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ABSTRACT

ALEXIS JOHNSTON. Influence of functional groups on the photodynamic therapy and
internalization of porphyrin-modified polyhedral oligomeric silsesquioxane molecules in
mammalian cells. (Under the direction of Dr. JUAN L. VIVERO-ESCOTO)

Polyhedral Oligomeric Silsesquioxane (POSS) molecules are highly ordered
organic-inorganic hybrid materials with a cage like core of alternating silicon and oxygen
atoms surrounded by eight pedant organic residues. These compounds are well-defined,
3D building blocks that can form hybrid materials with precise control of the
nanostructure and properties. POSS molecules are used in a wide variety of medical
fields, for example, tissue engineering and drug delivery, or for the oligomerization of
bioactive ligands, among them peptides and carbohydrates. They are considered non-
toxic and hydrolytic degradation of the inorganic core under physiological conditions has
been thoroughly investigated. In this work, we have taken advantage of the chemical and
structural properties of POSS to functionalize this material with porphyrin. Moreover, the
corner groups have been functionalized with either isobutyl or phenyl groups. We
hypothesize that the differences in surface functionalization will have a major impact on
the internalization and phototoxicity and of POSS-Porphyrin against mammalian cancer
cells. Further studies will expand the scope of this investigation with drug-conjugated

POSS molecules and target-specific systems.
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CHAPTER 1: INTRODUCTION

1.1 Use of Nanoparticles for Drug Delivery

Conventional techniques for the administration of drugs are usually associated with
low therapeutic indices and short half-lives.! The active ingredients in drugs administered
through this method often react with non-targeted receptors inducing highly toxic side
effects.! In the past few decades, targeted and controlled-release drug delivery systems
have aided in enhancing the efficacy of commercially-available drugs and given rise to
the production of new drug and therapy development.?

Nanoparticulate drug delivery systems have emerged as a more efficient way to
deliver drugs than traditional methods. By definition, nanoparticles range from 1-100 nm
in size. Optimization of their size and shape allows for the controlled release of drugs and
their possible surface modifications further allows for increased solubility and absorption
across biological barriers.’

The properties and performance of nanoparticles include, polymers, liposomes, lipids,
capsules, dendrimers, and protein-based particles depending on the desired outcome.*
These nanoparticles can be used to increase drug stability, targeting, or circulation due to
small size. In addition, inorganic nanoparticles are increasingly becoming known for their
hydrophilicity, tunability, and stability compared to organic nanoparticles.’ Iron oxide,
calcium phosphate, silica, gold, and silver nanoparticles are among the most commonly
used as drug carriers.’

Some of the disadvantages associated with using nanoparticles as drug delivery
systems include the inability to fine tune and control the amount of surface ligands added

to the nanoparticle leading to difficulty with precise characterization. In addition,



nanoparticles internalized through endocytic pathways can become trapped within the
endolysosomal pathway leading to degradation before drug release. Their size also
facilitates accumulation in the liver reducing the overall efficacy of the drug and
increasing the hepatic toxicity.® Therefore, new alternatives for drug delivery systems are

needed.

1.2 Nanoclusters as a Promising Option for Drug Delivery

To overcome the limitations above mentioned associated with using nanoparticles for
drug delivery, some researchers have explored the use of nanoclusters. Nanoclusters
consist of a small number of atoms, are composed either of a single or multiple element,
and typically measure less than 2 nm.” Their small hydrodynamic diameters allow for
high accumulation in tumors and is ideal to reduce side effects upon renal excretion.®

In particular, metal nanoclusters specifically have high luminescence efficiency,
toxicity, and photo-stability making them good candidates for labeling and drug
delivery.®? Silver and gold nanoclusters are among the most commonly used platforms
for drug delivery and diagnosis.’ Both of these metal nanoclusters show exceptional
physical and chemical properties including tunable fluorescence, high quantum yields
and biocompatibility.” These nanoclusters can be conjugated to anticancer drugs through
their surface ligands making them an ideal theranostic for cancer therapies.” Gold
nanoclusters have been successfully loaded with drugs for selective tumor diagnosis and
treatment in vivo.'? Silver nanoclusters are less widely used due to their susceptibility to
oxidation. Despite this, they have been effectively used for cancer cell and tumor imaging

as well as a sensitizer in photodynamic therapy.'' Metal nanoclusters, although more



biocompatible than nanoparticles, still possess similar limitations such as difficulties with

characterization and functionalization.
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Figure 1. Molecular structure of POSS. The letter ‘R’ denotes an organic substituent.
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1.3 Polyhedral Oligomeric Silsesquioxane (POSS) Nanoclusters

POSS nanoclusters are another interesting alternative for their use in drug delivery
and diagnosis. POSS range from 1-3 nm in diameter and are composed of an inorganic
siloxane core arranged in a 3-dimensional cage conformation (Figure 1).!? These
molecules can have 8-16 silicon atoms in the core; but, cages with 8 silicon atoms are
most stable.'* Considering the well-known silicon chemistry, POSS can be easily
functionalized at the eight corners. In addition, functional groups added to the POSS can
also be modified, making this nanocluster a tunable toolkit as a building block to develop
novel delivery systems.'* POSS nanoclusters can be hydrolytically stable depending on
the substituents added and the surrounding chemical environment and are known to have
low toxicity.'* In this thesis, we took advantage of the tunability of POSS nanoclusters to

evaluate their performance in photodynamic therapy.



1.4 Biomedical Applications of POSS nanoclusters

POSS have been used in tissue engineering, molecular probing, and diagnostic
techniques. Polymerizing POSS with carbohydrates and peptides have been investigated
for tissue engineering.> 13 In cartilage tissue engineering, POSS has been incorporated
into the synthetic polymer polycarbonate urethane (POSS-PCU) to enhance both the
thermal stability and biocompatibility of the polymer.'® POSS-PCU has demonstrated
successful treatment of advanced tracheal cancer.!® Moreover, fluorinated ligands have
been added to the POSS core for use as molecular probes to calculate enzymatic activity
in tumor cells.'” This was advantageous because it eliminated the need for heavy
metals.!” Oligoelectrolyte POSS derivatives incorporated into polymeric nanoparticles
have been used for targeted tumor imaging and nuclear-staining agents for enhanced

DNA labeling.'®

1.4.1 Drug Delivery

The use of POSS as a drug delivery system in vitro has recently been studied. Their
low toxicity, biocompatibility and nanoscale size have made them ideal candidates as
drug carriers.!® Four general approaches have been identified: 1) Cell membrane
penetration, which is achieved when the substituents are positively charged allowing the
cationic molecule to diffuse through a membrane.?° 2) The synthesis of amphiphilic
POSS nanoclusters enabling the self-assembly of micelle-like structures that can be
internalized by cells.?' 3) Addition of branched substituents to make the molecule a
dendrimer.?? Peptide dendrimers are most often used because of their biodegradability
and immobilization of drugs on peripheral functional groups. 4) POSS nanoclusters have

the ability to be incorporated into biocompatible polymers such as polyethylene glycol.??



Interestingly, in the first approach, only functional groups with positive charge have been

investigated; however, no other functional groups have been explored.

1.5 Hypothesis and Aims

We hypothesize that tuning the chemical properties of POSS nanoclusters with
different functional groups will impact their performance for biomedical applications. In
this thesis, we were interested in studying the effect of hydrophobic groups on the
photodynamic therapy and internalization of POSS nanoclusters in cancer cells. The
following Aims were pursued in this thesis:

Aim 1: Three POSS nanoclusters containing a photosensitizer with different

functional groups were synthesized, and the structural and photophysical properties
characterized (Figure 2). The internalization and phototoxicity of these POSS-porphyrin

nanoclusters were tested on a triple negative breast cancer cell line.

Figure 2. Molecular structure of POSS-Porphyrin nanoclusters. The porphyrin will be
functionalized with isobutyl, phenyl, and tetra(isobutyl) POSS.



Aim 2: Two POSS nanoclusters containing a fluorophore with different
functional groups were synthesized, and the structural and photophysical properties
characterized (Figure 3). The method of internalization was partially investigated using

flow cytometry.

.\R g@

Figure 3. Molecular structure of POSS-fluorescein nanoclusters. Fluorescein will be
functionalized with isobutyl and phenyl POSS.



CHAPTER 2: POSS-PORPHYRIN FOR PHOTODYNAMIC THERAPY

The work in this chapter would not be complete without the contributions of Paula
Loman-Cortes and Paolo Siano. Paula Loman-Cortes completed the synthesis of
1socyanato propyl hepta(isobutyl) POSS, hepta(isobutyl)-POSS-Porphyrin, isocyanato
propyl hepta(phenyl) POSS, and hepta(phenyl)-POSS-Porphyrin. Paolo Siano completed

the photophysical characterization of the POSS-Porphyrin molecules.

