored in DMSO at -4 °C.

The final product was purified by using column chromatography on silica gel
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(DCM:MeOH ; 15:1). On the TLC three spots were observed associated to the targeted
compound, the parent porphyrin and impurities. The first band to elute was dark red and
corresponded to the targeted compound. The second band was orange and corresponded to
Por-NHS. And the last band was black and corresponded to impurities. After purification,
compound 11 was dried and obtained as a dark red powder. (Yield = 53.2% wit)

IH NMR (500 MHZ, DMSO-De, ppm) & = 8.77 (m, 8H), 8.22 (m, 10H), 7.76 (m, 9H), 3.24
(t, 2H), 2.75 (t, 14H), 1.65 (m,16H), 0.65 (t, 16H)

25 NMR (500 MHz, DMSO-Ds, with 0.1% TMS, ppm) & = -61.2 (one Si-
CH2CH2CH2NH?>), -69.6 (three Si close to Si-CH2CH>CH2NH>), -70.9 (remaining four Si
on the cage).

FTIR (KBr pellets, cm™): = 3385 (s, vn-H), 2992.8 (M, vcn), 1658.6 (M, ve=0), 1425 (m,
ven), 1279 (m, vsic), 1113 (S, Vcage-asym-si-0-si), 899 (M, Vcage-sym-si-o-si), 708 (S, vsic). MS

(ESI): m/z (%): 217.21 [M-8H]®* observed; 214.09 calculated.

2.2.5 Synthesis and Characterization of Methyl-Octapropylammonium-POSS (MOA-

POSS)

The reaction was performed using a previous protocol with slight modifications.®

In a 50-mL round bottom flask, potassium carbonate (1.4 g, 10 mmol) was dispersed in
acetonitrile (25 mL) and compound 8 (500 mg, 0.43 mmol) was added. The solution was
sonicated for 30 min at 40 °C. After then, iodomethane (0.55 mL, 13.5 mmol) was added
dropwise to the mixture. The temperature was increased 82 °C to using an oil bath. The
solution was stirred for 48 h and was kept under reflux. The final product was obtained
after extraction from methanol and washing with acetone (three times). The solvent was

removed with a rotary evaporator to afford a white solid (Yield = 63.4 % wt).
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IH NMR (500 MHz, D20, ppm) &: 3.19 (m, 2H; CHaN*(CHa)3), 2.97 (s, 9H; -N*(CHz)a),
1.74 (m, 2H; -CH2CH>CH2N*(CHz)3), 0.45 (t, 2H; Si-CH>).

13C NMR (300 MHz, DMSO, ppm) &: 68.89 (s, -CH2N*(CHs)s3), 52.97 (s, -CH2N*(CHa)3),
16.71 (s, -CH2CH2N"(CHg)3), 8.61 (s, Si-CHy).

29Si NMR (500 MHz, D20, ppm) &: -67.2 (s, T°).

FTIR (KBr pellets, cm™): = 3532 (s, vn-+), 2926 (M, vc-n), 1445 (M, ve), 1379 (M, vsic),
1032 (S, Vcage-asym-si-0-si), 919 (M, Vcage-sym-si-0-si).

MS (ESI): m/z (%): 153.89 [M-2H]?* observed; 155.00 calculated.

2.2.6 Synthesis and Characterization of Methyl-Octapropylammonium-POSS-5-[4-

(succinimidyloxycarbonyl)phenyl]-10,15,20-triphenylporphyrin (MOA-POSS-Porphyrin)

The reaction was carried out following the previously described procedure with
slight modifications.® In a 10-mL round bottom flask, potassium carbonate (0.1 g, 0.724
mmol) was dispersed in acetonitrile (5 mL) and compound 11 (30 mM, 6 mL mg, 0.18
mmol) was added. The solution was sonicated for 30 min at 40 °C. After then, iodomethane
(1.1 mL, 27 mmol) was added dropwise to the mixture. The temperature was increased 82
°C to using an oil bath. The solution was stirred for 48 h and was kept under reflux. The
final product was obtained after extraction from methanol and washing with acetone (three
times). The solvent was removed with a rotary evaporator to afford a white solid (Yield =
81.4 % wt).
'H NMR (500 MHZ, DMSO-De, ppm) & = 8.67 (m, 8H), 8.48 (d, 2H), 8.32 (d, 2H), 8.25

(m, 6H), 7.65 (m, 9H), 3.24 (M, 16H), 2.94 (s, 63H), 1.93 (m, 16H), 0.39 (t, 16H).
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25i NMR (500 MHz, DMSO-Ds, with 0.1% TMS, ppm) & = -61.2 (one Si-
CH2CH2CH2NH?>), -69.6 (three Si close to Si-CH2CH>CH:NH>), -70.9 (remaining four Si
on the cage).

FTIR (KBr pellets): = 3323 (S, vn-H); 2872 (m, vcr); 1660 (S, veo); 1428 (m, ven); 1372

(m, vsi-c); 1017 (S, Vcage-asym-si-0-si); 931 (M, Vcage-sym-si-0-Si).

2.2.7 Synthesis and Characterization of Aminopropyl-Heptaisobutyl-POSS (AP-1B-POSS)

Heptaisobutyltrisilanol (2.00 g, 2.5 mmol) was mixed in a 25-mL round bottom
flask with ethanol (12 mL) and tetraethylammonium hydroxide (40.0 uL, 35% in H20).
APTES (1.14 mL, 5.0 mmol) was added to the reaction vessel and the solution magnetically
stirred at 40.0 °C for 60h. Upon completion, the final product was purified via
centrifugation and washed twice with ethanol, twice with acetonitrile and then twice with
methanol. AP-1B-POSS dried overnight under high-vacuum and was stored in the freezer
at -4 °C. (Yield = 89%)

IH NMR (300 MHz, CDCls, ppm) &: 0.85 (m, 16H; CH2-Si), 0.99 (d, 42H; -CHs), 1.53 (m,
4H; -CH2CH2CH2NHy), 1.85 (m, 7H; -CH2CH(CHa)z2), 2.69 (t, 2H, -CH2NH>).

13C NMR (300 MHz, CDCls, ppm) &: 44.82 (s, -CH2NH,), 25.84 (s, -CH3), 23.95 (s, -
CH2CH2CH2NHy), 22.57 (s, -CH2CH(CHz)2) 9.30 (s, -CH2-Si).

295) NMR (500 MHz, CDCl3 with 0.1% TMS, ppm) &: -66.7 (one Si-CH2CH2CH2NH;), -
67.5 (three Si close to Si-CH2CH2CH2NH>) and -67.3 (remaining four Si on the cage).
FTIR (KBr pellets): = 3659 (s, vn-H), 2967 (S, vc-h), 1398.8 (M, ven), 1233 (M, vsic), 1071
(S, Vcage-asym-si-0-si), 908 (M, Vcage-sym-si-0-5i)-

MALDI (m/z): 874.58 [calculated for [M-H]*] 875.12.
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2.2.8 Synthesis and Characterization of Partially Condensed Trisilanol Aminopropyl-

hexalsobutyl-POSS (AP-hexalB-POSS).

AP-1B-POSS (1.00 g, 1.65 mmol), along with 35%TEAOH (0.5 ml, 1.69 mmol)
and THF (25 ml) were charged into a 50-mL round-bottomed flask. The reaction was
magnetically stirred for 7h under air atmosphere and the temperature was slowly increased
to reflux at 80 °C. Upon completion, the reaction was stopped, and it was cooled off. Once
the flask was at Troom, the solution was neutralized with few ml of 2M HCI, and then filtered
by suction filtration to remove the salts formed. The solution was dried under high vacuum
overnight and the final product was purified by methanol extraction to provide a yellowish
gel (Yield = 67.6%).3*

IH NMR (500 MHz, CDCls, ppm) &: 0.54 (m, 14H; CH2-Si), 0.90 (d, 36H; -CHs), 1.30 (m,
4H; -CH2CH2CH2NHy), 1.80 (m, 6H; -CH2CH(CHa)z2), 3.32 (t, 2H, -CH2NH>).

