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ABSTRACT 

 

 

DANIEL LEE VEGA.  Design, synthesis and characterization of multifunctional redox-

responsive porphyrin-based polysilsesquioxane nanomaterials for photodynamic therapy.  

(Under the direction of Dr.  JUAN L. VIVERO-ESCOTO) 

 

 

 Photodynamic Therapy (PDT) is a minimally invasive clinically approved cancer 

 

treatment that was first applied in the early 20th century. PDT is an attractive alternative  

 

when compared to chemotherapy and radiation therapy due to the lack of harmful side  

 

effects associated with these modalities. This treatment is based on the therapeutic effect  

 

of reactive oxygen species (ROS) generated after irradiation to activate a light- 

 

sensitive molecule called a photosensitizer (PS). Despite the advantages of PDT for  

 

cancer treatment, there are some drawbacks with current PS molecules such as  

 

inadequate energy absorption, poor solubility in water, and the inability to target tumor  

 

cells. Nanoparticles (NPs) are promising materials to be utilized for PDT. NPs have the  

 

ability to be target-specific towards tumor tissue, biocompatible and biodegradable.  

 

However, current nanocarriers do not show the optimal PDT response due to self- 

 

quenching and low singlet oxygen generation. The main target of this project is to  

 

develop stimuli-responsive hybrid nanoparticles based on tetrakis(carboxy)phenyl  

 

porphyrin (TCPP) derivatives with an enhanced ability to carry and deliver large amount  

 

of PSs to improve the PDT effect. This platform will be further functionalized with  

 

polyethylene glycol (PEG) and a targeting ligand, Folic acid (FA) to improve its  

 

biocompatibility and target specificity. 
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CHAPTER 1: INTRODUCTION 

 

 

1.1 Photodynamic Therapy 

In 2015, there will be an estimated 1,658,370 new cancer cases around the globe. 

Cancer is responsible for 1 out of 4 mortalities in the United States and is the second 

leading cause of death behind cardiovascular disease. This year nearly 600,000 

Americans cancer patients will die from the disease.1 Current treatments consist of 

surgery, chemotherapy, radiation and hormone therapy depending on the type and stage 

of the cancer. If detected early the patient has a higher probability of survival. Current 

treatments typically result in major side effects such as pain from treatment, fatigue, hair 

loss, nausea and anemia. Others include suppression of the immune system, osteoporosis, 

cardiotoxicity, infertility and pulmonary dysfunction. These effects may last months or 

even years after the treatments have ended. The current cancer therapies lack specificity 

to tumor tissue which can harm healthy and cancer tissue alike. Over the decades, much 

effort from the scientific community has been invested into the development of more 

specific and effective cancer treatments.  This has opened up the door for novel 

alternatives including, but not limited to photothermal, photodynamic, gene and protein 

therapies.2  

1.2 Principles of Photodynamic Therapy 

PDT is based on the therapeutic effect of singlet oxygen (1O2) or reactive oxygen 

species (ROS) generated after irradiation at an appropriate wavelength and intensity to 

activate a light-sensitive molecule called a photosensitizer (PS) (Figure 1).3,4 Ideally, 
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once the photosensitizer has been administered, it is allowed to accumulate in the target 

tissue for a certain period of time followed by localized illumination toward the tumor 

area (Figure 2).5 

 
Figure 1: Jablonski diagram depicting the photophysical process for the formation of 
1O2.

6  

 

 
Figure 2: A schematic representation of how current PDT treatments are applied. The PS 

are administered (left), ideal accumulation in the tumor after an allotted period of time 

(center), irradiation with light to generate singlet oxygen which leads to cell death.6  
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1.3 History of PDT 

 The use of light as a therapeutic method has been around for millennia dating 

back to ancient Egypt, China, India and Greece where it was used to treat cancer, skin 

diseases and psychosis.7 Photodynamic Therapy (PDT) is a minimally invasive clinically 

approved cancer treatment that was first applied in the early 20th century by Niels Finsen 

to treat smallpox and cutaneous tuberculosis, where he was awarded the Nobel Prize for 

his work in 1903.8,9 The term PDT was coined in 1904 by Hermann von Tappeiner.10 

Although, it was not until 1975 when Thomas Dougherty successfully treated skin cancer 

in patients that PDT gained recognition as an alternative treatment for cancer.11 In 

addition to treating cancer and pre-cancerous conditions, PDT has an expansive range of 

applications such as ophthalmology, localized infections and arterial disease.12 

1.4 Oncological Applications in PDT 

 PDT is an attractive alternative to treat cancer when compared to chemotherapy 

and radiation therapy due to the absence of the above mentioned harmful side effects 

associated with these modalities. In many cases, surgery cannot be performed as a result 

of the location of the tumor or age of the patient, whereas PDT can accurately target the 

tumor site.13 This treatment works via administration of the photosensitizer systemically, 

locally or by topical application with the benefit of repeated doses without total dose 

limitations associated with traditional treatments, and the healing process results in 

minimal scarring.14,15
 Since the first use of PDT for skin cancer treatment four decades 

ago, this therapy has been expanding its scope of applications. For example, PDT was 

first approved for the treatment of bladder cancer in Canada in 1993 using the 



4 

 

photosensitizer, Photofrin®. This photosensitizer was approved by the U.S. Food and 

Drug Administration (FDA) for esophageal cancer in 1995, lung cancer in 1998 and 

Barrett’s esophagus in 2003.16,17 

1.5 Light 

 The ideal range of wavelengths for the light to achieve maximum penetration in 

tissue and achieve optimal PDT effect are between 650-800 nm.18 There are two main 

reasons for this range; the first one deals with hemoglobin, which is one of the main 

components of blood (red blood cells). This biomolecule contains a porphyrin that 

absorbs light up to 650 nm. Therefore, hemoglobin will “compete” for the light with 

porphyrin-based PSs. In principle, longer wavelengths (> 800 nm) of light allow for 

deeper penetration in tissue. However, in the case of PDT, the PS molecule needs to 

absorb enough energy to go from the singlet to the triplet state and transfer that energy to 

activate oxygen. The wavelength for the triplet oxygen to be activated to the singlet state 

is around 1100 nm. Nevertheless, due to losses of energy from vibrations and heat, the 

wavelength that the PS molecule needs to absorb is at least 800 nm.19,20 The depth of skin 

penetration depends on the wavelength of light used. Light will penetrate up to 5 mm 

using 630 nm and 1-2 cm with light between 700-800 nm. The use of lasers as a light 

source for PDT is common in clinical applications. The most commonly used system is 

the diode laser delivering 1-7 W at 630 nm. Another source of light are the gold or copper 

vapor lasers that exhibit similar output without the difficulty associated with transporting 

or cooling the equipment. Traditionally, these systems are used but the downsides are 

cost of equipment and the need for consistent maintenance.21,22  
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1.6 Oxygen 