2.1 Introduction
2.1.1 Basic Principles of Photodynamic Therapy

A specific therapeutic approach focused on in this research is photodynamic
therapy (PDT). PDT is a technique known for its clinical application as a treatment for
malignant cells. This method involves the irradiation of a photosensitizing agent at the
wavelength of absorption (Figure 4).2* Photosensitizers (PSs) are light absorbing
molecules that are nontoxic in the absence of light. Ideally, their absorption wavelength
will be greater than 600 nm corresponding to deeper optical penetration through
biological membranes.?® The three key components necessary for PDT are a light source,
PS and oxygen.?® Upon irradiation with light, the PS is excited to its singlet state from
which it undergoes intersystem crossing to the long-lived triplet state allowing for two
possible photochemical reactions to occur, type I and type 1127 Type I reactions involve
the conversion of biomolecules, such as lipids and proteins, to hydroxyl radicals,
superoxide radicals, and peroxide.?” Type 1l reactions involve the conversion of oxygen

to singlet oxygen.?’ The products produced from both type I and II reactions result in cell



death. The production of singlet oxygen from type II reactions is the driving force in

PDT.

o Type ll

Excited singlet state

Intersystem
crossing Excited triplet state

light Typel
uorescence
biomolecule
phosphorescence

Ground singlet state

Figure 4. Photodynamic Therapy Diagram. Following irradiation of a photosensitizer with a
specific wavelength of light, the photosensitizer is promoted to the excited singlet state (PSgs).
From here, the photosensitizer is converted to the excited triplet state (PSgr) through intersystem
crossing. Reaction of the photosensitizer with oxygen and biomolecules results in the production
of reactive oxygen species (ROS).?

2.1.2 Photosensitizers

Chlorins, phthalocyanines, and porphyrins are among many common tetrapyrrole
photosensitizers studied for PDT.?” Irradiation of these molecules have proven
phototoxicity against solid tumors including triple negative breast cancer, lung, and
pancreatic cancer cells.’® Photofrin, Foscan, and Photochlor are approved
photosensitizers used for the PDT treatment of various cancers.’! The use of these
molecules is better due to the minimally invasive procedure needed, and the utilization of
red light for irradiation.?? Although these molecules have been determined to be useful
for PDT, their poor solubility leads to aggregation in aqueous media. Aggregation leads
to self-quenching reducing generation of reactive oxygen species and the overall efficacy

of PDT.*



2.1.3 Applications of POSS for PDT

POSS compounds combined with porphyrins or chlorins have recently been used
as scaffolds to develop nanoparticles for photodynamic therapy (PDT). Wu et. al
modified POSS with chlorin €6 (Ce6) and polyethylene glycol (PEG) to produce POSS-
Ce6-PEG with a high content of Ce6 (19.8 wt%) and remarkable anticancer efficiency
with 95% cell death after 7 min under light irradiation against HeLa cells and a U14
xenograft mice model.** Kim et. al. also fabricated nanoparticles using POSS-Ce6
modified with a cancer-targeting peptide. This POSS-Ce6 platform was successfully
evaluated in vitro and in vivo against triple-negative breast cancer (MDA-MB-231
cells).?’ In another approach, Zhang et. al. prepared a block copolymer using POSS and
4-vinylbenzyl-terminated tetraphenylporphyrin as the monomers. The self-assembly of
this copolymer afforded nanoparticles with high photochemical yield and phototoxicity in
a lung cancer model.* In a recent report, Wang et. al. demonstrated the use of a tetra-
PEG-POSS substituted porphyrin for PDT treatment of cervical cancer in vitro and in
vivo. The platform showed higher water solubility, good PDT efficiency, and better
anticancer performance compared to Foscan.?” Despite these inspiring works; to the best
our knowledge, the literature lacks a systematic investigation that focuses on the effects
of different functional groups on the silsesquioxane cage of POSS-Porphyrin system for

PDT.
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2.1.4 Hypothesis and Aims

We hypothesize that tuning the chemical properties of POSS nanoclusters with
different functional groups will impact their performance for photodynamic therapy. In
this project, we investigated the performance of three polyhedral oligomeric
silsesquioxane porphyrin (POSS-Porphyrin) compounds toward PDT (Figure S). These
POSS-Porphyrin molecules were rationally designed to contain different functional
groups such as alkyl (isobutyl) and aromatic (phenyl); moreover, to evaluate the steric

effect, a tetra-POSS substituted compound was also designed.

Figure 5. Molecular structure of Isobutyl-POSS-Porphyrin, Phenyl-POSS-PorphyriRn, and
tetra(Isobutyl-POSS)-Porphyrin.

2.2 Experiments
2.2.1 Synthesis of Aminopropyl hepta(isobutyl) POSS (1-(3-amino)propyl-
3,5,7,9,11,13,15-heptaisobutyl pentacyclo[9.5.1.1(3,9).1(5,15).1(7,13)]octasiloxane) (AP-

IB-POSS)

The synthesis of AP-IB-POSS was carried out as previously reported with slight
modifications.?® Trisilanol hepta(isobutyl) POSS (2.00 g, 2.52 mmol) was dispersed in
ethanol (12.5 mL) under stirring (550 rpm) followed by the addition of APTES (424 L,

435 mg, 1.97 mmol) and TMAOH (40 pL, 0.06 mmol, 25% w/v). The mixture was
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stirred (700 rpm) for 43 h at 40°C. A significant amount of aminopropyl hepta(isobutyl)
POSS precipitated during the reaction time. The dispersion was centrifuged and the
supernatant discarded. The solid product was washed twice with acetonitrile. The

product was dried under vacuum for 48 h (Yield = 84% wt).

'H-NMR (300 MHz, CDCLs, ppm) &: 2.78 (t, 2H, -CH>-N-), 1.85 (m, 7H, -CH-), 1.66 (m,
2H, -CH>-), 0.94 (d, 42H, CH3), 0.60 (m, 16H, -Si-CH>-); 2Si-NMR (500 MHz, CDCL,

ppm) 5: -66.8, -67.2, -67.4. FTIR (cm™): 2953, 2906 and 2870 (C-H), 1600 (N-H), 1465
(C-N), 1228 (Si-C), 1081 (Si-O-Si), 955 (Si-O-Si), 740 (Si-C). MALDI-TOF (m/z): [M]*

= 874.0 observed; [M]" = 873.31 calculated.

2.2.2 Synthesis of isocyanato propyl hepta(isobutyl) POSS (1-isocyanatopropyl-
3,5,7,9,11,13,15-heptaisobutyl pentacyclo[9.5.1.1(3,9).1(5,15).1(7,13)]octasiloxane) (IP-

IB-POSS)

The synthesis of IP-IB-POSS was carried out as previously reported with slight
modifications.’* Compound AP-IB-POSS (150 mg, 0.172 mmol) was dissolved in dry
dichloromethane (2 mL) at room temperature and the solution was stirred slowly (300
rpm) under nitrogen atmosphere. DIPEA (60 uL, 44.5 mg, 0.34 mmol) and triphosgene
(25.5 mg, 0.086 mmol) were added to this solution under slow stirring and N»
atmosphere. After 3 h, the stirring speed and the nitrogen flow were increased to cause
the evaporation of the solvent (evaporation time: 10 min). The product was washed twice
with acetonitrile. Compound IP-IB-POSS was dried under vacuum for 48 h (Yield = 71%

wt).
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'H-NMR (300 MHz, CDCls, ppm) &: 3.28 (t, 2H, -CH>-N=C=0), 1.85 (m, 7H, -CH-),

1.71 (m, 2H, -CH>-), 0.94 (d, 42H, CHs), 0.66 (t, 2H, -Si -CH,-), 0.60 (m, 14H, -Si -CHo-
); 2Si-NMR (500 MHz, CDCls ppm) &: -67.1, -67.4, -67.7. FTIR (cm™): 2954 and 2870
(C-H), 2273 (N=C=0), 1465 (C-N), 1229 (Si-C), 1084 (Si-O-Si), 955 (Si-O-Si), 739 (Si-

Q).

2.2.3 Synthesis of hepta(isobutyl)-POSS-Porphyrin (5-(4-[3-(3-(3,5,7,9,11,13,15-
heptaisobutyl pentacyclo[9.5.1.1(3,9).1(5,15).1(7,13)]octasiloxane) propyl) ureido]

phenyl)-10,15,20-(triphenyl)porphyrin) (IB-POSS-Porphyrin)

IB-POSS-Porphyrin (20 mg, 0.022 mmol) was dissolved in dry dichloromethane
(2 mL) at room temperature. To this solution, 5-(4-aminophenyl)-10,15,20-
(triphenyl)porphyrin (Porphyrin) (28 mg, 0.045 mmol) and excess DIPEA were added.
The final solution was stirred at room temperature for 48 h in a sealed flask. The product
was separated using column chromatography on silica gel (DCM:MeOH; 99:1). After
purification, IB-POSS-Porphyrin was dried and obtained as a dark powder (Yield = 82 %

wt).