13C NMR (300 MHz, CDCls, ppm) &: 52.93 (s, -CH2NH2), 30.40 (s, -CH2CH2CH2NH>),
25.86 (s, -CHa), 23.89 (s, -CH2CH(CHs)2), 22.48 (s, -CH2CH(CHs)2) 7.58 (s, CH2-Si).
295§ NMR (500 MHz, CDCls with 0.1% TMS, ppm) 8: -58.9 (three Si-OH), -67.5 (one Si-
CH2CH2CH2NH) and -68.3 (remaining three Si on the cage).

FTIR (KBr pellets): = 3363 (s, vo-n), 2956 (M, vc-h), 1383 (M, ven), 1231 (M, vsi-c), 1095,
1030 (S, Vcage-asym-si-0-Si)-

MALDI (m/z): 792.29 [calculated for [M-H]"] 792.43.
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2.2.9 Synthesis and Characterization of Aminopropyl-hexalsobutyl-Mercaptopropyl-

POSS (AP-hexalB-MP-POSS)

Briefly, AP-hexalB-MP-POSS (214.0 mg, 0.270 mmol) was mixed in a 10-mL
round bottom flask with THF (5 mL) and MPTES (262 mg, 1.1 mmol). The reaction was
magnetically stirred at Troom for 48h. Once the reaction was stopped, the mixture was dried
under vacuum overnight and the final product was purified by methanol extraction, to
afford a white solid. (Yield = 75.2%)

IH NMR (500 MHz, CDCls, ppm) &: 0.54 (m, 16H; CH2-Si), 0.82 (d, 36H; -CHa), 1.25 (m,
3H; -SH,-NH>), 1.50-1.72 (m, 10H; -CH.CH(CHj3)2, -CH2CH>CH.SH, CH2CH2CH>NHz),
2.52 (t, CH2CH,CH2SH), 3.32 (t, 2H, -CH2NH>).

13C NMR (300 MHz, CDCls, ppm) &: 52.93 (s, -CH2NH2), 30.31 (s, -CH2CH2CH:SH, -
CH2CH2CH2NHy), 25.92 (s, -CH3), 23.88 (s, -CH2CH(CHs3)2), 22.48 (s, -CH2CH2CH>SH)
9.58 (s, CH,-Si).

295§ NMR (500 MHz, CDCl3 with 0.1% TMS, ppm) &: -66.8 (one Si-CH2CH2CH2SH), -
67.1 (one Si-CH.CH2CH2NH>), -67.5 (three Si on the cage closer to the Si bearing the
mercaptopropyl group), 67.9 (three Si on the cage closer to the Si bearing the aminopropyl
group).

FTIR (KBr pellets): = 2975 (m, vc-n), 1390 (M, ven), 1231 (M, vsic), 1075 (S, Vcage-asym-si-
0-si), 950 (M, Vcage-sym-si-0-Si).

MALDI (m/z): 891.27 [calculated for [M-H]"] 892.12.
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2.3 Photophysical Characterization of Porphyrins and Porphyrin based materials

2.3.1 UV-vis and Fluorescence

The spectra were recorded from 300 nm to 800 nm, and the absorbance relative to
the porphyrin derivatives was measured at 515 nm. Spectra were recorded against solvent
blanks (DMSO) at concentrations of 10 M, in quartz cuvettes (1 cm path length). These

were acid washed and rinsed with deionized water.

2.3.2 Singlet Oxygen Quantum Yields

Stock solutions in DMF (10 M) of porphyrin or porphyrin based compounds were
prepared in volumetric flasks and diluted to achieve sample concentrations of 106, The
singlet oxygen quantum vyields were determined through an indirect method using
dimethylanthracence (DMA) as the singlet oxygen probe. Several solutions containing
DMF were air saturated and prepared with DMA (50 uM) and the PS (~ 5 uM), and then
were covered with aluminum foil to avoid any premature quenching. Quartz cuvettes (1
cm x 1 cm) were filled with 1 mL of the solution and placed in a Spectrofluorophotometer
(xenon lamp, Shimadzu RF-5301 PC) and irradiated at 515 nm, for 600s. The absorbance

decay of DMA was monitored at 380 nm. (Equation 1).

1_10—absReference

®AS=DPAR- 22 .

T o-abssampie Equation (1)
where ®A,S is the singlet oxygen quantum yield of the sample, and m is the slope of the
plotted data relative to the area of the emission peak against the absorption of the

reference.!16
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2.3.4 Fluorescence Quantum Yield

The fluorescence quantum yields were measured according to the comparative

method described by the following equation.

mSample n?sample

®F,Sample = ®F Reference -

Equation (2)

mReference n?reference
where ®F Reference represents the fluorescence quantum yield of a fluorophore reference,
m is the slope of the plotted data relative to the area of the emission peak against the
absorption of the fluorophore, whereas n is the refractive index.'” The fluorescence
quantum yields ®F,Sample of the porphyrin derivatives where taken in DMSO solution of
concentrations ranging from 3 uM to 15 uM, at an excitation wavelength of 520 nm, with
the excitation and emission slits of 2 nm. Tetraphenylporphyrin was used as a reference
with a fluorescence quantum yield of 0.12 in benzene. 11
2.4 Partition coefficients

The partition coefficient of porphyrin derivatives was measured in an n-
butanol/water mixture, and then correlated with corresponding values in n-octanol/water
using a reported calibration curve.!® Distilled water and butanol were thoroughly mixed
for 24 h at 25°C to achieve solvent saturation in both phases. Then, the porphyrin
derivatives in bulk were added to the mixture and the phases separated through a separatory
funnel. The UV-vis absorbance of the compounds in water and n-butanol was recorded at

515 nm.
log Pew = log (% . ‘;—‘Z) Equation (3)
Where Ay is the absorbance of n-butanol, Aw, the absorbance of water, Vw the

volume of water and Vy the volume of n-butanol. The partition coefficient of porphyrin



DocuSign Envelope ID: 96EE712D-8435-4234-94C9-AFDEA7BBEGSC

34

derivatives in n-octanol/water was obtained with equation 4, according to the calibration
curve previously mentioned for n-octanol/water.8

log Pow = -0.54 + 1.55-log Psw Equation (4)

2.5 Cell culture

MDA-MB-231, a human invasive TNBC cell line, was purchased from American
Type Culture Collection (ATCC). Breast cancer cells were cultured in RPMI 1640 medium
(supplemented with 10% FBS, 1% pen-step) at 37 °C with 5% CO, atmosphere. The
culture media was changed every other day. All cell cultures were maintained in 25 cm?or
75 cm? cell culture flasks and the cells were passaged at 70-80% confluency every 2-4
days. The cell survival was tested by the CellTiter 96® AQueous Assay (MTS assay). The

absorbance was measured at a wavelength of 490 nm in a plate reader Multiskan FC.

2.6 In vitro cyto- and phototoxicity

The phototoxicities of 5-(4-carboxyphenyl)-10,15,20-triphenylporphine, OA-
POSS-Porphyrin and MOA-POSS-Porphyrin were tested by using the MTS assay. For this
study, MDA-MB-231 cells were seeded in a 96-well plate at a density of 5 x 102 cells per
well in 100 pL of complete media and incubated at 37 °C in 5% CO2 atmosphere for 24 h.
After removing the cell culture medium, OA-POSS-Porphyrin and MOA-POSS-Porphyrin,
at different concentrations (0.01 - 0.5 uM), were prepared in cell media from a stock
solution in DMSO with a final volume of the organic solvent not larger than 1 % vol. After
48 h of incubation in the presence of OA-POSS-Porphyrin and MOA-POSS-Porphyrin, the
culture media was removed, and the cells were washed twice with phosphate buffer

solution. MDA-MB-231 cells were illuminated with the red light (630 nm) at a fluence rate
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of 24.5 mW/cm? for 20 min. Control experiments were maintained in the same conditions,
but in the dark for the same interval of time. After irradiation, the media was replaced, and
the cells were allowed to grow for an additional 24 h. To measure the phototoxic and
cytotoxic (dark toxicity) effects of the experiments above described, the treated MDA-MB-
231 cells were subjected to cell viability assay using the Cell Titer 96 Aqueous solution
assay. To perform the assay, the cell media was removed, and the cells were washed twice
with phosphate buffer solution (PBS). Fresh media (100 pL) together with 20 pL of
CellTiter was added into each well and incubated for 2-3 h at 37 °C in 5% CO_ atmosphere.
Cell viability (%) was calculated as follows: viability = (Asampie/Acontro) X 100%, where
Asample and Acontrol denote absorbance values of the sample and control wells measured at
490 nm, respectively. The results are reported as the average + SD of three experiments.
The ECsp values are determined using GraphPad Prism (v8.1.2, La Jolla California, CA,

USA) fitting the viability data to a sigmoidal curve mathematical model.