 Molecular oxygen (3O2) naturally occurs in the triplet ground state with two 

unpaired electrons with the same spin distributed in the highest occupied molecular 

orbitals (HOMO). It becomes excited to a singlet state (1O2) where the two electrons are 

paired or the electrons have different spins in the HOMO after it reacts with an excited 

PS. The orbitals of the triplet ground state are depicted versus the singlet excited states of 

oxygen (Figure 3). The average lifetime of 1O2 is estimated to be between 10-180 ns in 

biological systems. This lifetime correlates to a diffusion of less than 50 nm per second 

within cells. Thus, 1O2 cannot diffuse beyond a single cell’s thickness because most cells 

are between 10-100 µm in size. The highly reactive 1O2 will interact with biological 

molecules such as lipids, proteins and nucleic acids inducing oxidation, which will 

ultimately result in destruction of the tumor cell via apoptosis, necrosis or autophagy. 

ROS can also be generated from the interaction between 1O2 and aqueous environments. 

These include hydrogen peroxide, superoxide, along with peroxyl and hydroxyl radicals. 

ROS also exhibit oxidative properties and are harmful to cancer cells.23-27 
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Figure 3: Representation of molecular oxygen lowest singlet and triplet states. Two 

electrons with the same spin are unpaired in the ground state. Two electrons with 

opposite spins can either be paired or unpaired in the singlet excited states.24 

 

1.7 Photosensitizers 

 For PDT applications, a PS is a molecule that can be excited by light to produce 

singlet oxygen and ROS, which causes cell death. Ideally, PSs should be chemically pure, 

have efficient singlet oxygen generation, possess selectivity for tumor tissue and absorb 

wavelengths of light that allow maximum skin penetration (650-800 nm). Currently, the 

PSs used in clinical and experimental studies are derived from naturally occurring 

tetrapyrrole macrocyclic aromatic pigments such as heme, chlorophyll and 

bacteriochlorophyll.28 These pigments are responsible for making blood red, plants green 

and some bacteria purple.29 The basic organic structures of photosensitizers include 

porphyrins, pthalocyanines, chlorins, bacteriochlorins, and other tetrapyrrolic derivatives 

(Figure 4).30-32 Photosensitizers are generally classified as porphyrin or non-porphyrins. 

The word porphyrin arises from the Greek word porphura meaning purple.33 
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Figure 4: Representative examples of basic organic structures for PSs.30-32 

 

PSs have been evolving during the last decades. Molecules with more efficient 1O2 

generation, longer absorption wavelengths and target-specific properties have been 

developed. One way to classify these new PSs is by categorizing them as first, second 

and third generation (Figure 5). 

1.7.1 First Generation Photosensitizers 

 First generation PSs include Hematoporphyrin derivative (HpD) and Photofrin®. 

HpD was first developed and studied in the 1960s by Lipson and Schwartz. It was found 

that HpD had the ability to selectively accumulate in tumors; by utilizing its 

photophysical properties, it was used as a diagnostic tool. In 1972, Diamond used HpD to 

treat cancer in mice. The tumors exhibited regression after irradiation with white light. 

By the end of the decade, Dougherty was successful in the removal of malignant tissues 

in patients with cancer using HpD.34-36
 Photofrin®, also known as Porfimer sodium or 
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dihematoporphyrin was the first approved PS for PDT clinical trials. It is a purified 

version of HpD consisting of a mixture of oligomeric compounds with a maximum 

absorption wavelength at 630 nm and a relatively low molar absorptivity (ε = 3.0 x 103 

M-1 cm-1). The drug is administered intravenously at 2-5 mg/kg with light exposure of 

100-200 J cm-2 for 24-48 hours post injection. Prolonged photosensitivity is an issue due 

to the long clearance time of 4-12 weeks after injection.34-38
 Another drawback with first 

generation PSs is the poor depth of tissue penetration due to the low absorbance in the 

ideal window for PDT (650-800 nm). Therefore, the therapeutic effect depends on large 

doses of PS and light which can produce harmful side effects. 

1.7.2 Second Generation Photosensitizers 

  To overcome the shortcomings of first generation PSs such as poor solubility in 

biological systems, a different variety of PDT agents were developed. Second generation 

PSs generate higher amount of singlet oxygen/reactive oxygen species and absorb at 

longer wavelengths (red-shifted), which increases the light penetration in tissue; therefore 

allowing deeper tumors to be targeted.39 Moreover, these PSs are chemically pure 

compared with the mixtures of oligomers found in first generation PSs. This new class of 

PS agents opened up the door for increasing the efficacy of PDT and allowing for the 

treatment of various types of cancer.40 Two representative examples of second generation 

PS molecules are Foscan® and Levulan®. Foscan®, also known as Temoporfin or 

mTHPC (meso-tetra-3-hydroxyphenyl-chlorin) was first synthesized by Bonnnet in the 

1980s. This PS  was first approved for head and neck cancer treatment. It has a maximum 

absorption wavelength at 652 nm with a much higher molar absorptivity (ε = 3.0 x 104 M-

1 cm-1). The PS is administered intravenously at dosages as low as 0.10-0.15 mg/kg with 
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light exposure 10-20 J cm-2 for 24-96 hours post injection.41,42 Unfortunately, prolonged 

photosensitivity is still an issue, but with much shorter time usually lasting 2-4 weeks 

until complete excretion.43 Levulan®, also known as δ-aminolevulinic acid or 5-

aminolevulinic acid (ALA) is a prodrug that is enzymatically converted to the 

endogenous molecule, Protoporphyrin IX (PpIX). PpIX also works as PS agent and was 

FDA approved in 2000 for the treatment of actinic keratosis. PpIX is a naturally 

occurring porphyrin and is produced in the body by the conversion of the prodrug 5-

aminolevulinic acid in the heme biosynthetic pathway once internalized by cells.44,45 

ALA is water soluble allowing for administration of the prodrug systemically, locally and 

orally with doses of 20 mg/kg. Light exposure occurs for 3-6 hours post administration at 

100 J cm-2. PpIX has a maximum absorption wavelength at 635 nm with a relatively low 

molar absorptivity (ε = 5.0 x 103 M-1 cm-1). A drawback of ALA is its hydrophilic 

character which limits the ability to be internalized by cells. Therefore, a methyl ester 

version of ALA was developed. Methyl aminolevulinate (MAL), commercially available 

as Metvix® is approved for the treatment of actinic keratosis in the European Union 