'H-NMR (300 MHz, CDCls, ppm) &: 8.87 (m, 8H, Py-H), 8.18 (m, 8H, Ph-H), 7.74 (m,
11H, Ph-H), 3.34 (t, 2H, -CH>-N-), 1.88 (m, 7H, -CH-), 1.76 (m, 2H, -CH>-), 0.96 (d,
42H, CHs), 0.71 (t, 2H, -Si-CH,-), 0.61 (m, 14H, -Si -CH>-); 2Si-NMR (500 MHz,
CDClL, ppm) 8: -67.0, -67.1, -67.3. FTIR (cm’'): 3318 (N-H), 2925 and 2870 (C-H),
1655 (C=0), 1465 (C-N), 1227 (Si-C), 1084 (Si-O-Si), 966 (Si-O-Si), 700 (Si-C).

MALDI-TOF (m/z): [M-1]" = 1527.55 observed; [M]" = 1528.55 calculated.
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2.2.4 Synthesis of Aminopropyl hepta(phenyl) POSS (1-(3-amino)propyl-
3,5,7,9,11,13,15-heptaphenyl pentacyclo[9.5.1.1(3,9).1(5,15).1(7,13)]octasiloxane) (AP-

Ph-POSS)

The synthesis of AP-Ph-POSS was carried out as previously reported with slight
modifications.*° Trisilanol hepta(phenyl) POSS (2.48 gr, 2.7 mmol) was dispersed under
stirring (500 rpm) in toluene (4.0 mL) and placed in a dry ice/acetone bath at -10 °C for 5
min. To this solution APTES (616 uL, 600 mg, 2.7 mmol) was added. The final
dispersion was let warm up to room temperature under stirring (500 rpm) for 16.5 h.
Later, acetonitrile (20 mL) was added to precipitate the product. Finally, the supernatant
was removed after centrifugation and the final product was washed twice with

acetonitrile. AP-Ph-POSS was dried under vacuum for 48 h (Yield = 61% wt).

'H-NMR (300 MHz, CDCls, ppm) &: 7.74 (m, 14H, Ph-H), 7.44 (m, 7H, Ph-H ), 7.37 (m,
14H, Ph-H), 2.66 (t, 2H, -CH,-N-), 1.62 (m, 2H, -CH>-), 0.84 (t, 2H, -Si-CH>-); 2Si-
NMR (500 MHz, CDCls, ppm) 8: -64.5, -77.8, -78.3. FTIR (em™"): 3073 (N-H), 3051 (C-
H, sp?), 2921 (C-H, sp*), 1595 (N-H), 1431 (C-N), 1082 (Si-O-Si), 1027 (Si-O-Si), 780

(Si-C). MALDI-TOF (m/z): [M]* = 1014.60 observed; [M]* = 1013.29 calculated.

2.2.5 Synthesis of isocyanato propyl hepta(phenyl) POSS (1-isocyanatopropyl-
3,5,7,9,11,13,15-heptaphenyl pentacyclo[9.5.1.1(3,9).1(5,15).1(7,13)]octasiloxane (IP-

Ph-POSS)

AP-Ph-POSS (174 mg, 0.172 mmol) was dissolved in dry dichloromethane (2
mL) at room temperature and the solution was stirred slowly (300 rpm) under nitrogen

atmosphere. Triphosgene (25.5 mg, 0.086 mmol) and DIPEA (60 uL, 44.5 mg, .34
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mmol) were added to this solution under slow stirring and N> atmosphere. After 3 h, the
stirring speed and the nitrogen flow were increased to cause the evaporation of the
solvent (evaporation time: 10 min). The product was washed twice with acetonitrile

twice. [P-Ph-POSS was dried under vacuum for 48 h (Yield = 78% wt).

'H-NMR (300 MHz, CDCls, ppm) &: 7.71 (m, 14H, Ph-H), 7.41 (m, 7H, Ph-H), 7.38 (m,
14H, Ph-H), 3.18 (m, 2H, -CH2-N=C=0), 1.80 (m, 2H, -CH2-), 0.84 (m, 2H, -Si-CH2-);
298i-NMR (500 MHz, CDCls, ppm) 5: -65.3, -77.6, -78.1. FTIR (cm'): 3073 (C-H, sp2),
2933 (C-H, sp*), 2271 (N=C=0), 1600 (C=0), 1431 (C-N), 1085 (Si-O-Si), 1027 (Si-O-

Si), 743 (Si-C).

2.2.6 Synthesis of hepta(phenyl)-POSS-Porphyrin (5-(4-[3-(3-(3,5,7,9,11,13,15-
heptaphenyl pentacyclo[9.5.1.1(3,9).1(5,15).1(7,13)]octasiloxane) propyl) ureido]

phenyl)-10,15,20-(triphenyl)porphyrin) (Ph-POSS-Porphyrin)

IP-Ph-POSS (22 mg, 0.022 mmol) was dissolved in dry dichloromethane (2 mL)
at room temperature. To this solution 5-(4-aminophenyl)-10,15,20-(triphenyl)porphyrin
(Porphyrin) (28 mg, 0.045 mmol) and excess DIPEA were added. The final solution was
stirred at room temperature for 48 h in a sealed flask. The product was separated using
column chromatography on silica gel (Toluene:MeOH ; 80:1). After purification, Ph-

POSS-Porphyrin was dried and obtained as a dark powder (Yield = 73% wt).

'H-NMR (300 MHz, CDCls, ppm) &: 8.83 (m, 8H, Py-H), 8.21 (m, 8H, Ph-H), 7.80-7.74
(m, 25H, Ph-H), 7.44 (m, 7H, Ph-H ), 7.37 (m, 14H, Ph-H), 3.34 (t, 2H, -CH2-N-), 1.62
(m, 2H, -CH2-), 0.84 (t, 2H, -Si-CH2-); 2Si-NMR (500 MHz, CDCls, ppm) 5: -76.0, -

69.1. FTIR (cm™): 3645 (-NH-CO-NH), 3380 (-NH-), 3062 (C-H, sp2), 2960 (C-H, sp?),
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1737 (C=0), 1469 (C-N), 1135 (Si-O-Si), 1109 (Si-O-Si), 742 (Si-C). MALDI-TOF

(m/z): [M]" = 1668.24 observed; [M]" = 1668.33 calculated.

2.2.7 Synthesis of (tetra-(4-[3-(3-(3,5,7,9,11,13,15-heptaisobutyl
pentacyclo[9.5.1.1(3,9).1(5,15).1(7,13)]octasiloxane) propyl) ureido] phenyl)-10,15,20-

(triphenyl)porphyrin) (tet(IB-POSS)-Porphyrin)

IP-IB-POSS (120 mg, 0.132 mmol) was dissolved in dry dichloromethane (2 mL)
at room temperature. To this solution 5,10,15,20-tetra(4-aminophenyl)porphyrin (TAPP)
(30 mg, 0.045 mmol) and excess DIPEA were added. The final solution was stirred at
room temperature for 48 h in a sealed flask. The product was separated using column
chromatography on silica gel (DCM:MeOH ; 5:1). After purification, compound 9 was

dried and obtained as a dark red powder (Yield = 83 % wt).

'H-NMR (300 MHz, CDCls, ppm) &: 8.87 (m, 8H, Py-H), 8.05 (m, 8H, PhH),7.80- 7.70
(m, 8H, Ph-H), 3.34 (t, 8H, -CH2-N-), 1.88 (m, 28H, -CH-), 1.76 (m, 8H, -CH2-), 0.94
(d, 168H, CH3), 0.70- 0.60 (m, 64H, -Si -CH2-); 2Si-NMR (500 MHz, CDCls, ppm) &: -
65.8. FTIR (cm™): 3345 ((NH-CO-NH-), 3056 (C-H, sp2), 2922 (C-H, sp*), 1436 (C-N),
1088 (Si-0-Si), 1000 (Si-O-Si), 733 (Si-C). MALDI-TOF (m/z): [M-4H]" = 4267.39

observed; [M]" = 4271.46 calculated.

2.2.8 Photophysical Characterization

2.2.8.1 UV-VIS/Fluorescence Spectroscopy
The UV-VIS spectra were recorded from 300 to 800 nm using solutions of the

POSS-Porphyrins in THF (6.6 uM) in quartz cuvettes (1 cm path length). Similar
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conditions were used for the parent porphyrins (tetraphenylporphyrin (TPP) and
Porphyrin). The fluorescence spectra for the POSS-Porphyrins and parent porphyrins
were obtained in the same solutions describe above using an excitation wavelength of
520 nm. The fluorescence spectra were recorded from 600 to 800 nm.

The extinction coefficients were obtained using the Beer’s Law equation from the
linear regression of absorption values vs concentration. For the POSS-Porphyrins, several
concentrations in THF ranging from 0.1 to 10 uM were used. Similar conditions were

used for the parent porphyrins (Porphyrin and TAPP).