2.7 Statistical Analysis

All the data in this Thesis are represented as mean = SD unless mentioned
otherwise. To compare @, values, the statistical analysis was performed with one-way
ANOVA using Tukey’s multiple comparison test. For the singlet oxygen quantum yields
measurements GraphPad prism was used (n = 3). For the cell viability studies, GraphPad
prism was used to calculate the ECso values (n = 6). All the statistical analyses were
performed using GraphPad Prism (v8.2.0 for Windows) with a = 0.05 and reported as stars
assigned to the p-values; ****p <0.0001, ***p < 0.001, **p < 0.01, *p <0.05, and ns p >

0.05.
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CHAPTER 3: RESULTS AND DISCUSSIONS

Two novel POSS-Porphyrin systems, OA-POSS-Porphyrin and MOA-POSS-
Porphyrin have been synthesized to probe their efficacy in PDT. The functional groups
bound to the POSS cage are aminopropyl moieties, and methylated propylammonium
groups. Our hypothesis is that by tuning the substituents on the cage their physical and
chemical properties, and finally their cellular interaction will change accordingly.
Furthermore, singlet oxygen and fluorescence quantum yields have been determined to
understand the energy pathways the molecules undertake, once irradiated. To grasp the
whole picture, partition coefficients have been measured to see whether the addition of a
POSS cage, bearing hydrophilic groups, changes the hydrophilicity in porphyrin for in vitro
studies.

Finally, A pH-dependent molecule such as OA-POSS-Porphyrin should undergo
less cellular uptake compared to MOA-POSS-Porphyrin, which has a permanent positive
charge on its periphery, and can interact strongly with the negatively charged bilayer
phospholipid membrane.

3.1 Synthesis and Characterization of OA-POSS-Porphyrin

3.1.1 Synthesis and Characterization of 5-[4-carboxyphenyl]-10,15,20-triphenylporphyrin

(Porphyrin-COOH).

The synthesis of hybrid POSS-Porphyrin system was obtained by chemical
conjugation of OA-POSS and Porphyrin-NHS. Firstly, 5-[4-carboxyphenyl]-10,15,20-
triphenylporphyrin (Porphyrin-COOH) was synthesized through a cyclization reaction

involving pyrrole, benzaldehyde and 4-formylbenzoic acid under catalytic amounts of
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borontrifluoride etherate. The compound obtained was subsequently reduced using p-
Chloranil. The reaction pathway follows the mechanism shown (Figure Al).

The formation of the porphyrin system follows a series of electron transfers
between pyrrole, benzaldehyde and 4-formylbenzoic acid, where borontrifluoride etherate
acts as a Lewis acid to catalyze the reaction. In the first step of the mechanism, the carbonyl
group-bearing the oxygen shares a pair of electrons with borontrifluoride, increasing its
electrophilicity. Pyrrole then acts as a nucleophile and attacks the electrophilic carbonyl
group through a series of electron transfers. In the following step, the boron oxide
derivative accepts a proton to generate a good leaving group and re-establishing
aromaticity in the system. This facilitates the attack of another pyrrole to the electrophilic
center. These steps are repeated to eventually form a non-aromatic macrocycle. The
oxidation of said macrocycle generates the fully conjugated porphyrin ring.

The successful synthesis of Porphyrin-COOH was confirmed with *H NMR, FTIR and
MALDI-TOF. *H NMR depicted the characteristic coupling pattern associated to the hydrogens
on the B -pyrrole at 8.89-8.77 ppm (doublet and singlet, respectively); the chemical shifts
corresponding to the hydrogens on the phenyl substituent at 7.76—7.70 and 822-8.18 ppm, and
finally hydrogens on the carboxy phenyl groups showing up at 8.45 and 8.32 ppm (Figure
16). Additionally, the FT-IR spectra showed the stretching vibrations corresponding to the
hydroxy! stretch of a carboxylic acid between 3700-2400 cm:, the carbonyl stretching
vibration at 1692.4 cm™, and the carbon-carbon stretching vibration associated to sp?
carbons at 1600 cm™. Finally, MALDI-TOF was used to determine the molecular ion for

the compounds identified at 658.88 m/z.
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Figure 16. 'H NMR of Por-COOH shows the eight pyrrole hydrogens appear between 8.89 and 8.77 ppm,
the hydrogens on the carboxyphenyl substituent appearing at 8.45 and 8.32 ppm, according to their distance
from the carboxy group, the protons on the phenyl groups closest to the porphyrin ring appear between 8.22
and 8.18 ppm, and finally the last protons on the phenyl groups showing up between 7.76 and 7.70 ppm.

3.1.2 Synthesis and Characterization of 5-[4-(succinimidyloxycarbonyl)phenyl]-10,15,20-

triphenylporphyrin (Porphyrin-NHS)

The synthesis of Porphyrin-NHS was carried out through NHS chemistry with 4-
dimethylaminopyridine (DMAP) and N-N-dicyclohexylcarbodiimide (DCC) as catalysts,
according to the following mechanism (Figure A4). Initially, DMAP deprotonates
Porphyrin-COOH to generate a reactive nucleophile, which attacks the carbon on the DCC
allene analog. The negatively charged nitrogen on DCC will abstract a proton from the
protonated base. The hydroxyl group on NHS will then nucleophilicly attack the carbonyl

unit on Porphyrin-COOH to form a tetrahedral transition state, encouraging DCC to leave
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as the best leaving group, forming dicyclohexylurea and the desired Porphyrin-NHS.

The successful synthesis of Porphyrin-NHS was confirmed with *H NMR, FTIR and
MALDI-TOF. *H NMR depicted the characteristic coupling pattern associated to the hydrogens
on the B-pyrrole rings as one doublet and one singlet at 8.90-8.77 ppm (doublet and singlet
respectively); the chemical shifts corresponding to the hydrogens on the phenyl substituent at
7.76-7.72 and 8.24-8.20 ppm, the hydrogens on the ester phenyl group appearing at 8.37 and
8.52 ppm. Finally, the signal corresponding to the NHS aliphatic region appear at 2.94
ppm. The FT-IR spectra showed the stretching vibrations corresponding to the carbonyl at
1737 cm, and the carbon-carbon stretching vibration associated to sp? carbons at 1603 cm-
1. Additionally, MALDI-TOF was used to determine the molecular ion for the compounds

identified at 755.29 m/z (Figure 17).
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Figure 17. MALDI-TOF of Porphyrin-NHS. The mass calculated for the molecule is 755.23 m/z and the
molar mass obtained is 755.29 m/z.

3.1.3 Synthesis and characterization of octaaminopropyl-POSS (OA-POSS).

OA-POSS was synthesized through a hydrolytic condensation of
aminopropyltriethoxy silane (APTES), in the presence of hydrochloric acid, as shown from
the following reaction mechanism (Figure A7). In acidic conditions the free amine is
protonated readily followed by the ethoxy groups on the organo silane moiety. The water
present in solution nucleophilicly attacks the Si center, encouraging the protonated ethoxy group
to leave. The presence of a hydroxyl group on the molecule allows the formation of hydroxyl
bridges among other organosilanes, which eventually forms the final cage.