(EU).  The addition of an alkyl group attached to ALA results in higher lipophilicity 

allowing for increased membrane penetration. The endogenous PpIX generated from 

these two formulations can be cleared from the body within 24-48 hours.46-48 Second 

generation PS agents show advancements in the field of PDT but still lack direct targeting 

capabilities, near-infrared (NIR) absorption with high molar absorptivity and efficient 

phototoxic effects at the tumor site.   
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1.7.3 Third Generation Photosensitizers 

  Third generation PS agents are an emerging class that is currently under 

development. Some of the advantages of these types of PSs are: 1) enhanced solubility 

and 2) greater selectivity and specificity for malignant tissues. Third and second 

generation PSs have been conjugated to carrier biomolecules that deliver the cargo 

directly to the tumor area. These biomolecules include, but are not limited to, low density 

lipoproteins (LDLs), sugars, peptides, polymers, biomolecules and antibodies.49-52 For 

example, tetrakisphenyl porphyrin (TPP) conjugated to cell penetrating peptides (CPPs) 

such as the HIV-1 Tat basic domain sequence, GRKKRRQRRR displayed an increase in 

cellular uptake both in vitro and in vivo when compared to unconjugated PSs.53 In 

another study, Chlorin was conjugated to the antibody, IgG and exhibited higher 

phototoxic effects in vitro than unconjugated Chlorin.54 In recent years, the use of NPs as 

delivery systems for PSs has attracted great attention. This approach can overcome some 

of the main issues with first, second and third generation PSs. The following section will 

describe in detail some of the novel applications of nanotechnology for PS delivery to 

improve PDT. 
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Figure 5: Photosensitizers can be categorized, depending on their properties as first, 

second or third generation for PDT applications. 

 

1.8 Nanoparticle-based Photosensitizer Delivery Systems for Oncological Applications in 

PDT 

 Nanoparticle(NP)-based PS delivery systems are an excellent alternative to 

improve the performance of PS agents in PDT. Several criteria must be taken into 

consideration in order to design the optimal vehicle for PS delivery. These include, but 

are not limited to, size and shape, biocompatibility, biodegradability, PS loading 

efficiency, ζ-potential, controlled release and the ability to actively target tumor 

tissue.55,56 For optimal oncological applications, the size of nanomaterials must be 

between 20-200 nm in size. NPs less than 20 nm are rapidly cleared by the kidney and 

excreted through the urinary tract. NPs larger than 200 nm are more readily taken up by 

macrophages from the immune system. Furthermore, NPs tend to selectively accumulate 
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in solid tumor through a process called the enhanced permeability and retention (EPR) 

effect. This phenomenon is due to the chaotic growth of the tumor where the normal 

vasculature cannot supply sufficient oxygen to the proliferating cells. This results in the 

rapid formation of vessels that often have irregular structures such as a discontinuous 

epithelium. Due to these leaky vasculature fenestrations NPs within the ranges of 20-200 

nm have shown higher accumulation at the tumor site.57-60 Some examples of current NP-

based platforms for PS delivery include liposomes, gold NP, organic polymers and 

inorganic materials.61,62 Several advantages have been demonstrated by using these 

systems such as target specificity, biocompatibility, biodegradability, and protection of 

PS until delivery. However; some issues still remain such as premature release of PS, low 

PS loading, PS self-quenching, and short blood circulation times. In particular the 

balance between increasing the amount of PS agents inside the nanoparticles and 

reaching an efficient phototoxic effect has been challenging. The increase of PS content 

inside NPs usually leads to the aggregation of PS molecules due to their hydrophobic 

nature, which results in minimal generation of 1O2 due to self-quenching.19 Different 

approaches have been explored to overcome these issues. For example, polymeric 

micelles were used to encapsulate PpIX as an alternative means to deliver the PS. These 

nanomaterials had the ability to load 4% (wt/%) with a size on the scale of 30 nm 

measured by dynamic light scattering (DLS). This formulation was tested with H2009 

lung cancer cells and displayed relatively low dark toxicity and high PDT efficacy. In 

another approach, second generation PS, Zinc(II) phthalocyanine (ZnPc) was loaded in 

mesoporous silica NPs (MSNs) for PDT applications. Scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) revealed MSNs with an average size 
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of 50 nm. The amount of ZnPc content loaded into the pores was 0.8% (wt%). This 

platform was tested in vivo and displayed high tumor specificity and therapeutic 

efficacy.63,64 These approaches have shown promising results to improve the performance 

of PSs for PDT; however, they still lack the ability to maximize at the same time the 

amount of PS loaded and the phototoxic effect.   

1.9 Degradable Hybrid Nanoparticles to Enhance the PDT Effect 

 Recently, different groups have explored the possibility of using stimuli-

responsive nanoparticles to simultaneously achieve maximum PS loading and high 

phototoxic effect. These external stimuli can arise from a redox, pH response, be light or 

enzymatically activated.65 For example, the second generation PS Pheophorbide A 

(PheoA) was conjugated with glycol chitosan (GC) polymer via a cleavable disulfide 

linker. The formulation was able to self-assemble in aqueous conditions to form core-

shell NPs (PheoA-ss-CNPs). However, once the PheoA-ss-CNPs are internalized by 

cancer cells, the disulfide bonds are broken due to the intracellular reducing environment. 

The reduction of the disulfide bond affords the delivery of PheoA as individual 

molecules. This platform exhibited increased phototoxicity both in vitro and in vivo when 

compared to amide linked PheoA-CNPs. In another approach, PheoA was encapsulated 

inside human serum albumin (HSA) NPs for PDT. This platform has the ability to be 

triggered enzymatically and by an acidic environment. The PS was released as individual 

units once inside the lysosome increasing the overall PDT effect when compared to free 

PheoA. This is due to the degradability of the HAS nanocarriers.66,67 Our group has 

focused on the development of stimuli-responsive hybrid NPs, which are composed of 

both organic and inorganic components. This platform can be used to design NP-based 



14 

 

degradable systems with high payload of PSs. Under specific conditions inside cancer 

cells, the hybrid NPs can be degraded to release the PS molecules as individual units to 

achieve maximum PDT effect. In particular, we have recently developed hybrid redox-

responsive polysilsesquioxane nanoparticles (RR-PSilQ NPs) for PDT.68 Several 

advantages can be envisioned by using PSilQ NPs for PS delivery such as tunable size, 

morphology, chemical properties, biodegradability and biocompatibility. The PSilQ 

platform contains protoporphyrin IX (PpIX) as PS agent. Two building molecules based 

on PpIX were synthesized in this study, control (C-PpIX) and redox-responsive (RR-