2.2.8.2 Fluorescence Quantum Yield

The fluorescence quantum yields for air-saturated solutions (®r) in THF were
determined using the comparative method. Tetraphenylporphyrin (TPP) was used as a
reference with a fluorescence quantum yield of 0.12 in benzene.*' The POSS-Porphyrins
concentrations ranged from 0.1 to 10 uM (THF) for the POSS-Porphyrins The excitation
wavelength was 520 nm and the excitation and emission slit width were 2 nm. The
fluorescence quantum yields were measured according to the comparative method

described by the following equation:

mSample  n’sample

1) &®F ,Sample = ®F Reference -

mReference mn2reference
where ®F Reference represents the fluorescence quantum yield of a fluorophore
reference (TPP), m is the slope of the plotted data relative to the area of the emission

peak against the absorption of the fluorophore, whereas 1 is the refractive index.*?
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2.2.8.3 Singlet Oxygen Quantum Yield

The 'Oz quantum yields (®a) 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 POSS-Porphyrins or
parent porphyrins (TPP and Porphyrin) (5 uM). These solutions 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 600 s. The absorbance decay of
DMA was monitored at 380 nm, which was corrected from light scattering by subtracting

the spectra of POSS-Porphyrins. The ®x was calculated using equation (2).

1— 10—absReference

2) dAS = PAR - 22 .
mR

1—10—absSample

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.*!

2.2.9 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, and 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.
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2.2.10 In vitro PDT evaluation

The in vitro phototoxicities of 5-(4-aminophenyl)-10,15,20-triphenylporphine
(Porphyrin), hepta(isobutyl)-POSS-Porphyrin (IB-POSS-Porphyrin), hepta(phenyl)-
POSS-Porphyrin (Ph-POSS-Porphyrin), and tetra-isobutyl-POSS-Porphyrin (tet(IB-
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 10° cells per well in 100 puL of
complete media and incubated at 37 °C in 5% CO; atmosphere for 24 h. After removing
the cell culture medium, IB-POSS-Porphyrin, Ph-POSS-Porphyrin, and tet(IB-POSS)-
Porphyrin solutions (0.01 - 0.5 uM) were prepared from a 25 uM stock (in DMSO: 100%
vol). After 48 h of incubation in the presence of POSS-Porphyrin materials, 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 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 by fresh
media and the cells were allowed to grow for an additional 24 h. To measure the
phototoxic and dark toxicity effects 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.
Fresh media (100 uL) together with 20 puL 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 = (Asample/Acontrot) X 100%, where Asampte 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 ECso values are determined using
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GraphPad Prism (v8.1.2 for macOS, La Jolla California, CA, USA) fitting the viability

data to a sigmoidal curve mathematical model.

2.2.11 Flow cytometry

Two plates were prepared with 1x10° MDA cells per well in complete RPMI
media (2 mL) and incubated at 37° C in 5% CO> for 48 hours. The media was removed
from each well and solutions of Porphyrin, IB-POSS-Porphyrin and Ph-POSS- Porphyrin
in DMSO were prepared with varying concentrations (0.1 and 0.5 uM). The solutions (2
mL) were added to the cells and the plates were incubated at 37° C for 24 hours. The
POSS-Porphyrin solutions were removed from the wells and the cells were washed with
phosphate buffer solution. Trypsin (300 pL) was added to the cells for 3-5 minutes.
Media (500 pL) was added to each well. The contents in each well were mixed and the
solutions were transferred to Eppendorf tubes and centrifuged (2.5k RPM, 10 min). The
supernatant was discarded and phosphate buffer solution (500 pL) was added to each
tube. The solutions were mixed and transferred to flow cytometry tubes the Porphyrin
and POSS-Porphyrin internalization was measured using a flow cytometer (BD

LSRFortessa). Internalization was calculated using the following equation:

Sample fitc mean— neg. control fitc mean

3) Relative Fluorescence Intensity (RFI)= neg. control fitc mean
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2.3 Results and Discussion
2.3.1 Synthesis and Characterization of POSS-Porphyrin

The synthesis of the POSS-porphyrin derivatives containing hydrophobic groups,
isobutyl (IB-POSS-Porphyrin) and phenyl (Ph-POSS-Porphyrin), was warried out
through a multi-step approach (Scheme 1). First, commercially available heptaisobutyl-
or heptapheyl-trisilanol POSS was functionalized with aminopropyl trimethoxysilane via
a corner capping reaction under basic conditions to afford AP-IB-POSS and AP-Ph-
POSS.* The amine group on those compounds was transformed to an isocyanate group
by using triphosgene to produce molecules IP-IB-POSS and IP-Ph-POSS. The successful
formation of the cyanate group was shown by the FT-IR stretching vibration at 2273 cm™
I, Finally, the mono-aminophenyltriphenyl porphyrin reacted with either compound IP-
IB-POSS or IP-Ph-POSS via the formation of a urea bond to afford IB-POSS-Porphyrin
or Ph-POSS-Porphyrin, respectively. We also synthesized a tetra-substituted POSS-
porphyrin (tet(IB-POSS)-Porphyrin) by reacting an excess of compound IP-IB-POSS
with tetra-aminophenylporphyrin following the same reaction as described before. The
spectroscopic characterization of IB-, Ph-, and tet(IB)-, POSS-Porphyrin demonstrated
the successful synthesis of these compounds. For IB-POSS-Porphyrin, characteristic
vibrations in the FT-IR spectra showed the presence of the urea bond at ~1648 cm™' and
the Si-O-Si framework at 1084 cm™!' which are characteristic of the siloxane cage.
Confirmation of the fabrication of IB-POSS-Porphyrin was obtained by 2°Si NMR with
diagnostic signals in the range of at -67.0, -67.1, -67.3 ppm. In addition, MALDI-TOF
mass spectrometry was used to further corroborate the synthesis of the IB-POSS-

Porphyrin, showing the expected molecular ions at [M-H]" = 1527.6. Ph-POSS-Porphyrin
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was also characterized using FT-IR, 2°Si NMR, and MALDI-TOF. The urea bond stretch
was present at 1655 cm’! in the FT-IR spectra as well as the characteristic siloxane cage
Si-O-Si vibrations at 1135 cm™ and 1109 cm’!. In the 2°Si NMR, diagnostic signals were
present at -69.1 and -76.0 ppm. The molecular ion was present at [M]"= 1668.2. Finally,
tet(IB-POSS-Porphyrin was characterized using FT-IR and MALDI-TOF. The urea bond
vibration was visible at 3345 cm™!' with Si-O-Si vibrations at 1088 cm™ and 1000 cm™. In
addition, MALDI-TOF mass spectrometry was used to further corroborate the synthesis
of tet(IB)-POSS-Porphyrin showing the expected molecular ion [M-4H]" = 4267.4. The
complete description for the synthesis and characterization for the intermediate POSS
molecules and POSS-Porphyrins, which includes 'H-NMR, 2°Si NMR, FTIR and

MALDI-TOF MS, is provided in the experimental section and appendix.
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Scheme 1. Synthetic scheme for the synthesis of the POSS-Porphyrins. The synthesis of IB-
POSS-Porphyrin and Ph-POSS-Porphyrin follow a similar approach; first, heptaisobutyl- or
heptapheyl-trisilanol POSS was functionalized with aminopropyl trimethoxysilane under basic
conditions. Followed by transforming the amine to a cyanate group using triphosgene. Finally, 5-
(4-aminophenyl)-10,15,20(triphenyl)porphyrin reacted with either the isobutyl (IP-IB-POSS) or
the phenyl (IP-Ph-POSS) version of POSS cyanate derivative to afford IB-POSS-Porphyrin or
Ph-POSS-Porphyrin, respectively. The synthesis of tet(IB-POSS)-Porphyrin was carried out by
reacting compound IP-IB-POSS with 5,10,15,20-tetrakis(4-aminophenyl)porphyrin.
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2.3.2 Photophysical Characterization