The successful synthesis of OA-POSS was confirmed with *H, **C, ®Si NMR, FTIR
and MS-ESI. 'H NMR showed the shifts attributed to the aminopropyl moiety, where the

methylene unit closest to the Si atom appears at 0.74 ppm, the next unit at 1.74 ppm and the last
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unit at 2.79 ppm. In 3C NMR the aminopropy! group appeared at 9.2 ppm, 21.3 ppm and 40.7
ppm for the corresponding carbons in increasing distance from the Si atom. 2°Si NMR was used
to confirm the integrity and symmetry of the cage. As depicted in the spectrum, only one signal
appears at -69.2 ppm indicating symmetry in the compound (Figure 18). This is characteristic
of POSS cages synthesized through a hydrolytic condensation from an organo silane precursor.
Furthermore, this value agrees with the literature to that of an octameric cage. ' 17-20. 44,81, 113,119
Vibrational frequencies are an important tool to analyze the integrity and effective synthesis of
POSS compounds. In FT-IR the characteristic stretching vibration of the Si-O-Si framework
was seen at 1098 cm? (s, Vcage-asym-si-o-si), further confirming the formation of a siloxane
cage. Finally, ESI was employed where a signal at 441.19 m/z was seen corresponding to

two positive charges present on the cage.

50 30 10 -10 -30 -50 -70 -90 -110 -130 -150

Figure 18. 2°Si NMR of OA-POSS shows one signal corresponding to one magnetically and chemically
equivalent Si atom. This is a significant confirmation as it corroborates the integrity of the cage.
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3.14 Synthesis and Characterization of  Octaaminopropyl-POSS-5-[4-

(succinimidyloxycarbonyl)phenyl]-10,15,20-triphenylporphyrin (OA-POSS-Porphyrin)

The synthesis of octaaminopropyl-POSS-5-[4-(succinimidyloxycarbonyl)phenyl]-
10,15,20-triphenylporphyrin  (OA-POSS-Porphyrin) was performed through the
esterification reaction of previously synthesized OA-POSS and Porphyrin-NHS in the
presence of N-N-diisopropylethylamine (DIPEA), according to the following mechanism
(Figure Al12). The free amine on the POSS cage attacks the carbonyl unit on Porphyrin-NHS
to form a tetrahedral intermediate where NHS acts as the best leaving group. Once deprotonated,
NHS leaves and abstracts a proton from the protonated amide on the POSS-Porphyrin system
to yield the desired product.

The successful synthesis of OA-POSS-Porphyrin was confirmed with *H, 2Si NMR,
FTIR and MS-ESI. *H NMR showed the characteristic shifts attributed to the aminopropyl
moiety, where the methylene unit closest to the Si atom appears at 0.65 ppm, the next unit at
1.65 ppm and the last unit at 2.75 ppm. Additionally, the methylene unit next to the amide bond
is shifted to 3.24 ppm. The aromatic region, corresponding to the porphyrin, reported the same
pattern previously described. Furthermore, °Si NMR was used to confirm the integrity and
symmetry of the cage. Three signals appear at -61.2, -69.6 and -70.9 ppm, in accordance to the
distance from the silicon atom bearing the porphyrin derivative (Figure 19). In FTIR the
characteristic stretching vibration of the Si-O-Si framework was seen at 1113 cm™ (S, Vcage-asym-
si-o-si), further confirming the integrity of the siloxane cage. Finally, ESI was employed to
characterize OA-POSS-Porphyrin. A peak at 214.09 m/z was seen corresponding to seven

positive charges present on the cage.
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Figure 19. 2°Si NMR of OA-POSS-Porphyrin shows three signals corresponding to three inequivalent silicon
atoms. This corroborates the effective conjugation of Por-NHS with OA-POSS.

3.2 Synthesis and Characterization of MOA-POSS-Porphyrin

3.2.1 Synthesis and Characterization of Methyl-Octapropylammonium-POSS (MOA-

POSS).

The synthesis of Methyl-Octapropylammonium-POSS (MOA-POSS) was afforded
via a methylation reaction of previously synthesized OA-POSS using excess methyl iodide
and potassium bicarbonate as a catalyst (Figure A16). Briefly, potassium bicarbonate acts as
a base and catalyst to deprotonated the ammonium sites on the octa-ammoniumpropyl-POSS
cage that would inhibit further reactions. After deprotonation, the free amine undergoes
successive alkylation from the excess methyl iodide present in solution.

The successful synthesis of MOA-POSS was confirmed with *H, **C, ®Si NMR, FT-
IR and MS-ESI. *H NMR showed the shifts attributed to the methylated aminopropyl moiety,

where the methylene unit closest to the Si atom appears at 0.45 ppm (shifted from the methylene
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unit of an aminopropyl moiety with a free amine), the next unit at 1.74 ppm and the last
methylene shifts significantly compared to OA-POSS to 3.19 ppm. Furthermore, the methyl
groups show up at 2.97 ppm (Figure 20). Based on the 3C NMR, the methylene units appear
at 8.61 ppm, 16.71 ppm and 68.89 ppm, whereas the methyl units exhibit a strong signal at 52.97
ppm. Using 2°Si NMR only one signal was observed at -67.2 ppm indicating symmetry in the
compound, in accordance with the literature.”® FTIR depicted the characteristic stretching
vibration of the Si-O-Si framework was seen at 1032 cm™ (s, v cage-asym-si-o-si), further
confirming the formation of a siloxane cage. Finally, ESI-MS shows a peak at 155.00 m/z

corresponding to eight 8 positive charges.

a(2) d (9) b (2) c(2)
.V A Jil
3.5 3 2.5 2 ppm 1.5 1 0.5 8]

Figure 20.'H NMR of MOA-POSS shows the methylene unit closest to the Si atom appears at 0.45 ppm
the next unit at 1.74 ppm and the last methylene at 3.19 ppm. Furthermore, the methyl groups show up at
2.97 ppm.
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3.2.2 Synthesis and Characterization of Methyl-Octapropylammonium-POSS-5-[4-

(succinimidyloxycarbonyl)phenyl]-10,15,20-triphenylporphyrin (MOA-POSS-Porphyrin)

The synthesis of MOA-POSS-Porphyrin was afforded via a methylation reaction of
previously synthesized OA-POSS-Porphyrin using methyl iodide and potassium carbonate
as a catalyst (Figure A21).

The successful synthesis of MOA-POSS-Porphyrin was confirmed with *H and 2°Si
NMR, FTIR. The *H showed the shifts attributed to the propyl ammonium moiety, where the
methylene unit closest to the Si atom appears at 0.39 ppm, the next unit at 1.93 ppm and the last
unit at 3.24 ppm. The methyl substituents, as seen earlier, appear at 2.94 ppm. The aromatic
region, corresponding to the porphyrin, reported the same pattern previously described. 2°Si
NMR was used to confirm the integrity and symmetry of the cage. Three signals appear at -
61.2, -69.6 and -70.9 ppm, in accordance to the distance from the silicon atom bearing the
porphyrin derivative. Using FTIR the characteristic stretching vibration of the Si-O-Si
framework was observed at 1017 cm™ (s, Vcage-asym-si-o-si), further confirming the integrity of
the siloxane cage. (Figure 21). ESI was not obtained due to possible fragmentation of the

molecule during the measurement.
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Figure 21. Aliphatic region of the *H NMR of MOA-POSS-Porphyrin. This shows the shifts attributed to the
propyl ammonium moiety, where the methylene unit closest to the Si atom appears at 0.39 ppm, the next unit
at 1.93 ppm and the last unit at 3.24 ppm. The methyl substituents, as seen earlier, appear at 2.94 ppm.