PpIX) derivatives (Figure 6 ). Both compounds include triethoxy silane groups which 

after condensation in a reverse microemulsion reaction afford the hybrid PSilQ NPs. The 

RR-PpIX ligand incorporates a disulfide bond that will be cleaved under reducing 

conditions such as those found inside of cancer cells. The structural properties of these 

PSilQ-NPs showed that we can synthesize NPs with a size of 50-200 nm in diameter and 

a high content of PSs on the order of 43-46 (wt%). Moreover, we have shown that once 

the PSilQ NPs have been internalized in the cells, the redox-responsive PSilQ platform 

increases photototoxicity in comparison to the control material (Figure 7). The difference 

observed is due to the degradability of the RR-PpIX system helps to avoid the 

interactions between the hydrophobic PpIX molecules and increase the amount of 1O2 

that can be produced. This effect increases the overall PDT outcome in human cervical 

cancer cells (HeLa) cells as shown in Figure 7.68    
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Figure 6: Schematic representation of the synthesis of PpIX-APTES (C-PpIX) (left) and 

PpIX-MPTES (RR-PpIX) (right) ligands. 

 

 

 
Figure 7: Phototoxicity of PpIX-PSilQ NPs (blue) and RR-PpIX-PSilQ NPs (green) in the 

absence of light, and PpIX-PSilQ NPs (red) and RR-PpIX-PSilQ NPs (purple) after light 

exposure (400–700 nm; 170 ± 3 mW cm-2) for 20 min, measured by MTS assay.68 

 

To corroborate that PpIX molecules are released from the RR-PpIX-PSilQ platform 

inside the cancer cells, the PpIX derivatives (C-PpIX and RR-PpIX) were attached to 

fluorescein isothiocyanate (FITC) labeled SiNPs to observe in vitro delivery of PpIX 

from RR-PpIX-SiNPs. Confocal microscopy images demonstrated that indeed PpIX 
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molecules are released from the nanoparticles (Figure 8).44 This PpIX-SiNP system 

follows the same trend in phototoxicity where the RR-PpIX-SiNPs showed a higher 

phototoxic effect than the control PpIX-SiNPs. Overall, these results demonstrated that 

PSilQ nanoparticles can be designed to afford PS delivery platforms with degradable 

properties and high content of PS molecules. However, this current approach also 

displayed a high degree of aggregation under physiological conditions with the inability 

for further modification due to the lack of functional groups. It is critical to resolve the 

issues associated with the PSilQ platform in order to move it forward for in vivo 

experiments. 

 

Figure 8: Confocal fluorescence images of HeLa cells inoculated with PpIX in solution 

(A–D), PpIX–SiNP (E–H), and RR–PpIX–SiNP (I–L). Green fluorescence of the FITC-

functionalized nanoparticles (A, E and I); red fluorescence of PpIX molecules (B, F and 

J); the overlapped image of green, red and DAPI-stained nuclei (C, G and K); and the 

overlapped image with the DIC channel (D, H and L). Scale bars = 30 µm (A–D & I–L); 

20 µm (E–H). The circles show the release of PpIX molecules and the arrows show the 

presence of the FITC-labeled RR–PpIX–SiNP.44 
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1.10 Research Objective 

 The main target of this thesis is to develop degradable PSilQ-based nanoparticles 

with improved colloidal stability and tunable surface properties. The PS molecule for this 

study is the tetrakis (carboxyphenyl) porphyrin (TCPP) derivative. We hypothesize that 

the increase in connectivity compared to PpIX will allow the fabrication of monodisperse 

PSilQ NPs with higher amount of PS molecules. In addition; the designed TCPP 

monomers contain additional carboxylic acid groups that after the synthesis of the PSilQ 

nanoparticles can be used for further functionalization with polymers and targeting 

molecules. 

1.10.1 Design and Synthetic Strategy 

 Two versions of TCPP derivatives were synthesized; the control TCPP (C-TCPP) 

building block, and the redox-responsive TCPP (RR-TCPP) version that holds a labile 

disulfide bond (Figure 9). These TCPP molecules contain a triethoxysilane group to 

afford the corresponding PSilQ NPs after condensation reaction and carboxylic acid 

groups for further functionalization. The synthesis of PSilQ NPs was carried out by a 

reverse microemulsion method. The PSilQ NPs were modified with  either methoxy-

polyethylene glycol amine (MeO-PEG-NH2) or folic acid-polyethylene glycol amine 

(FA-PEG-NH2) chains by coupling chemistry. The functionalization of the PSilQ-NPs 

with MeO-PEG-NH2 and FA-PEG-NH2 polymers will increase their biocompatibility and 

targeting capabilities. To achieve the steps mentioned above, the following specific aims 

were pursued in this project: 1) To synthesize and characterize folic acid-polyethylene 

glycol-amine (FA-PEG-NH2) and methoxy polyethylene glycol-amine (MeO-PEG-NH2); 

2) To synthesize and characterize the C-TCPP and RR-TCPP silane derivatives and 3) To 
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synthesize and characterize TCPP-loaded multifunctional PSilQ NPs with target-specific 

capabilities toward cancer cells. 

 

Figure 9: Schematic representation of C-TCPP (left) and RR-TCPP (right) that will be 

synthesized to afford biodegradable PSilQ NP (red circle indicates redox-responsive 

properties; blue circle indicates amino acid groups for functionalization with FA-PEG-

NH2.) 

 

1.10.2 Synthesis of Folic acid-Polyethylene glycol-Amine (FA-PEG-NH2) and Methoxy 

Polyethylene glycol-Amine (MeO-PEG-NH2) 

 PEG is an FDA approved polymer that shows good solubility in both organic and 

aqueous solvents. It is also biocompatible with both blood and tissue and nontoxic to 

cellular systems.69 PEG also reduces opsonization and allows for longer circulation times 

of PEG modified NPs in the body.70 In this project, PEG derivatives are synthesized and 

characterized to modify the surface properties of the TCPP-loaded PSilQ NPs. 

Furthermore, the PEG chain derivatives are also used as linkers to attach targeting agents. 