The UV-VIS and fluorescence spectra of the POSS-Porphyrins were measured
and compared with the parent porphyrins. Normalized absorption spectra of the POSS-
Porphyrin compounds solutions in tetrahydrofuran (THF) showed the typical Soret and
Q-bands for porphyrins in the ranges of 410-420, 510-530, 545-565, 585-595 and 645-
660 nm (Figure 6a). The Soret band wavelengths and the corresponding extinction
coefficient values are presented in Table 1. The steady-state fluorescence emission
spectra with normalized intensities showed two characteristic emission peaks for free-
base porphyrins in the range of 650-660 and 715-720 nm (Figure 6b). The specific
emission wavelengths for the POSS-Porphyrins are provided in Table 1. The S- and Q-
bands of the POSS-Porphyrins are slighted blue-shifted with respect to their parent
porphyrin, Porphyrin or TAPP (Table A1). The result is most likely due to the change in
the electron-donating effect of the nitrogen substituent in the para (4-phenyl) position
when it is chemically transformed from an amine to a urea group as have been

demonstrated in the literature.**

The fluorescence quantum yields (®r) were determined to indirectly characterize
the efficiency with which the POSS-Porphyrin compounds undergo intersystem crossing
(ISC) from the excited state to the triplet state, an essential step in ROS generation.*’
Porphyrin derivatives typically generate low ®r indicating that the majority of photons
absorbed by porphyrins undergo ISC to the excited triplet. ®r in THF for the POSS-
Porphyrins were calculated relative to tetraphenylporphyrin (TPP) in benzene. The data
shows that the POSS-Porphyrin compounds have lower ®r values compared to the parent

porphyrins (Table 1 and A1), as a possible indication of a more efficient ISC.
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The 'Oz quantum yield (®a) of the POSS-porphyrin compounds in dimethyl
formamide (DMF) was indirectly determined using 9,10-dimethylanthracene (DMA) as
10, probe. DMA reacts with 'O», undergoing a 1,4-cycloaddition that is detected as a
decrease in the intensity of the DMA absorption band at 379 nm. The ®4 was calculated
relative to the reference TPP (®a = 0.62)* using the slope of the time-dependent
decomposition of DMA plots (Ln([DMAo]/[DMA]) versus irradiation times (Figure
A23), and Eq 4.4 This pseudofirst-order equation is used under the assumption that there
is an excess of singlet oxygen produced compared to the initial concentration of DMA.4
The experimental protocol was validated by comparing tetrahydroxy-phenyl-porphyrin
and tetraamino-phenyl-porphyrin molecules with known ®, in DMF, (®a = 0.57 &+ 0.03)
and (®a = 0.58 + 004).*® The measured quantum yield values matched the literature
values within + 3% error; with a @ values of 0.59 £ 01 and 0.58 + 0.01 for tetrahydroxy-

phenyl-porphyrin and tetraamino-phenyl-porphyrin molecules, respectively.

mg  1-10"4bsR
4 Dpo= DppxX — X ———
) as = Par X X T Ak

The @4 values obtained for POSS-Porphyrins are shown in Table 1. Interestingly,
all the @, values are higher than those corresponding to the parent porphyrins (p <
0.0001, Table A1). An increase in the @, values of 82, 33, and 19%, respectively. The
@4 values for the POSS-Porphyrins follow this trend IB-POSS-Porphyrin >tet(IB-POSS)-
Porphyrin> Ph-POSS-Porphyrin. To confirm that this increase is indeed associated to the
POSS-Porphyrin molecules and not due to the effect of physical mixture of POSS and the

parent porphyrin in solution, the ® values for the physical mixture of Ph-POSS-
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Porphyrin + Porphyrin were determined. As shown in Table A1, the @4 values for the
mixtures are lower than the corresponding POSS-Porphyrins. IB-POSS-Porphyrin (p <
0.0001), which confirms that the enhancement in @, is intrinsic to the POSS-Porphyrins.
The @4 value could be 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.* In the case of porphyrins, the triplet state after irradiation could be inhibited by
mutual energy transfer since these molecules favor n-stacking, also known as self-
quenching effect.’® This effect results in a decline of the ability of porphyrins to generate
'0,. However, due to the unique 3-D structure of POSS, its steric hindrance suppresses
self-quenching of the excited states of porphyrins resulting in the observed enhancement
of @ for POSS-Porphyrins.3% 37 It is also relevant to point out that the increase in the ®x
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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Figure 6. (A) Normalized absorption and (B) emission spectra for 6.6 uM solutions of Porphyrin
(red), IB-POSS-Porphyrin (green), Ph-POSS-Porphyrin (purple), and tet(IB-POSS)-Porphyrin
(black) in THF. The four Q absorption bands are shown in the inset.
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Table 1. Photophysical and photochemical properties of POSS-Porphyrins.

Agoret (NnM) A
Emission
Sample [e x 103 (M? cm?)] (n=3) (nm) @, (n=3) @ (n=3)
Porphyrin 419, 275 + 26 (THF) 661, 745 | 0.45+0.02 0.21 £ 0.02 (THF)
IBPOSS-Porphyrin 416, 22.1 + 8.3(THF) 653,720 | 0.82 +0.01 0.14 +0.01
PhPOSS-Porphyrin 419, 46.2 +£9.0 (THF) 653, 719 | 0.60 £ 0.02 0.13 £ 0.01
PhPOSS-Porphyrin+ Porphyrin N/A N/A 0.53 +£0.01 N/A

tetra(IBPOSS)-Porphyrin 422,117.3 +34.4 (THF) | 663,719 | 0.70 £0.01 0.13 +0.02

2.3.3 PDT using POSS-Porphyrin

The phototoxicity of the Porphyrin and POSS-Porphyrin compounds was
determined using PDT. The effective concentration needed to result in 50% cell viability
(ECs0) was used to identify the phototoxic compounds. A smaller ECso in the presence of
light corresponds to higher phototoxicity. The porphyrin alone was the only compound
determined to be phototoxic with an ECsg value of 12 uM (Figure A24). The
hydrophobic-functionalized POSS-Porphyrin molecules, IB-POSS-Porphyrin, Ph-POSS-
Porphyrin, and tet(IB-POSS)-Porphyrin were prepared to a max concentration of 0.5 uM
due to their hydrophobicity. An ECso value could not be calculated at this concentration
for the hydrophobic molecules (Figure 7). Instead, the cell viability was compared at 0.5
uM for all POSS-Porphyrin molecules (Table 2). It is evident that IB-POSS-Porphyrin
was 20-fold more phototoxic than the Porphyrin alone at this concentration. A
comparable phototoxicity is seen when Porphyrin reaches a concentration of 10 uM
(Figure A24). None of the Porphyrin or POSS-Porphyrin molecules were toxic in the

absence of light (Figure 8).



Table 2. Porphyrin and POSS-Porphyrin cell viability percentage at 0.5 uM.

Molecule Cell Viability at 0.5 uM (%)
Light . Dark (ctrl)
Porphyrin 97 +2 9 +4
IB-POSS-Porphyrin 57t4 85+3
Ph-POSS-Porphyrin 96 +6 8613
tet(IB-POSS)-Porphyrin 81+3 94 +3
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Figure 7. Phototoxicity of Porphyrin (red), IB-POSS-Porphyrin (green), Ph-POSS-Porphyrin
(purple), and tet(IB-POSS)-Porphyrin (orange).
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Figure 8. Cytotoxicity of Porphyrin (red), IB-POSS-Porphyrin (green), Ph-POSS-Porphyrin
(purple), and tet(IB-POSS)-Porphyrin (orange).
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2.3.4 Flow cytometry

The internalization of the Porphyrin and POSS-Porphyrin molecules in MDA-
MB-231 cells was quantified using the relative fluorescence intensity (RFI).
Concentrations of 0.1 and 0.5 uM were prepared for all three compounds due to their
hydrophobicity. The Porphyrin and IB-POSS-Porphyrin had a RFI of 0.09+0.02 and
0.15+0.02, respectively, at 0.1 uM and 0.30+0.06 and 0.21£0.06, respectively, at 0.5 uM
(Figure 9). Ph-POSS-Porphyrin had an RFI of 1.09+0.11 and 4.02+0.67 at 0.1 and 0.5
uM, respectively (Figure 9). The internalization of Ph-POSS-Porphyrin was higher than
that of the Porphyrin and IB-POSS-Porphyrin. This data does not support the PDT and
singlet oxygen quantum yield experiments. However, it proves that increased

internalization does not correspond to increased phototoxicity.

1 1 1 1 1 1 1
ctrl 0.1 0.5 I1B0.1 IB0.5 Ph0.1 Ph0.5

POSS-Porphyrin Concentration (uM)

Figure 9. Internalization of POSS-Porphyrin molecules at 0.1 and 0.5 uM (IB is for IB-POSS-
Porphyrin and Ph is for Ph-POSS-Porphyrin).
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2.4 Conclusions and Future work

A series of polyhedral oligomeric silsesquioxane porphyrin derivatives were
synthesized and characterized. The effect of the POSS substituents on the photochemical
properties of the POSS-Porphyrins showed that hydrophobic groups produced an increase
in the singlet oxygen quantum yield as compared with their parent porphyrins.

The phototoxicity of IB-POSS-Porphyrin, tet(IB-POSS)-Porphyrin, and Ph-
POSS-Porphyrin was tested up to 0.5 uM. There was a noticeable impact in phototoxicity
from IB-POSS-Porphyrin that was determined to be 20-fold more phototoxic than
Porphyrin. This data was supported by the singlet oxygen quantum yield experiments as
the IB-POSS-Porphyrin generated the highest amount of singlet oxygen. The trend in
phototoxicity from greatest to least: IB-POSS-Porphyrin, tet(IB-POSS)-Porphyrin, Ph-
POSS-Porphyrin, Porphyrin, was supported by the singlet oxygen quantum yield
experiments. This data was not supported by the internalization studies as Ph-POSS-
Porphyrin had the highest RFI corresponding to highest internalization but exhibited no
phototoxic effect on the cells. Both IB-POSS-Porphyrin, and Ph-POSS-Porphyrin were
determined to have relatively low internalization exhibited a degree of phototoxicity.
Despite this, it is proven that the internalization of IB-POSS-Porphyrin has less of an
effect than the generation of singlet oxygen leading to the increased phototoxicity of IB-
POSS-Porphyrin.