3.3 Synthesis and characterization of trifunctional-POSS.

3.3.1 Synthesis and characterization of aminopropyl-heptaisobutyl-POSS (AP-1B-POSS)

The synthesis of aminopropyl-heptaisobutyl-POSS (AP-1B-POSS) was carried out
through a corner capping reaction, with aminopropyltrimethoxy silane (APTMS) of
previously purchased trisilanol-isobutyl-POSS, under catalytic amounts of
tetraethylammonium hydroxide (TEAOH) (Figure A24). The hydroxyl sites on the cage are
deprotonated by TEAOH to activate an oxygen anion, which nucleophilicly attacks APTMS
leaving behind a methoxide ion to afford the final product.

The successful synthesis of AP-IB-POSS was confirmed using H, 3C and °Si NMR,
FTIR and MALDI. The *H NMR exhibited the peaks corresponding to the isobutyl moiety and
the amino propyl group; specifically, the methyne unit appears at 1.85 ppm and the methyl
groups at 0.99 ppm. Furthermore, the methylene units adjacent to the cage appear for both

functional groups at 0.85 ppm. The next two methylene units on the aminopropy! substituent
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appear at 1.53 and 2.69 ppm, in order of distance from the cage. The *C NMR shows the
methylene units next to the free amine at 44.82 ppm, the next methylene unit in the aminopropyl
substituent at 23.95 ppm, the methyl groups at 25.84 ppm, the methyne unit at 22.57 ppm and
finally the methylene units closer to the cage at 9.30 ppm. 2°Si NMR showed three distinct peaks
at -66.7 ppm, related to the silicon bearing the aminopropyl moiety, -67.5 ppm related to the
silicon atoms one bond away from the previous silicon, and -67.3 ppm related to the silicon
atoms two or more bonds away from the silicon bearing the different substituent. In FT-IR the
characteristic stretching vibration of the Si-O-Si framework was seen at 1071 cm™ (S, Vcage-asym-
si-o-si), further confirming the formation of a siloxane cage (Figure 22). Finally, MALDI
was employed and a peak at 874.58 m/z was observed.
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Figure 22. FTIR of AP-1B-POSS. The Si-O-Si stretching vibration is evident at 1071 cm™, which indicates
the formation of a condensed cage.



DocuSign Envelope ID: 96EE712D-8435-4234-94C9-AFDEA7BBEGSC

49

3.3.2 Synthesis and Characterization of Partially Condensed Trisilanol Aminopropyl-

hexalsobutyl-POSS (AP-hexalB-POSS).

The synthesis of aminopropyl-hexaisobutyl-POSS (AP-hexalB-POSS) was carried
out through a corner opening reaction of previously synthesized AP-IB-POSS under reflux,
using catalytic amounts of TEAOH (Figure A29). Previously synthesized AP-IB-POSS
was reacted under reflux at 85 °C with TEAOH. These conditions allowed the hydroxide
ions to damage the Si/O framework by attacking the cage at the silicon atom. It is still
unclear why the corner that is being opened is the one opposite to the most reactive
functional group on the cage.'*

The successful synthesis of AP-hexalB-POSS was confirmed using *H, 3C and 2°Si
NMR, FT-IR and MALDI. The *H NMR exhibited the peaks corresponding to the isobutyl
moiety and the amino propy! group; specifically, the methyne units appear at 1.80 ppm with six
hydrogens (compared to the seven from the AP-IB-POSS), and the methyl groups at 0.90 ppm,
with 36 hydrogens. Furthermore, the methylene units adjacent to the cage appear for both
functional groups at 0.54 ppm. The next two methylene units of the aminopropyl substituent
appear at 1.30 and 3.32 ppm, in order of distance from the cage. The *C NMR shows the
methylene units next to the free amine at 52.93 ppm, the next methylene unit in the aminopropyl
substituent at 30.40 ppm, the methyl units at 25.86 ppm, the methyne unit at 22.48 ppm and
finally the methylene units closer to the cage at 7.58 ppm. 2°Si NMR showed three distinct peaks
at-58.9 ppm, corresponding to the silicon atoms bearing the hydroxyl groups, -67.5 ppm, related
to the silicon bearing the aminopropyl moiety and -68.3 ppm corresponding to the remaining
three silicon atoms. In FT-IR the characteristic stretching vibration of the Si-O-Si framework

was seen at 1095 and 1030 cm™ (S, Vcage-asym-si-o-si), indicating asymmetry in the cage
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(Figure 23). Also, a stretching vibration at 3363 (S, vo-H) was observed relative to the

silanols stretching vibrations.
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Figure 23. FTIR of AP-hexalB-POSS. The Si-O-Si stretching vibration has clearly split and widened,
indicating symmetry | the cage. The stretching vibration at 3363 cm™ corresponds to the hydroxy! stretch of
a silanol group; further confirming corner opening.

3.3.3 Synthesis and Characterization of Aminopropyl-hexalsobutyl-Mercaptopropyl-

POSS (AP-hexalB-MP-POSS).

The synthesis of aminopropyl-hexaisobutyl-mercaptopropyl-POSS (AP-IB-MP-
POSS) was carried out through a corner capping reaction, with mercaptopropyltriethoxy
silane (MPTES) of previously synthesized AP-hexalB-POSS. The hydroxyl sites on the cage
nucleophilicly attack MPTES leaving behind an ethoxide ion, to afford the final product.

The successful synthesis of AP-hexalB-MP-POSS was confirmed using *H, **C and
29Si NMR, FT-IR and MALDI. The *H NMR exhibited the peaks corresponding to the isobutyl
moiety and the amino propyl group; specifically, the methyne unit appears at 1.70 ppm and the

methyl groups at 0.82 ppm. Furthermore, the methylene units adjacent to the cage appear for
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both functional groups at 0.54 ppm. The next methylene units on the aminopropyl and
mercaptopropy! substituent appear between 1.50 and 1.72 ppm, in order of distance from the
cage. The methylene units next to the amino and mercapto groups are observed at 3.32 and 2.52
ppm, respectively. Also, the thiol hydrogen is seen at 1.25 ppm. The *C NMR shows the
methylene units next to the free amine and mercaptopropyl group at 52.93, and 41.8 ppm,
respectively. The next methylene unit in the aminopropyl and mercaptopropyl substituents at
30.31 ppm, the methyl units at 25.92 ppm, the methyne substituents at 23.88 ppm, the methylene
group at 22.57 ppm and finally the methylene units closer to the cage at 9.58 ppm. °Si NMR
showed four distinct peaks at -67.1 ppm, corresponding to the silicon bonded to aminopropyl
group, -66.8 ppm, related to the silicon bearing the mercaptopropyl moiety, -67.5 ppm
corresponding to the silicon atoms closer to the silicon bearing the mercaptopropyl group, and
-67.9 ppm corresponding to the silicon atoms closer to the silicon bearing the aminopropyl
group. In FT-IR the characteristic stretching vibration of the Si-O-Si framework was seen at
1071 cm? (S, Veage-asym-si-o-si), further confirming the formation of a siloxane cage (Figure

24). Finally, MALDI was employed and a peak at 892.12 m/z was observed.
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Figure 24. FTIR of AP-hexalB-MP-POSS. The Si-O-Si stretching vibration is evident at 1071 cm, which
indicates the formation of a condensed cage. Moreover, the hydroxyl stretch seen for AP-hexalB-POSS has
disappeared, confirming effective capping.

3.4 Photophysical Properties of the synthesized POSS-Porphyrin molecules

3.4.1 Singlet Oxygen Quantum Yield (SOQY) and Fluorescence Quantum Yield (FQY).

Photosensitizers undergo intersystem crossing (ISC) to the excited triplet state
encouraging the production of 1O.. Typically, low fluorescence quantum yields indicate
that the photons absorbed mainly undergo ISC. Fluorescence quantum yields
measurements were determined in DMSO using tetraphenyl-porphyrin (TPP) in benzene
as a reference, whereas singlet oxygen production was measured in DMF with TPP as a
reference. Along with the POSS-Porphyrin systems synthesized, TPP, Porphyrin-COOH,

and solution of physically mixed OA-POSS and Porphyrin-COOH were tested.
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Table 1. The excitation wavelength was set to 515 nm, with a starting emission wavelength of 380 nm and a
final emission wavelength of 500 nm. The excitation slit width was set at 5 nm, whereas the emission slit
width was set to 5 nm with low sensitivity (n=3).