There is a wide variety of targeting ligands that can be used to functionalized 
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nanoparticles such as antibodies, aptamers, peptides and small molecules. In this work, 

we used a small molecule (folic acid) to target TCPP-loaded PSilQ NPs toward cancer 

cells. Folic acid is a vitamin that is necessary for normal cells to function properly; 

however, in the case of cancer cells, folate receptors are overexpressed for this small 

vitamin due to their rapid proliferation and growth. Folic acid has been widely used as a 

targeting moiety in the design of anticancer nanoparticles.71 MeO-PEG-NH2 and  FA-

PEG-NH2 polymer chains were synthesized through a multi-step synthesis (Schemes 1 

and 2). 

 
 

 
Schemes 1 and 2: Synthesis of MeO-PEG-NH2 and NH2-PEG-NH2 (Scheme 1, top) and 

of FA-PEG-NH2 (Scheme 2, bottom) polymers. 

 

 

1.10.3 Synthesis of C-TCPP and RR-TCPP Silane Derivatives 

  The synthesis of the TCPP-based building blocks (Figure 9) was carried out 

following the synthetic steps depicted in (Schemes 3, 4 and 5). C-TCPP and RR-TCPP 

silane derivatives contain carboxylic and alkoxysilane groups that increased their 

solubility under basic conditions to afford PSilQ NPs after the polymerization reaction. 

Furthermore, RR-TCPP silane molecule contains a disulfide bond that is cleaved under 
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reducing environment such as those found in cancer cells. This allows the release of 

individual monomeric units of the PS, which limits self-quenching and produces an 

enhancement in the phototoxic effect. 

 
Scheme 3: Synthetic steps to afford the C-TCPP building block. 

 
Scheme 4: Synthetic steps to afford the RR-TCPP building block. 
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Scheme 5: Synthesis of PDSEA*HCl and reduction of TCPP-Cysteine with DTT to 

afford TCPP-ethyl thiol. 

 

1.10.4 Synthesis of Target-specific TCPP-loaded PSilQ NPs 

 PSilQ NPs were synthesized using the reverse microemulsion technique. This 

process requires a two-phase system comprised of surfactant, co-surfactant, organic 

solvent, silica precursor, and water. In this system, micellar nanoreactors are formed from 

an aqueous phase being surrounded by a hydrophobic environment. The size of the NPs 

can be finely tuned by changing the water to surfactant ratio. This method is optimal for 

constructing monodispersed NPs smaller than 100 nm.72 In our project, the C-TCPP and 

RR-TCPP serve as monomers for the condensation reaction. These silica precursors are 

the main components of the framework for PSilQ NPs. By using this synthetic strategy 

we obtained monodisperse PSilQ NPs with a high content of PS molecules (~30% in 

weight) and sizes below 200 nm in diameter. Moreover, the surface of the nanoparticle is 

partially covered with carboxylic acid groups, which were used to further functionalize 
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the NPs with MeO-PEG-NH2 and FA-PEG-NH2 polymers to afford target-specific PSilQ-

NPs (Figure 10). 

 
Figure 10: Schematic representation of PEG-FA-TCPP PSilQ NP with a high payload of 

PS (green indicates PEG-FA; red indicates the PSilQ NP with the PS (blue) as the 

framework). 
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CHAPTER 2: EXPERIMENTAL  

 

 

2.1 Synthesis and characterization of Folic acid-Polyethylene glycol-Amine (FA-PEG-

NH2) and Methoxy Polyethylene glycol-Amine (MeO-PEG-NH2) 

 The synthesis of MeO-PEG-NH2 and FA-PEG-NH2 was carried out through a 

multi-step synthetic approach (Scheme 1 and 2) following a procedure reported in the 

literature with slight modifications.77-80 Below, the experimental conditions and 

characterization for each step in the synthesis of both PEG polymer derivatives is 

described. 

2.1.1 Synthesis of Diazido-PEG2000 (1) 

 To synthesize Diazido-PEG2000, 2.0 g of poly(ethylene glycol) (PEG) (1.0 mmol) 

was dried under vacuum overnight. The following day, the dried-PEG was combined 

with 1.62 mL of methanesulfonyl chloride (21.0 mmol) in anhydrous tetrahydrofurane 

(THF) (10.0 mL) at 70 °C. The mixture was then stirred in an ice bath under N2 

atmosphere, followed by the addition of a solution of 3.06 mL of di-isopropylethylamine 

(DIPEA) (17.6 mmol) in THF (10.0 mL) dropwise over 30 min. Thereafter, the solution 

was stirred for 1 h followed by removing the reaction flask from the ice bath. The 

mixture was stirred overnight at room temperature. The newly formed solid was 

dissolved by the addition of cold H2O (10.0 mL) on an ice bath. Next, 1.0 N sodium 

bicarbonate (2.0 mL) and 1.5 g sodium azide (23.1 mmol) were added to the solution. 

THF was removed from the mixture using rotatory evaporation and the aqueous phase 

was refluxed at 100 °C for 24 h with stirring. The product was obtained after extraction 

with dichloromethane (DCM) (5 x 15.0 mL) followed by washing steps with brine (5 x 
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15.0 mL) and removal of the excess water in the presence of magnesium sulfate. DCM 

was removed by rotary evaporation to afford the final product, Diazido-PEG2000, as a 

white solid compound (2.1 g, 84%). The product was dried under high vacuum and stored 

at -20 °C. The diazido-PEG2000 polymer was confirmed by the stretching vibration of the 

azido group in IR (2110 cm-1). The shift of methylene protons suggests a successful 

synthesis of PEG-N3 from PEG. The ethylene carbons also show a shift from the starting 

material, PEG. IR: (1102 cm-1 (C-O), 2110 cm-1 (azide); 1HNMR: (300 MHz; CDCl3): δH, 

ppm- (t, 4H, 3.32-3.42), (m, 168H, 3.54-3.76). 

2.1.2 Synthesis of Diamino-PEG2000 (2) 

 To synthesize diamino-PEG2000, 1.36 g of diazido-PEG2000 (680 µmol) was 

combined with 2.1 g triphenylphosphine (8 mmol) in anhydrous THF (10.0 mL). This 

solution was stirred under N2 atmosphere at room temperature overnight. After that, H2O 

(510 µL) was added and the mixture was again stirred overnight. THF was removed by 

rotary evaporation and water (17.0 mL) was added. A white solid was formed (triphenyl 

phosphinoxide) immediately after the addition of H2O. The solid and H2O were removed 

by gravity filtration and  rotary evaporation, respectively. Finally, a yellowish solid (1.3 

g, 98%) corresponding to diamino-PEG2000 was dried under high vacuum and stored at -

20 °C. The diamino-PEG product was confirmed by the disappearance of the stretching 

vibration for the azido group in the IR and the chemical shift of methylene protons close 

to the amine groups at 2.91-2.97 ppm. IR: 1102 cm-1 (C-O); 1HNMR: (300 MHz; d4-

Methanol): δH, ppm- (t, 4H, 2.91-2.97), (m, 168H, 3.54-3.76). 