In future work, we will further test the hypothesis by investigating the
internalization and subcellular localization of the hydrophobic POSS-Porphyrin
molecules. In addition, confocal images of these molecules in mammalian cells will

determine if the Porphyrin and POSS-Porphyrin molecules are thoroughly internalized in
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the cell or intercalated in the cell membrane. This will aid in the conclusion of the most

effective localization of these molecules for increased efficacy for PDT.
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Chapter 3: Internalization of POSS in mammalian cells

3.1 Introduction
3.1.1 Mechanism for cellular internalization of molecules

Internalization of molecules occurs through active or passive transport
mechanisms. Passive transport can be further broken down into simple diffusion and
facilitated diffusion. Energy from the cell is not required for passive transport
mechanisms as it is driven by concentration and electrochemical gradients.’! Small
molecules and nonpolar molecules are able to transverse the semi-permeable
phospholipid bilayer through simple diffusion while facilitated diffusion is used for larger
ions and polar molecules.’? Active transport involves cellular energy to encapsulate larger
molecules. Most bioactive molecules are internalized through active transport

mechanisms. The main active transport process is endocytosis.

3.1.2 Mechanism for cellular internalization of nanoparticles

Nanoparticle (NP) internalization proceeds through an active mechanism,
specifically endocytosis.’* >* Through endocytic pathways, NPs are engulfed by the cell
membrane and encased in a lipid membrane known as an endosome.>> NPs are often
trapped in the endosome leading to hydrolytic degradation in the lysosome through the
endolysosomal pathway. Inability to escape the endolysosomal pathways reduces the
efficacy of drugs.>®

Endocytosis can be broken into phagocytosis, cell eating reserved for larger
materials, and pinocytosis, cellular drinking used for smaller materials ranging in

nanometer size.>’ Macropinocytosis, clathrin- and caveolae-mediated endocytosis, and
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clathrin- and caveolae-independent endocytosis are subcategories of pinocytosis.>> >’ In
both clathrin- and caveolae-mediated endocytosis, proteins are used to encapsulate the
material to be internalized.

Mesoporous silica nanoparticle (MSN) have been identified to be internalized
through clathrin- and caveolae-mediated mechanisms.>* A study conducted on the effects
of surface charge on NP internalization resulted in positively charged NPs more readily
internalized through clathrin-dependent pathways while the negatively charged NPs

favored uptake by caveolae-dependent pathways.>®

3.1.3 Mechanism for cellular internalization of POSS

The investigation of POSS internalization is lacking. One study investigated
iridium(I11)-POSS hybrids for their use as live cell bioimaging reagents.> In addition to
confirming the molecules were not cytotoxic, they identified the mechanism of
internalization as caveolae-mediated endocytosis.”® Another study on luminescent
bifunctional POSS molecules involved fluorescein conjugation to an isobutyl POSS
which was further functionalized with a carboxylic moiety. The carboxylic functionality
was included to anchor organic or inorganic molecules for biomedical applications. The
bifunctional POSS molecules were internalized through macropinocytosis, an active

mechanism and subcategory of endocytosis.'*

3.1.4 Hypothesis and Aims
We hypothesize that tuning the chemical properties of POSS nanoclusters
with different functional groups will impact their internalization. In this project, we

investigated the performance of two polyhedral oligomeric silsesquioxane fluorescein
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(POSS-fluorescein) compounds for internalization (Figure 10). These POSS-fluorescein
molecules were rationally designed to contain different functional groups such as alkyl
(isobutyl) and aromatic (phenyl). The interactions of these molecules with HeLa cells

were investigated to obtain the internalization data.
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Figure 10. Molecular structure of IB-POSS-fluorescein and Ph-POSS-fluorescein.

o

3.2 Experiments
3.2.1 Synthesis and characterization of isobutyl-POSS-fluorescein (IB-POSS-fluorescein)
Aminopropyl hepta(isobutyl) POSS (20.0 mg, 0.0197 mmol) and fluorescein
(15.6 mg, 0.0401 mmol) were dissolved in THF (4 mL) and stirred at 250 RPM for 24 h.
The solvent was removed with a rotary evaporator. Dichloromethane (DCM) was added
to remove unreacted fluorescein. The solution was suction filtered and the filtrate was
collected. DCM was removed using a rotary evaporator to afford an orange solid and the
product was dried under vacuum for 24 h. (Yield = 56 % wt). "H NMR (500 MHz,
CDCls, ppm) §: 8.01 (2H, fluorescein-H), 6.97 (1H, fluorescein-H), 3.74 (2H, -CH»-N),
1.42 (7H, -CH-(CH3)2), 0.97 (42H, -CH3), 0.60 (14H, -CH>-Si). FTIR (solid, cm™): 2612-
3391 (COOH stretch) 2871-2955 (C-H stretch), 1228 (C=S stretch), 1083 (Si-O-Si

stretch). MALDI (m/z): [M-H]= 1261.8 observed, [M]'= 1262.35 calculated.
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3.2.2 Synthesis and characterization of phenyl-POSS-fluorescein (Ph-POSS-fluorescein)
Aminopropyl hepta(phenyl)POSS (48.2 mg, 0.0475 mmol) and fluorescein 38.0
mg, 0.0976 mmol, 2.05 equiv (POSS)) were dissolved in THF (11 mL) and refluxed.
Diisopropylethylamine (DIPEA) (24.8 pL, 0.1424 mmol) was added to the refluxing
solution and the reaction was left to reflux at 75 °C for 72h. THF was removed using
rotary evaporation. DCM was added to remove fluorescein. The solution was suction
filtered and the filtrate was collected. DCM was removed using a rotary evaporator and
the orange solid was washed with cold ethanol. The product was collected through
centrifugation and dried under vacuum for 24 h. (Yield = 33.1% wt). '"H NMR (500 MHz,
CDCls, ppm) 8: 7.99 (s, 2H, fluorescein-H), 7.72 (m, 14H, Ph-H), 7.60 (s, 1H,
fluorescein-H), 7.30-7.48 (m, 25H, Ph-H ), 7.19 (s, 1H, fluorescein-H), 6.90 (s, 1H,
fluorescein-H), 3.48 (t, 2H, -CH»-N-), 2.04 (m, 2H, -CH>-), 0.59 (t, 2H, -Si-CH»-). FTIR
(solid, cm™): 2589-3627 (COOH stretch), 2925-3074 (sp? and sp? CH stretch), 1800-1986
(Aromatic overtones), 1255 (C=S stretch), 1089 (Si-O-Si stretch). MALDI (m/z):

[M+H]™= 1401.0 observed, [M]"= 1402.13 calculated.

3.2.3 Photophysical Characterization
The UV-VIS spectra were recorded from 200 to 800 nm using solutions of POSS-
fluorescein in DCM (5 uM) in quartz cuvettes (1 cm path length)(Figure 11). The spectra

were recorded on a Varian Cary Bio50 UV-VIS absorption spectrophotometer.
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Figure 11. UV-VIS spectrum of IB-POSS-fluorescein and Ph-POSS-fluorescein (green is for IB-
POSS-fluorescein and purple is for Ph-POSS-fluorescein).

3.2.4 Toxicity of POSS-fluorescein

The in vitro cytotoxicities of fluorescein, hepta(isobutyl)-POSS-fluorescein (IB-
POSS-fluorescein) and hepta(phenyl)-POSS-fluorescein (Ph-POSS-fluorescein) were
tested by using the MTS assay. For this study, HeLa cells were seeded in a 96-well plate
at a density of 5 x 10° cells per well in 100 pL of complete media and incubated at 37 °C
in 5% CO; atmosphere for 24 h. After removing the cell culture medium, IB-POSS-
fluorescein and Ph-POSS-fluorescein solutions (0.01 - 10 uM) were prepared from a 25
uM stock (in DMSO: 100% vol). After 24 h of incubation in the presence of POSS-
fluorescein materials, the culture media was removed and the cells were washed once
with phosphate buffer solution. To measure the cytotoxic effects, the treated HeLa cells
were subjected to cell viability assay using the Cell Titer 96 Aqueous solution assay.
Fresh media (100 uL) together with 20 puL 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



35

follows: viability = (Asample/Acontrot) X 100%, where Asampte 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 ECso values are determined using
GraphPad Prism (v8.1.2 for macOS, La Jolla, CA, USA) fitting the viability data to a

sigmoidal curve mathematical model.