Sample Pa PF
TPP 0.621%0 0.111%0
Por-COOH 0.64 + 0.01 0.13 +0.003
OA-POSS-Porphyrin 0.70 £ 0.01 0.15+0.01
MOA-POSS-Porphyrin 0.66 + 0.01 0.10+0.01
OA-POSS + Porphyrin 0.60 + 0.01 0.06 £ 0.01

The @, values obtained for the POSS-Porphyrins are shown in Table 1.
Interestingly, all the ®a values for the POSS-Porphyrin compounds are higher than those
corresponding to the parent porphyrin (p <0.0001). In the case of OA-POSS-Porphyrin the
@, value was higher than the compound Por-COOH (p < 0.001) with an increase of 9%.
To confirm that this increase is indeed associated to the POSS-Porphyrin molecules and
not due to the effect of POSS in solution, the ®, values for the physical mixture of
compound OA-POSS + Por-COOH are shown in Table 1. The ® values for the mixture
is lower that the corresponding POSS-Porphyrin (p < 0.0001), which confirms that the
enhancing in @4 is intrinsic to the POSS-Porphyrins. The ®4 value could dependent on
several factors: (i) triplet state properties, including quantum yield, lifetime and energy, (ii)
the ability of substituents to quench 'O and (iii) the efficiency of energy transfer from the
excited triplet state to ground state molecular oxygen. Nevertheless, it is relevant to point
out that the increase observed in the ®, values for the POSS-Porphyrins may have an
impact on their PDT performance, considering that O is one of the main components for

the phototoxicity of photosensitizers.
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3.5 Partition coefficients.

In addition to the photochemical properties of POSS-Porphyrin molecules, other
properties may be playing a role to explain the differences in phototoxicities. A key factor
when considering the phototherapeutic outcome of photosensitizers deals with its ability to
internalize into cells. One approach to evaluate their interaction with cells is by the partition
coefficients, which is the ratio of the concentration of a compound in a biphasic
organic/agueous system. Here, determined the n-octanol/water partition coefficients (log
Pow) for the POSS-Poprhyrins, Porphyrin-COOH and the physical mixture between OA-
POSS and Porphyrin-COOH using n-butanol/water system were determined (Table 2).11&
121 The negative log Pow values for OA-POSS-Porphyrin and MOA-POSS-Porphyrin
indicate that the compounds are slightly hydrophilic. In the case of functionalized
porphyrins, previous reports have shown that the log Pow can be associated with their
interaction with cells. The cellular uptake increased proportionally with their partition

coefficients.1?

Table 2. The partition coefficients of porphyrins and porphyrin systems were determined using the shake-
flask method, measured using UV-vis at 515 nm (n=3).

Compound LogPow
Porphyrin-COOH 1.20 £ 0.02
OA-POSS-Porphyrin -0.41 + 0.003
MOA-POSS-Porphyrin -0.77 £ 0.05
OA-POSS + Porphyrin 0.94 £ 0.04
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3.6 Photodynamic Therapy of POSS-Porphyrin molecules

Photodynamic therapy (PDT) is a localized therapeutic approach for potential
eradication of cancer tissues. In this work, the cytotoxicity and phototoxicity of the POSS-
Porphyrins in MDA-MB-231 cells were evaluated using the MTS assay. As expected, no
major cytotoxicity was observed in the range of concentration tested in the absence of light.
Surprisingly, MOA-POSS-Porphyrin seems to be toxic under the absence of light (Figure

25). We are further studying this effect.
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Figure 25. Phototoxicity of compounds tested in the absence of light (blue is for OA-POSS-Porphyrin, red
is for MOA-POSS-Porphyrin, green is for OA-POSS, gold is for MOA-POSS, and purple is for Por-COOH).

Photosensitizers are only toxic through the generation of reactive oxygen species
after excitation with light and in the presence of molecular oxygen. To compare the PDT
performance of all the molecules developed in this work, a non-toxic amount of DMSO

was used to carry out these experiments. As shown in Figure 26, at the highest
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concentration, OA-POSS-Porphyrin (blue) showed a reduction in cell proliferation of 11 +
2%. Interestingly, this trend in cell phototoxicity follows a similar trend than the ®, values.
This corroborates the importance of the singlet oxygen generation for the PDT effect.
MOA-POSS-Porphyrin (red) did not show significant phototoxicity at the highest

concentration.
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Figure 26. PDT performance of all the molecules developed in this work (blue is for OA-POSS-Porphyrin,
red is for MOA-POSS-Porphyrin, green is for OA-POSS, gold is for MOA-POSS, and purple is for Por-
COOH).

Overall, OA-POSS-Porphyrin seems to be slightly better at decreasing cell viability
compared to the photosensitizer used. This is assumed to be because the experiments were
run in DMSO, where the PS is soluble, which does not mimic effective biological

conditions. Further experiments will be run testing these molecules in media.
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK

Polyhedral oligomeric silsesquioxane (POSS) compounds are a fascinating
platform for the development of organic-inorganic hybrid materials with unique and
specific properties, which would enable the synthesis of high-performance molecules.
POSS’s three-dimensional structure makes this compound very valuable for polymeric and
nanocomposite materials. POSS compounds have a range of dominant properties such as
high chemical and thermal resistance, biocompatibility, and luminescence. Also, its
peculiar characteristics, such as excellent biodegradability, biocompatibility,
cytocompatibility, non-toxicity, low inflammatory response and ability to be easily
incorporated into different polymers makes this class of compounds an interesting
compound for the synthesis of hybrid materials employed in biomedical applications.

In this Thesis, OA-POSS was synthesized through a hydrolytic condensation of
aminopropyltriethoxy silane (APTES), in the presence of hydrochloric acid. OA-POSS was
then characterized using 'H, *C, °Si NMR, FTIR and ESI. Particularly, °Si NMR was
important in corroborating the final nanocage structure, as one signal only was observed.
Further conjugation with 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin was afforded
through NHS chemistry. The final POSS-Porphyrin compound was characterized using H,
2%Si NMR, FTIR and ESI. Again, 2°Si NMR was important in corroborating the final
nanocage structure and three signals were observed corresponding to four different silicon
atoms. The free amines on OA-POSS were consecutively alkylated to afford the synthesis
of MOA-POSS. MOA-POSS was then characterized using *H, 3C, 2°Si NMR, FTIR and
ESI to corroborate the final structure. In this case, *H NMR was the important piece of

data, as the spectrum showed the appearance of the methyl groups, bound to the amine.
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MOA-POSS-Porphyrin was synthesized following the same chemistry employed for
MOA-POSS. This compound was characterized using *H, 2°Si NMR, FTIR. ESI was not
able to obtain due to fragmentation of the compound during the measurement. As with
MOA-POSS, the peculiar data used to corroborate the synthesis was the *H NMR, which
showed the appearance of the methyl groups.

One of the advantages that can be foreseen for POSS is the ability to precisely
control the functionalization of this material with more than one functional group. The
synthesis of aminopropyl-heptaisobutyl-POSS (AP-IB-POSS) was carried out through a
corner capping reaction, with aminopropyltrimethoxy silane (APTMS) under catalytic
amounts of tetraethylammonium hydroxide (TEAOH). The successful synthesis of AP-I1B-
POSS was confirmed using *H, *3C and 2°Si NMR, FTIR and MALDI. The final structure
was corroborated with FTIR showing the peculiar, sharp vibration of a Si-O-Si stretching
in the fingerprint region. The synthesis of aminopropyl-hexaisobutyl-POSS (AP-hexalB-
POSS) was carried out through a corner opening reaction of previously synthesized AP-
IB-POSS, using catalytic amounts of TEAOH. The successful synthesis of AP-hexalB-
POSS was confirmed using *H, 3C and 2°Si NMR, FT-IR and MALDI. The final structure
was corroborated with FTIR, which shows the cleavage of the siloxane cage as a widened
and split stretching vibration. Also, the presence of a hydroxyl stretch indicates the
generation of silanols (Si-OH). The synthesis of aminopropyl-hexaisobutyl-
mercaptopropyl-POSS (AP-IB-MP-POSS) was carried out through a corner capping
reaction, with mercaptopropyltriethoxy silane (MPTES) of previously synthesized AP-
hexalB-POSS. The successful synthesis of AP-hexalB-MP-POSS was confirmed using ‘H,

13C and #Si NMR, FT-IR and MALDI. The final structure was corroborated with FTIR
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showing the peculiar, sharp vibration of a Si-O-Si stretching in the fingerprint region,
compared to the spectrum from the open-cornered one.