2.1.3 Synthesis of Azido-methoxy-PEG2000 (3) 
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 To synthesize azido-methoxy-PEG2000, 2.0 g poly(ethylene glycol) methyl ether 

(mPEG2000) (1.0 mmol) was combined with 1.5 mL methanesulfonyl chloride (19.4 

mmol) in anhydrous THF (10.0 mL). The mixture was stirred in an ice bath under N2 

atmosphere, followed by the addition of a solution of 3.0 mL DIPEA (17.2 mmol) in THF 

(10.0 mL) dropwise over 30 min. After that, the solution was stirred for 1 h followed by 

removing the reaction flask from the ice bath. The mixture was stirred overnight at room 

temperature. The newly formed solid was dissolved by the addition of cold water (10.0 

mL) on an ice bath. Next, 1.0 N sodium bicarbonate (2 mL) and 1.5 g sodium azide (23.1 

mmol) were added to the solution. Next, THF was removed from the mixture using 

rotatory evaporation and the aqueous phase was refluxed at 100 °C for 24 hr. The product 

was obtained after extraction with dichloromethane (DCM) (5 x 15.0 mL) followed by 

washing steps  with brine (5 x 15.0 mL) and removal of the excess water in the presence 

of magnesium sulfate. DCM was removed by rotary evaporation to afford the final 

product, azido-methoxy-PEG2000, as a white solid compound (1.6 g, 76%). The product 

was dried under high vacuum and stored at -20 °C. The azido-methoxy-PEG2000 

polymer was confirmed by the stretching vibration of the azido group in IR (2110 cm-1). 

Moreover, the methylene protons show a shift from the starting  mPEG material. IR: 

2110 cm-1 (azide); 1HNMR: (300 MHz; CDCl4): δH, ppm- (m, 7H, 3.33-3.41), (m, 168H, 

3.57-3.76).  

2.1.4 Synthesis of amino-methoxy-PEG2000 (4) 

 To synthesize amino-methoxy-PEG2000, 1.8 g of azido-methoxy-PEG2000 (900 

µmol) was combined with 1.5 g of triphenylphosphine (5.7 mmol) ) in anhydrous THF 

(12.0 mL).  This solution was stirred under N2 atmosphere at room temperature 
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overnight. After that, water (1.4 mL) was added and the mixture was again stirred 

overnight. THF was removed by rotary evaporation and water (21.0 mL) was added. 

Immediately after the addition of water a white solid (triphenyl phosphinoxide) was 

formed. The solid and water were removed by gravity filtration and rotary evaporation, 

respectively. Finally, a yellowish solid (1.0 g, 56%) corresponding to amino-methoxy-

PEG2000 was dried under high vacuum and stored at -20 °C. The amino-methoxy-PEG 

product was confirmed by the disappearance of the stretching vibration for the azido 

group in the IR and the chemical shift of methylene close to the amine groups at 2.85-

2.96 ppm. IR: 1102 cm-1 (C-O); 1HNMR: (300 MHz; CDCl4): δH, ppm- (t, 4H, 2.85-

2.96), (s, 3H, 3.32-3.42), (m, 168H, 3.48-3.82). 

2.1.5 Synthesis of succinimide ester of Folic acid (FA-SE) (5) 

 To synthesize FA-SE, 1.5 g of FA (3.4 mmol) was combined with 978 mg of N-

hydroxysuccinamide (NHS) (8.5 mmol), 622 mg of 4-(dimethylamino) pyridine (DMAP) 

(5.1 mmol) and 1.3 g of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 

(EDC) (6.8 mmol) in anhydrous dimethylsulfoxide (DMSO) (50.0 mL). The solution was 

stirred for 48 h at room temperature. The succinimide ester derivative was dried using a 

lyophilizer. The final product, a yellow solid was stored at -20 °C. The partial 

esterification of FA was confirmed by the appearance of the succinimide group in the IR. 

The appearance of the ethylene protons in the 1H NMR provide evidence for the presence 

of SE.  IR: 1688 cm-1 (FA), 1718 cm-1(ester), 1782 cm-1(NHS), 1820 cm-1(NHS); 

1HNMR: (300 MHz, d6-DMSO): δH, ppm-(m, 2 H, 1.85-2.12), (t, 2 H, 2.28-2.34) (s 

broad, 4 H, 2.79), (m, 1 H, 4.31-4.35), (d, 2 H, 4.47-4.49), (d, 2 H, 6.62-6.65), (t, 1H, 

6.92-6.96), (d, 2 H, 7.63-7.66), (d, 1 H, 8.12-8.14), (s broad, 1 H, 8.65).  
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2.1.6 Synthesis of Folic acid amino-PEG2000 (6) 

 To synthesize folic acid amino-PEG2000, 432 mg of diamino-PEG2000 (216 μmol) 

was combined with 175 mg FA-SE (325 μmol) in DMSO (20.0 mL). The mixture was 

stirred for 48 h at room temperature. The material was purified by dialysis with water for 

7 days changing the water twice per day. (Slide-A-Lyzer® dialysis cassette, MWCO 

2000). The  dialyzed solution was dried using a lyophilizer. The final product, a yellow 

solid, was stored at -20 °C. The product was confirmed by the appearance of an amide 

bond in the IR when compared to the starting FA material. A mono-substituted product is 

desired in order to effectively attach the targeting moiety to the PSQ NPs. The target 

compound was purified using dialysis and the mono-substitution was visualized using 1H 

NMR. The integration for the polymer, PEG and the FA protons suggests a mono-

substituted product was obtained after dialysis. (Yield: 105 mg, 20%); IR: 1101 cm-1(C-

O), 1644 cm-1 (amide) 1686 cm-1(FA); 1HNMR: (300 MHz, d6-DMSO): δH, ppm-(m, 2 

H, 1.85-2.12), (t, 2 H, 2.28-2.34), (m, 90 H, 3.54-3.78), (m, 1 H, 4.31-4.35), (d, 2 H, 

4.47-4.49), (d, 2 H, 6.62-6.65), (t, 1H, 6.92-6.96), (d, 2 H, 7.63-7.66), (d, 1 H, 8.12-8.14), 

(s broad, 1 H, 8.65); 13CNMR: (500 MHz; D2O): δC- 28.56, 32.74, 34.40, 39.10, 45.81, 

51.99, 69.36, 112.55, 121.90, 127.58, 129.10, 148.81, 150.82, 156.00, 162.00, 169.66, 

175.71   

2.2 Synthesis and characterization of control tetrakis(carboxy)phenyl porphyrin (C-

TCPP) and redox-responsive tetrakis(carboxy)phenyl porphyrin (RR-TCPP) silane 

derivatives 

The synthesis of the novel C-TCPP and RR-TCPP building blocks was carried out 

through a multi-step synthetic approach (Schemes 3, 4 and 5). Below, the experimental 
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conditions and characterization for each step in the synthesis of both molecules is 

described. 