3.2.5 Temperature-dependent internalization of POSS

Two plates were prepared with 2x10° HeLa cells/ well in complete RPMI media
(2 mL) and incubated at 37° C in 5% CO; for 24 hours. The media was removed from
each well and solutions of IB-POSS-fluorescein and Ph-POSS-fluorescein in DMSO
were prepared with varying concentrations (5.0 and 10 pM). The solutions (2 mL) were
added to the cells and one plate was stored at 4° C, while the other was incubated at 37°
C for 4 hours. The IB-POSS-fluorescein and Ph-POSS-fluorescein solutions were
removed from the wells and the cells were washed with PBS. Trypsin (300 pL) was
added to the cells for 3-5 minutes. Media (500 pL) was added to each well. The contents
in each well were mixed and the solutions were transferred to Eppendorf tubes and
centrifuged (2.5k RPM, 10 min). The supernatant was discarded and PBS (400 pL) was
added to each tube. The solutions were mixed and transferred to flow cytometry tubes
and trypan blue (200 pL) was added. The POSS-fluorescein internalization was measured

using a flow cytometer. Internalization was calculated using equation 3.

Sample fitc mean— neg. control fitc mean

3) Relative Fluorescence Intensity (RFI)= neg. control fitc mean
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3.3 Results and Discussion
3.3.1 Synthesis and characterization of POSS-fluorescein
Hepta(isobutyl)-POSS-fluorescein (IB-POSS-fluorescein) was synthesized
through the conjugation of aminopropyl-isobutyl-POSS (AP-IB-POSS) to fluorescein via
the formation of a thiourea bond. AP-IB-POSS was obtained via a corner capping
reaction of previously purchased heptaisobutyl-trisilanol-POSS, with
aminopropyltriethoxy silane (APTES) in the presence of tetramethylammonium
hydroxide (TMAOH). The final product was characterized using 'H, '*C and ?°Si NMR,
FTIR and MALDI-TOF as discussed in chapter 2. Following this, the fluorescein was
conjugated to the POSS at room temperature. The final product was characterized using
FTIR and MALDI-TOF. MALDI-TOF was used to further confirm the product, showing
an observed mass of 1261.8 m/z. Moreover, the FT-IR has a stretching vibration
corresponding to a thioketone bond at 1228 cm™' for IB-POSS-fluorescein confirming a

successful POSS-fluorescein conjugation.

Hepta(phenyl)-POSS-fluorescein (Ph-POSS-fluorescein) was obtained through
the conjugation of aminopropyl-phenyl-POSS (AP-Ph-POSS) to fluorescein via the
formation of a urea bond. AP-Ph-POSS was previously synthesized via a corner capping
reaction of previously purchased heptaphenyl-trisilanol-POSS, with aminopropyltiethoxy
silane (APTES) in the presence of tetramethylammonium hydroxide (TMAOH) in
slightly harsher conditions as compared to AP-IB-POSS. The final product was
characterized using 'H, 1*C and ?°Si NMR, FTIR and MALDI-TOF as discussed in
chapter 2. ° The reaction performed to conjugate the POSS to fluorescein was completed

under reflux under basic conditions. The final product was characterized using FTIR and
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MALDI-TOF. MALDI-TOF was used to further confirm the product, showing an
observed mass of 1401.0 m/z. Finally, the thioketone stretch was observed in the FTIR

spectrum at 1255 cm™!, confirming the successful conjugation of Ph-POSS-fluorescein.

3.3.2 Photophysical Properties of POSS-fluorescein

The UV-VIS spectra of the POSS-fluorescein molecules were measured.
Normalized absorption spectra of the POSS-fluorescein compounds solutions in dimethyl
sulfoxide (DMSO) showed the typical absorbance peak from 460-500 nm. The
fluorescein absorbance peak appears near 490 nm. This dictated the laser used for the

internalization experiments.

3.3.3 Toxicity of POSS-fluorescein

The cytotoxic effects of IB-POSS-fluorescein and Ph-POSS-fluorescein were
tested in HeLa cells. DMSO was used to solubilize the molecules before preparing the
0.01-10 uM solutions in media (<1% DMSO). Neither of the POSS-fluorescein
compounds were determined to be cytotoxic at concentrations 0.01-10 uM, as expected
(Figure 12). Both POSS molecules and fluorescein are known to have minimal toxicity
in mammalian cells at low concentrations.'* This is ideal as the influence of POSS
functionalization as a directing agent is of interest. As proposed in our hypothesis, we
predict the functional groups on the POSS moiety will influence the internalization and
cellular localization which can be used in therapeutic studies by conjugating POSS to a
therapeutic. The lack of toxicity from fluorescein was also expected due to it being a

known labeling dye.
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Figure 12. Cytotoxicity of POSS-fluorescein compounds (green is for IB-POSS-fluorescein,
purple is for Ph-POSS-fluorescein, and orange is for fluorescein.
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3.3.4 Mechanism of cellular internalization of POSS-fluorescein

Molecules can be internalized through active transport mechanisms that require energy or
passive transport mechanisms through which energy is not required. Temperature-
dependent internalization studies are used to identify the method as active or passive.
Cells are seeded and inoculated 24 h later with the molecules of interest after which they
are incubated at 4° C or 37° C. Reducing the temperature restricts cell membrane
transport functions that require energy due to membrane rigidity.®' To identify which
mechanism POSS-fluorescein molecules are internalized through, temperature-dependent
internalization intensities were compared between IB-POSS- fluorescein and Ph-POSS-
fluorescein (Figure 13). The solutions were prepared in DMSO at 5 and 10 uM. Both IB-

POSS-fluorescein and Ph-POSS-fluorescein showed a higher RFI corresponding to
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higher internalization when incubated in 37° C confirming an energy-dependent

internalization mechanism.
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Figure 13. Temperature-dependent internalization of IB-POSS-fluorescein and Ph-POSS-
fluorescein (5 and 10 uM in DMSO) (blue is for 4° C and red is for 37° C). ***p < 0.001, **p <
0.01, *p <0.05, and ns p > 0.05.

3.4 Conclusions and Future work

Hydrophobic-functionalized POSS-fluorescein molecules were synthesized
through a covalent conjugation of AP-IB-POSS or AP-Ph-POSS and fluorescein
isothiocyanate. The molecules were characterized with '"H NMR, IR, and MALDI-TOF to
confirm the structures. The C=S stretch in the IR confirmed the successful formation of
the thiourea bond which conjugated the POSS and fluorescein molecules. The molecular
ion was identified in MALDI-TOF.

Following the synthesis and characterization of the POSS-fluorescein molecules,
the cytotoxicity studies proved that the molecules have minimal toxicity and the
temperature-dependent internalization studies determined an active method of

internalization. Both IB-POSS-fluorescein and Ph-POSS-fluorescein were internalized at
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a higher rate when incubated in 37° C as opposed to 4° C. The membrane rigidity that
occurs with temperature reduction did not allow for internalization of these hydrophobic
molecules.

In the future, we plan to further investigate the specific energy-dependent
mechanism of internalization as macropinocytosis, clathrin- or caveolaec-mediated
endocytosis, or clathrin- or caveolae-independent endocytosis. This will be evaluated
using inhibitors specific to the endocytic pathways. For macropinocytosis, wortmannin is
the inhibiting agent and chlorpromazine and genistein are the inhibiting agents clathrin-
and caveolae-mediated endocytosis, respectively.>® Furthermore, we will obtain confocal
images of the molecules to corroborate the intracellular colocalization of the POSS-

fluorescein molecules.
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK

Polyhedral Oligomeric Silsesquioxane (POSS) molecules are increasingly being
studied for their use in biomedical applications. The low toxicity and high
biocompatibility of these molecules make them ideal candidates as drug carriers. As
hybrid organic-inorganic composites, POSS compounds have the ability to exploit the
advantages of organic and inorganic materials, while avoiding the downsides. POSS
molecules are also known by their exceptional biodegradability and mechanical
properties due to the Si-O-Si bonds that comprise the core. Taking advantage of the
properties of POSS molecules, we can use them to improve the performance of
techniques such a photodynamic therapy (PDT) and drug delivery.

In this thesis, we investigated the influence of hydrophobic-functionalized POSS
molecules on PDT and their internalization by mammalian cells. Specifically, we used an
aliphatic group (isobutyl), an aromatic group (phenyl), and a tetra(POSS) derivative to
test steric effects. The functionalization of the porphyrin moiety with IB-POSS-Porphyrin
and tet(IB-POSS)-Porphyrin had an effect on the photophysical characteristics as well as
the phototoxicity. IB-POSS-Porphyrin had the highest singlet oxygen quantum yield; and
therefore, it was the most phototoxic. Since singlet oxygen production is ideal for PDT to
be effective, the phototoxic effects seen from IB-POSS-Porphyrin are supported.