Photosensitizers undergo intersystem crossing (ISC) to the excited triplet state
encouraging the production of 1O.. In this work, it was observed that all the ®4 values for
the POSS-Porphyrin compounds are higher than the parent porphyrin (p < 0.0001). In the
case of OA-POSS-Porphyrin the @ value was higher than the compound Por-COOH (p <
0.001) with an increase of 9%. The ®4 value could dependent on several factors: (i) triplet
state properties, including quantum yield, lifetime and energy, (ii) the ability of substituents
to quench 1O, and (iii) the efficiency of energy transfer from the excited triplet state to
ground state molecular oxygen.

In addition to the photochemical properties of POSS-Porphyrin molecules, other
properties may be playing a role to explain the differences in phototoxicities. A key factor
when considering the phototherapeutic outcome of photosensitizers deals with its ability to
internalize into cells. One approach to evaluate their interaction with cells is by the partition
coefficients, which is the ratio of the concentration of a compound in a biphasic
organic/aqueous system. Here, the negative log Pow values for OA-POSS-Porphyrin and
MOA-POSS-Porphyrin indicate that the compounds are slightly hydrophilic.

In this work, the cytotoxicity and phototoxicity of the POSS-Porphyrins in MDA-
MB-231 cells were evaluated using the MTS assay. Photosensitizers are only toxic through
the generation of reactive oxygen species after excitation with light and in the presence of
molecular oxygen. As reported, at the highest concentration, OA-POSS-Porphyrin showed

a reduction in cell proliferation of 11 + 2%. Interestingly, this trend in cell phototoxicity
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follows a similar trend than the ®4 values. This corroborates the importance of the singlet
oxygen generation for the PDT effect.

The bifunctional POSS synthesized is an interesting platform. As a future direction,
for this compound we envision different conjugations for the development of organic-
inorganic hybrid materials with unique and specific properties, which would enable the
synthesis of high-performance molecules. The two pendant reactive moieties could be used
as anchor for the effective conjugations to photosensitizers, or vitamins to names a few.
This new class of compounds could be used in several applications where
multifunctionality is the key to reaching targets with complex properties.

Furthermore, in the future we plan to test and study POSS-Porphyrins bearing
hydrophobic groups around the cage, which have been synthesized, to determine how
different substituent around the cage change the physical and chemical properties of PS
and hence their PDT efficiency.

The promising results obtained from the PDT experiments have led us to start a
collaboration with the Civil and Environmental Engineering Department at UNCC to test

different POSS-Porphyrin molecules against different strands of bacteria.
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Figure Al. Mechanism of cyclization of pyrrole to afford Porphyrin-COOH. The final product is obtained
through a series of electron transfers involving pyrrole and a catalyst, BFs-Et,0.
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Figure A2. IR spectrum of Porphyrin-COOH. FTIR (KBr pellets, cm™) = 3700-2400 (b, vcoon), 1692.4
(S, Vc:o), 1600 (S, Vc:c).
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Figure A3. MALDI of Porphyrin-COOH. MALDI: m/z 659.02 [M-H]" observed; 658.88 calculated.



DocuSign Envelope ID: 96EE712D-8435-4234-94C9-AFDEA7BBEGSC

82

Figure A4. Mechanism of esterification of Porphyrin-COOH to afford Porphyrin-NHS. The final compound
is obtained through NHS chemistry with catalytic amounts of DMAP and DCC.
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Figure A5. IR of Por-NHS. FTIR (KBr pellets, cm™) = 3319 (s, vn-1), 2916 (M, vcn), 2848 (M, ven), 1738
(S, Vc:o), 1603 (S, Vc:c).
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Figure A6. 'H NMR of Por-NHS. MALDI: m/z 755.29 [M-H]* observed; 755.23 calculated.
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Figure A8. IR of OA-POSS. FTIR (KBr pellets, cm™): = 3134 (s, vn.n), 2944 (S, vc-n), 2876 (S, ve-n), 1489
(m, VC-N)1 1098 (S, Vcage—Si—O—Si)-
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Figure A9. *H NMR of OA-POSS. 'H NMR (300 MHz, DMSO-Ds, ppm) &: 8.2 (s, 3H; -NH3*), 2.79 (t, 2H;
-CH2NHs*), 1.74 (m, 2H; -CH,CH,CHoNHs*), 0.74 (t, 2H; Si-CHy).
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Figure A10. *°C NMR of OA-POSS. 3C NMR (300 MHz, DMSO, ppm) &: 40.7 (-CH,NHs"), 21.3 (-
CH2CH,NH3"), 9.2 (Si-CHy).
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Figure A12. Mechanism of amidation to generate OA-POSS-Porphyrin. This is carried out under catalytic
amounts of DIPEA in DMSO.
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Figure A13. IR of OA-POSS-Porphyrin. FTIR (KBr pellets, cm™): = 3385 (s, vn-1), 2992.8 (M, vcn),
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Figure A14. 'H NMR of OA-POSS-Porphyrin. 'H NMR (500 MHZ, DMSO-Dg, ppm) § = 8.77 (m, 8H), 8.22
(m, 10H), 7.76 (m, 9H), 3.24 (t, 2H), 2.75 (t, 14H), 1.65 (m,16H), 0.65 (t, 16H), —3.0 (s, 2H).
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Figure A15. ESI of OA-POSS-Porphyrin. MS (ESI): m/z (%): 217.21 [M-8H]®* observed; 217.14 calculated.
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Figure A17. IR of MOA-POSS. FTIR (KBr pellets, cm™): = 3532 (s, vn-H), 2926 (M, vc.n), 1445 (M, ven),
1379 (m, vsic), 1032 (S, Veage-asym-si-o-si), 919 (M, Veage-sym-si-o-si)-
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Figure A18. 3C NMR of MOA-POSS. *C NMR (300 MHz, DMSO, ppm) 5: 68.89 (s, -CHoN*(CHa)s),
52.97 (s, -CH2N*(CHa)s), 16.71 (s, -CH2CHoN*(CHa)s), 8.61 (s, Si-CHo).
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Figure A20. ESI of MOA-POSS. MS (ESI): m/z (%): 153.89 [M-2H]?* observed; 155.1 calculated.
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Figure A21. Mechanism of formation of MOA-POSS-Porphyrin. Potassium bicarbonate is used as a base to
deprotonate the ammonium sites on the cage and generate the free amine, which reacts with methyl iodide.
This allows for the formation of a permanent positive charge on the system.
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Figure A22. IR of MOA-POSS-Porphyrin. FTIR (KBr pellets): = 3323 (s, vn-u); 2872 (M, ven); 1660 (S,
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Figure A23. H NMR of MOA-POSS-Porphyrin. 'H NMR (500 MHZ, DMSO-Ds, ppm) & = 8.67 (m, 8H),
8.48 (d, 2H), 8.32 (d, 2H), 8.25 (m, 6H), 7.65 (m, 9H), 3.35 (M, 16H), 3.24 (t, 2H), 2.94 (s, 63H), 1.93 (m,
16H), 0.39 (t, 16H).
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Figure A24. 2°Si NMR of MOA-POSS-Porphyrin. 2°Si NMR (500 MHz, DMSO-Dg, with 0.1% TMS, ppm)
8 = -61.2 (one Si-CH2CH,CH;NH,), -69.6 (three Si close to Si-CH,CH,CH;NH>), -70.9 (remaining four Si
on the cage).