2.2.1 Synthesis of 5,10,15,20-Tetrakis(carbomethoxy)phenyl porphyrin (TCM4PP) (7) 

 To synthesize TCM4PP, 2.294 g of methyl-4-formyl benzoate (14.0 mmol) was 

added to propionic acid (150.0 mL) with stirring and heated to 151 °C. Then, 970 µL 

(14.0 mmol) of pyrrole was added and the solution was allowed to reflux for 1 h. The 

product was purified by washing with cold methanol and filtered. The deep purple 

crystals were dried under high vacuum and stored at room temperature. (Yield: 651 mg, 

22.0%). The successful synthesis of TCM4PP was confirmed by the appearance of an 

ester peak in the IR (1720 cm-1). The protons for the porphyrin, the phenyl and the methyl 

ester were observed in the 1H NMR (8.8, 8.4, 8.3 and 4.1 ppm). The aliphatic carbons for 

the methyl ester are observed in the 13C NMR (52.60 ppm). The positive ion is visualized 

in the MALDI ([M+1]+ = 847.34). A calibration curve in DMF of this compound was 

obtained by UV-vis spectrometry. The extinction coefficient calculated was 361,700 M-1 

cm-1(λ = 419 nm). IR: 1720 cm-1; 1HNMR: (300 MHz; CDCl3): δH, ppm- (s, 12 H, 4.1), 

(d, 8 H, 8.3), (d, 8 H, 8.4), (s, 8 H, 8.8); 13CNMR: (300 MHz; CDCl3): δC, ppm- 52.60, 

119.51, 128.11, 129.87, 131.21, 134.64, 146.72, 167.35(ester); Calculated mass for 

TCM4PP: C52H36N4O8, 846.90 g/mol; MS (MALDI positive ion): m/Z 847.34 [M +1]+, 

848.67 [M+2]+, 849.38 [M+3]+; Absorbance (DMF): Soret band (λmax = 419 nm,  ε = 

361,700 M-1 cm-1, r2 = 0.9972).    

2.2.2 Synthesis of Tetrakis(carboxy)phenyl porphyrin (TCPP) (8) 

 To synthesize TCPP, 500 mg of TCM4PP (590 µmol) was added to a mixture of 

THF:EtOH (30 mL; 1:1 vol.) containing 4 mL of KOH (2 M). The mixture was stirred at 
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70 °C for 24 h. The product was obtained by evaporating the solvent mixture and 

dissolving in 300 mL of water followed by the addition of 850 µL HCl (37%/v) to allow 

precipitation. The dark blue crystals were filtered, dried under high vacuum and stored at 

room temperature. (Yield: 452 mg, 96.8%). The successful synthesis of TCPP was 

confirmed by a shift in IR from methyl ester to acid (1694 cm-1). The disappearance of 

the methoxy group in the 1H NMR and 13C NMR was evidence for the synthesis of 

TCPP. The parent ion for TCPP was observed in the MALDI ([M] = 790.0). A 

calibration curve in DMF of this compound was obtained by UV-vis spectrometry. The 

extinction coefficient calculated was 399,000 M-1 cm-1 (λ = 419 nm). IR: 1694 cm-1; 

1HNMR: (300 MHz, d6-DMSO): δH, ppm- (q, 16 H, 8.26-8.39), (s, 8 H, 8.85); 13CNMR: 

(500 MHz, d6-DMSO): δC, ppm-  119.84, 128.43, 129.95, 131.00, 132.16, 134.99, 145.95 

167.97(acid); Calculated mass for TCPP: C48H28N4O8, 790.79 g/mol; MS (MALDI): m/Z 

[M], 790.0; Absorbance (DMF): Soret band (λmax = 419 nm, ε = 399,000 M-1 cm-1,  r2 = 

0.9989). 

2.2.3   Synthesis of succinimide ester of TCPP (TCPP-SE) (9) 

  To synthesize TCPP-SE, 455 mg of TCPP (575 µmol) was combined with 993 

mg NHS (8.6 mmol), 422 mg DMAP (3.5 mmol) and 1.1 g EDC (5.7 mmol) in a mixture 

of DCM:DMSO (110 mL; 1.75:1 vol.). This solution was stirred for 2 h in an ice bath. 

After that, the mixture was removed from the ice bath and stirred for another 48 h at 

room temperature. The succinimide ester derivative was purified by precipitation in 

aqueous solution containing 20% EtOH. The magenta colored solid was washed several 

times with the same solution and dried using a lyophilizer. The final product was stored 

at -20 °C (Yield: 651 mg, 96%).The successful synthesis of TCPP-SE was confirmed by 
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the appearance of the ester and succinimide groups in the IR (1736, 1770 and 1803 cm-1). 

The appearance of the ethylene protons in the 1H NMR and aliphatic carbons in the 13C 

NMR suggest an attachment of the SE (3.00 and 26.15 ppm). The positive ion was 

observed in the MALDI for TCPP-SE ([M+1]+ = 1176.04). A calibration curve in DMF 

of this compound was obtained by UV-vis spectrometry. The extinction coefficient 

calculated was 295,100 M-1 cm-1 (λ = 419 nm).  IR: 1736 cm-1(ester), 1770 cm-1(NHS), 

1803 cm-1(NHS); 1HNMR: (300 MHz, d6-DMSO): δH, ppm-(s broad, 16 H, 3.00), (q, 16 

H, 8.51-8.58), (s, 8 H, 8.95); 13CNMR: (500 MHz, d6-DMSO): δC, ppm-

26.15(methylene), 162.64(ester), 171.01(NHS). Calculated mass for TCPP-SE: 

C68H46N4O16, 1175.13 g/mol; MS (MALDI positive ion): m/Z 1176.04 [M +1]+, 1177.42 

[M+2]+, 1178.56 [M+3]+; Absorbance (DMF): Soret band (λmax = 420 nm, ε = 295,100 

M-1 cm-1, r2 = 0.9953). 