The ability to add a reactive group to POSS molecules allows for
multifunctionality. In addition to conjugating hydrophobic POSS moieties to porphyrins,
we were able to conjugate them to a fluorescent dye, fluorescein, to study internalization.
Internalization studies allow for a deeper understanding of how the molecules interact

with mammalian cells. The method of internalization was determined to be energy-
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dependent, which indicates that cells use an active transport mechanism such as
macropinocytosis, clathrin- or caveolae-mediated endocytosis, or clathrin- or caveolae-
independent endocytosis. Future work will include studying the specific mechanism of
internalization more in depth using inhibitors as well as identifying the intracellular
localization of these molecules. Furthermore, conducting the photophysical, PDT, and
internalization studies of hydrophilic POSS-Porphyrin, which are currently in progress,
and POSS-fluorescein derivatives will allow for a more comprehensive study on how

substituents influence PDT effectiveness and internalization.
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Figure A1l. Mechanism of corner capping reaction of a partially condensed hydrophobic-
functionalized trisilanol POSS under TMAH with a reactive aminopropyl moiety.
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Figure A2. 'H NMR of AP-IB-POSS. (300 MHz, CDCls, ppm) 8:2.78 (t, 2H, -CH>-N-),
1.85 (m, 7H, -CH-), 1.66 (m, 2H, -CH-), 0.94 (d, 42H, CH), 0.60 (m, 16H, -Si-CH-).
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Figure A3. 2°Si NMR of AP-IB-POSS. (500 MHz, CDCls, ppm) §: -66.8, -67.2, -67.4.
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Figure A6. Mechanism of POSS-isocyante synthesis from hydrophobic-functionalized
POSS derivatives under basic conditions.
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Figure A7. 'H NMR of IP-IB-POSS. (300 MHz, CDCls, ppm) &: 3.28 (t, 2H, -CHo-
N=C=0), 1.85 (m, 7H, -CH-), 1.71 (m, 2H, -CH>-), 0.94 (d, 42H, CH3), 0.66 (t, 2H, -Si -
CHy-), 0.60 (m, 14H, -Si -CH>-).
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Figure A8. FTIR of IP-IB-POSS compared to AP-IB-POSS. FTIR (cm™): 2954 and 2870
(C-H), 2273 (N=C=0), 1465 (C-N), 1229 (Si-C), 1084 (Si-O-Si), 955 (Si-O-Si), 739 (Si-
O).
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Figure A10. Mechanism of POSS-Porphyrin synthesis from POSS-isocyanate
derivatives.
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Figure A11. 'H NMR of IB-POSS-Porphyrin. (300 MHz, CDCls, ppm) 5: 8.87 (m, 8H,
Py-H), 8.18 (m, 8H, Ph-H), 7.74 (m, 11H, Ph-H), 3.34 (t, 2H, -CH>-N-), 1.88 (m, 7H, -
CH-), 1.76 (m, 2H, -CH>-), 0.96 (d, 42H, CHs), 0.71 (t, 2H, -Si-CH>-), 0.61 (m, 14H, -Si
-CH>-).
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Figure A12. 2°Si NMR of IB-POSS-Porphyrin. 'H-NMR (300 MHz, CDCls, ppm) 6:
8.87 (m, 8H, Py-H), 8.18 (m, 8H, Ph-H), 7.74 (m, 11H, Ph-H), 3.34 (¢, 2H, -CH>-N-),
1.88 (m, 7H, -CH-), 1.76 (m, 2H, -CH>-), 0.96 (d, 42H, CH3), 0.71 (t, 2H, -Si-CH>-), 0.61
(m, 14H, -Si -CHa-).
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Figure A13. IR of IB-POSS-Porphyrin. FTIR (cm™): 3318 (N-H), 2925 and 2870 (C-H),
1655 (C=0), 1465 (C-N), 1227 (Si-C), 1084 (Si-O-Si), 966 (Si-O-Si), 700 (Si-C).
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Figure A14. MALDI-TOF of IB-POSS-Porphyrin. (m/z): [M-H]" = 1527.55 observed,;
[M]" = 1528.55 calculated.
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Figure A15. 'H NMR of AP-Ph-POSS. (300 MHz, CDCls, ppm) &: 7.74 (m, 14H, Ph-H),
7.44 (m, 7H, Ph-H ), 7.37 (m, 14H, Ph-H), 2.66 (t, 2H, -CH>-N-), 1.62 (m, 2H, -CH>-),
0.84 (t, 2H, -Si-CH>-). The peaks at 1.5 and 2.2 ppm can be attributed to water and
acetone, respectively.
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Figure A17. MALDI-TOF of AP-Ph-POSS. (m/z): [M]" = 1014.60 observed; [M]" =
1013.29 calculated.
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Figure A18. 'H NMR of IP-Ph-POSS. (300 MHz, CDCls, ppm) &: 7.71 (m, 14H, Ph-H),
7.41 (m, 7H, Ph-H), 7.38 (m, 14H, Ph-H), 3.18 (m, 2H, -CH2-N=C=0), 1.80 (m, 2H, -
CH2-), 0.84 (m, 2H, -Si-CH2-). The solvent peak at 1.3 ppm can be attributed to tert-
butyl alcohol.
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Figure A21. IR of Ph-POSS-Porphyrin. FTIR (cm™): 3645 (-NH-CO-NH), 3380 (-NH-),
3062 (C-H, sp2), 2960 (C-H, sp*), 1737 (C=0), 1469 (C-N), 1135 (Si-O-Si), 1109 (Si-O-
Si), 742 (Si-C).
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Figure A22. IR of tet(IB-POSS)-Porphyrin. FTIR (cm™): 3345 (-NH-CO-NH-), 3056 (C-
H, sp2), 2922 (C-H, sp?), 1436 (C-N), 1088 (Si-O-Si), 1000 (Si-O-Si), 733 (Si-C).
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Figure A23. Time-dependent decomposition of DMA plots.

Table A1. Photophysical and photochemical properties of parent porphyrins.

Agoret (NM)

AEmission
Sample [ex103 (M1 ecm?)](n=3) (nm) ¢, (n=3) ¢, (n=3)
Porphyrin 419,275+ 26 (THF) | 661,745 | 0.45+0.02 0.21 + 0.02 (THF)
IB-POSS-Porphyrin 416, 22.1 + 8.3(THF) 653,720 | 0.82 +0.01 0.14 +0.01
Ph-POSS-Porphyrin 419, 46.2 +£9.0 (THF) 653, 719 | 0.60 £+ 0.02 0.13 +0.01
Ph-POSS-Porphyrin+ Porphyrin N/A N/A 0.53 £0.01 N/A

tetra(IB-POSS)-Porphyrin | 422,117.3+34.4 (THF) | 663,719 | 0.70+0.01  0.13 +0.02

Table A2. Partition coefficients.

Compound Log Pow
Porphyrin 3.18 +0.08
Tetra(aminophenyl)porphyrin 1.17 £ 0.06
IB-POSS-Porphyrin 0.62 +0.08
Ph-POSS-Porphyrin 0.80 +0.04

Tet(IB-POSS)-Porphyrin -1.10 + 0.05
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Figure A24. Dose-response curve of Porphyrin treatment to MDA-MB-231 cells for
PDT. Red is light treated plate, black is dark (ctrl) plate.

200
180
160
140
120
100

80

60:

Cell Viability (%)

40

20

1 1 1 1 1 1 1 1
0 0.01 0.05 0.1 0.5 1 10 50

AP-IB-POSS Concentration (uM)

Figure A2S. Dose-response curve of AP-IB-POSS treatment to MDA-MB-231 cells for
PDT. Red is light treated plate, black is dark (ctrl) plate.
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Figure A26. Dose-response curve of AP-Ph-POSS treatment to MDA-MB-231 cells for
PDT. Red is light treated plate, black is dark (ctrl) plate.
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Figure A27. Mechanism of POSS-fluorescein synthesis from POSS derivatives.
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Figure A28. IR of IB-POSS-fluorescein. FTIR (cm™): 2612-3391 (COOH stretch) 2871-
2955 (C-H stretch), 1228 (C=S stretch), 1083 (Si-O-Si stretch).

[M-H] =1261.8

Figure A29. MALDI-TOF of IB-POSS-fluorescein. (m/z): [M-H]= 1261.8, [M-H+K"]=
1300.2 observed, [M]'= 1262.35.
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Figure A30. IR of Ph-POSS-fluorescein. FTIR (cm™): 2589-3627 (COOH stretch), 2925-
3074 (sp® and sp? CH stretch), 1800-1986 (Aromatic overtones), 1255 (C=S stretch),
1089 (Si-O-Si stretch).

100

[M-H] = 1401.0 .

Figure A31. MALDI-TOF of Ph-POSS-fluorescein. (m/z): [M-H]= 1401.0, [M-H-+K*]=
1439.8 observed, [M]"= 1402.13 calculated.