DocuSign Envelope ID: 96EE712D-8435-4234-94C9-AFDEA7BBEGSC

96
-
PN R N
. g Y, e - )
Ao N S0 s T T,
R. ’ OH : R /D lll OH 13
Sty - [ e
— ) -
Q,'/Oj IOO__,*S'HR EEL Dfs'“bo?SlRR il
; fs) o
k)
R R
?,-"‘
R
F{\k . r,SiMNHz \ P
o7 9 b R f?l_ojs,i" =~ TNH,
R.. f T - ‘
EiiDésifoH 5—05° |
/ ™R OH - /R IRO
o =5 o e _Sl'\..
"é/':I PO "R 'ns_/ :-:p =
| g P
R~ O S!‘\ R~ O S!\
R R

Figure A25. Mechanism of corner capping reaction of a partially condensed trisilanol POSS under catalytic
amounts of TEAOH. The reactive group targeted is an aminopropyl moiety.

Hb
R = He
Hf
HY MR
R :‘NNHJ
HC
a(2) b(7) c+d(4) e(42) | f(16)
" A .
3 2.5 2 1.5 1 0.5 0

pPpm
Figure A26. 'H NMR of APIB-POSS.*H NMR (300 MHz, CDsCl, ppm) &: 0.85 (m, 16H; CH,-Si),
0.99 (d, 42H; -CHj3), 1.53 (m, 4H; -CH,CH>CH2NH,), 1.85 (m, 7H; -CH,CH(CHjs)), 2.69 (t, 2H, -
CH2NH,).
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Figure A27. 13C NMR of APIB-POSS. *C NMR (300 MHz, CDsCl, ppm) &: 44.82 (s, -CHoNH,), 25.84 (s,
-CHa), 23.95 (s, -CH,CH,CH2NHy), 22.57 (s, -CH,CH(CHs)z) 9.30 (s, -CH2-Si).
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Figure A28. 2°Si NMR of APIB-POSS. 2°Si NMR (500 MHz, CDsCl with 0.1% TMS, ppm) &: -66.7 (one Si-
CH,CH,CH2NH), -67.5 (three Si close to Si-CH.CH,CH2NH) and -67.3 (remaining four Si on the cage).
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Figure A29. MALDI of APIB-POSS. MALDI (m/z): 874.58 [calculated for [M-H]*] 875.12.
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Figure A30. Mechanism of corner opening reaction of AP-1B-POSS under reflux at 80 °C to afford a
partially condensed POSS. The corner opened is the one opposite to the corner bearing the most reactive
group, which in this case is the aminopropyl moiety.
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Figure A31. 'H NMR of AP-hexalB-POSS. H NMR (500 MHz, CDsCl, ppm) &: 0.54 (m, 14H; CH,-Si),
0.90 (d, 36H; -CH3), 1.30 (m, 4H; -CHzCHzCHzNHz), 1.80 (m, 6H; -CHzCH(CH3)2), 3.32 (t, 2H, -CHzNHz).
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Figure A32. °C NMR of AP-hexalB-POSS. 3C NMR (300 MHz, CD:Cl, ppm) &: 52.93 (s, -CH2NH,), 30.40

(s, -CHoCH2CH2NHy), 25.86 (s, -CHa), 23.89 (s, -CH,CH(CHa),), 22.48 (s, -CH2CH(CHs),) 7.58 (5, CH2-Si).
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Figure A33. 2°Si NMR of AP-hexalB-POSS. 2°Si NMR (500 MHz, CD3Cl with 0.1% TMS, ppm) §&: -58.9

(three Si-OH), -67.5 (one Si-CH,CH;CH2NH>) and -68.3 (remaining three Si on the cage).
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Figure A34. MALDI of AP-hexalB-POSS. MALDI (m/z): 792.29 [calculated for [M-H]*] 792.43.



DocuSign Envelope ID: 96EE712D-8435-4234-94C9-AFDEA7BBEGSC

101
R R
R gj—0—si ~o Rgi—0—Si
"o | © R Roly "o | © R/
L sigP? S R - sH | TsioP SN
QR | ] R.yH Al OR | T Ryy 2 /
L olsit 9T ol MIPN R G il
R"'SI“ Cb e T R _ - R Si D':b OH !
“$i—OH | TQCHZCH, Si—OH i
R R
T8H
R /
—0-—Si R {
g5 ; ke L
sio” S, . | O to—si" &
QR | Si"'RHb' o :OCH2CH, ogr-© I pp—
_Si—qlSt 8i—0 - & al-Sie gl o
oB oH - HOCH3CH,3 ST T on” 570
Si—OH - O-5ion
R | R
SH “sH
R R
Rq ) e o~ ) . §
H.Si___g Si HoN" . ~S|'_-O S.' "
| O I| ¢ ) |
T o - T | gm0 S
| 5 \ — Si \
OR TRy 0~ —— QRTIIR
Si A - : i
o S " on T 80 oS Dq:.r 0 ©
-~..:'EI OH . QI_O - SH
R R
TEH

Figure A35. Mechanism of corner capping reaction of a partially condensed AP-hexalB-POSS under
catalytic amounts of TEAOH. The reactive group targeted is an mercapto moiety to generate a
multifunctional group.
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Figure A36. *H NMR of AP-IB-MP-POSS. *H NMR (500 MHz, CDsCl, ppm) &: 0.54 (m, 16H; CH,-Si),

0.82 (d, 36H; -CHs), 1.25 (m, 3H; -SH,-NHy), 1.50-1.72 (m, 10H; -CH,CH(CHs)z, -CH,CH,CH,SH,
CH2CH2CH,NH>), 2.52 (t, CH2CH2CH,SH), 3.32 (t, 2H, -CH,NH,).
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Figure A37. 3C NMR of AP-1B-MP-POSS. *C NMR (300 MHz, CDsCl, ppm) : 52.93 (s, -CH2NH5), 30.31
(s, -CH,CHoCH2SH, -CH2CHCHoNH3), 25.92 (s, -CHs), 23.88 (s, -CH.CH(CHa)2), 22.48 (s, -
CHoCH2CH,SH) 9.58 (s, CH2-Si).



DocuSign Envelope ID: 96EE712D-8435-4234-94C9-AFDEA7BBEGSC

104
g
R'
o—k8—0~Lgy”
R / 0]
\sr’oi-s-i/
Si P \ /
, O\ O/ /(507S|'\R
X 0
R/S'\o Si\/
| ' "
Si Si R"= SH
A e A Dobe A N o
-65 -67 -69 -71 -73 -75

ppm
Figure A38. 2Si NMR of AP-1B-MP-POSS. 2Si NMR (500 MHz, CDsCl with 0.1% TMS, ppm) 5: -66.8

(one Si-CH2CH,CH,SH), -67.1 (one Si-CH,CH2CH2NHy), -67.5 (three Si on the cage closer to the Si bearing
the mercaptopropyl group), 67.9 (three Si on the cage closer to the Si bearing the aminopropyl group).
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Figure A39. MALDI of AP-1B-MP-POSS. MALDI (m/z): 892.03 [calculated for [M-H]*] 892.12.
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Figure A40. UV-vis spectra of OA-POSS-Porphyrin, MOA-POSS-Porphyrin and Por-COOH (purple is for
Por-COOH, blue is for OA-POSS-Porphyrin, red is for MOA-POSS-Porphyrin).
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Figure A41. Fluorescence spectra of OA-POSS-Porphyrin, MOA-POSS-Porphyrin and Por-COOH (purple
is for Por-COOH, blue is for OA-POSS-Porphyrin, red is for MOA-POSS-Porphyrin).
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Figure A42. DMA time dependent plots of OA-POSS-Porphyrin, MOA-POSS-Porphyrin and Por-COOH

(purple is for Por-COOH, blue is for OA-POSS-Porphyrin, red is for MOA-POSS-Porphyrin, green is for
OA-POSS + Porphyrin).
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