2.2.4 Synthesis of TCPP serine derivative (TCPP-Serine) (10) 

 To synthesize TCPP-Serine, 300 mg of TCPP-SE (255 µmol) was combined with 

203 mg of L-serine hydrochloride (1.9 mmol) and 437 µL N,N-Diisopropylethylamine 

(DIPEA) (2.5 mmol) in DMSO (25 mL). The serine was first dissolved in water (3.75 

mL) before adding to DMSO. The mixture was stirred for 48 h at 100 °C. After that, the 

serine derivative was purified by precipitation in aqueous solution containing 25% EtOH 

followed by the addition of 180 µL HCl (37%/v). The blue crystals were washed several 

times with the same solution and dried using a lyophilizer. The final product was stored 

at -20 °C (Yield: 243 mg, 84%). The successful synthesis of TCPP-Serine was confirmed 

by the disappearance of the ester and succinimde groups. A new peak in the IR was 

evidence for the formation of an amide bond (1634 cm-1). The appearance of the protons 
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and carbons for the amino acid serine, suggests a successful conversion (3.92, 4.63, 56.41 

and 61.86 ppm). The parent ion for the TCPP-Serine was also observed ([M+1]+ = 

1138.70). A calibration curve in DMF of this compound was obtained by UV-vis 

spectrometry. The extinction coefficient calculated was 324,600 M-1 cm-1 (λ = 419 nm). 

IR: 1634 cm-1 (amide); 1HNMR: (300 MHz; d6-DMSO): δH, ppm- (d, 8H, 3.92-3.94), (m, 

4H, 4.63-4.69); 13CNMR: (300 MHz; d6-DMSO): δ= 56.41, 61.86 (aliphatic carbons), 

166.93(amide), 172. 57(acid); Calculate mass for TCPP-Serine: C60H50N8O16, 1139.10 

g/mol; MS (MALDI): m/Z [M] 1138.70; Absorbance (DMF): Soret band (λmax = 419 nm, 

ε = 324,600 M-1 cm-1, r2 = 0.9994). 

2.2.5 Synthesis of control TCPP silane derivative (C-TCPP) (11)  

 To synthesize C-TCPP, 170 mg of TCPP-Serine (149 µmol) was combined with 

155 µL of 3-(triethoxysilyl)propyl isocyante (TES-PI) (626 µmol) and 183 µL 

triethylamine (Et3N) in anhydrous N,N-Dimethylformamide (DMF) (10 mL) and stirred 

for 2 h in an ice bath under N2 atmosphere. The mixture was removed from the ice bath 

and stirred at room temperature for another 20 h under N2 atmosphere. The control ligand 

was obtained by precipitation in 80 mL of water followed by the addition of 150 µL of 

HCl (37%/v). The black powder was washed several times with the same solution and 

dried using a lyophilizer. The final product was stored at -20 °C (Yield 219 mg, 69%): 

The successful synthesis of C-TCPP was confirmed by an appearance of the peaks for a 

carbamate carbonyl, silicon-carbon and silicon-oxygen in the IR (1016, 1233 and 1706 

cm-1). NMR was difficult to obtain due to the poor solubility of the compound. A 

calibration curve in DMF of this compound was obtained by UV-vis spectrometry. The 

extinction coefficient calculated was 271,400 M-1 cm-1(λ = 415 nm). IR: 1016 cm-1 (Si-
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O), 1233 cm-1 (Si-C), 1706 cm-1 (carbamate); Absorbance (DMF): Soret band (λmax = 415 

nm, ε = 271,400 M-1 cm-1, r2 = 0.9613). 

2.2.6 Synthesis of 2-(pyridine-2yl-disulfanyl) ethanamide hydrochloride (PDSEA*HCl) 

(12) 

To synthesize PDSEA*HCl, cysteamine hydrochloride (1.132 g, 9.96 mmol) was 

dissolved in MeOH (10mL) and added dropwise to a mixture of 2,2’-dipyridyl disulfide 

(4.4062 g, 20 mmol) and acetic acid (800 µL, 99%/v) in MeOH (20 mL) over 30 min. 

The mixture was stirred at room temperature for 24 h. The compound was purified by 

rotatory evaporation of MeOH followed by precipitation with diethyl ether. The white 

crystals were dried under high vacuum and stored at room temperature. (Yield: 1.86 g, 

84%); IR: 1608 cm-1 (aromatic); 1HNMR: (300 MHz; d6-DMSO): δH, ppm- (m, 4H, 2.98-

3.18), (t, 1H, 7.27-7.33), (d, 1H, 7.73-7.78), (t, 1H, 7.81-7.88), (s, 3H, 8.16-8.28), (d, 1H, 

8.49-8.53); 13CNMR: (300 MHz; d6-DMSO): δC, ppm- 35.30, 38.21 (aliphatic carbons), 

120.60, 122.21, 138.49, 150. 40, 158.59 (aromatic carbons).   

2.2.7 Synthesis of pyridine disulfide ethylamine of TCPP (TCPP-PDSEA) (13) 

To synthesize TCPP-PDSEA, TCPP-SE (314 mg, 267 mmol) was combined with 

PDSEA*HCl (386 mg, 1.7 mol) and Et3N (292 µL, 2.1 mmol) in DMSO (6.5 mL) and 

stirred at 80 °C for 3 days. The product was purified by precipitation in aqueous solution 

containing 20% EtOH. The brown powder was washed several times with the same 

solution and dried using a lyophilizer. The final product was stored at -20 °C. (Yield: 195 

mg, 50%). The successful synthesis of TCPP-PDSEA was confirmed by the appearance 

of the aromatic protons in the 1HNMR (7.24, 7.58, 7.76 and 846 ppm). The disappearance 

of the succinimide groups in IR with an appearance of a peak for an amide bond suggests 
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a succesful synthesis (1638 cm-1). 13C NMR and MALDI-MS were not obtained for this 

compound due to its poor solubility. IR: 1605 cm-1 (aromatic), 1638 cm-1 (amide); 

1HNMR: (300 MHz; d6-DMSO): δH, ppm- (t, 8H, 2.91-3.21), (m, 8H, 3.62-3.89), (t, 4H, 

7.24-7.32), (d, 4H, 7.58-7.65), (t, 4H, 7.76-7.85), (q, 16H, 8.16-8.39), (d, 4H, 8.46-8.50), 

(s, 8H, 9.09). 

2.2.8 Synthesis of TCPP-ethyl thiol (TCPP-EtSH) by reduction of TCPP-PDSEA with 

DL-Dithiothreitol (DTT) (16) 

To synthesize TCPP-EtSH, TCPP-PDSEA (66.9 mg, 46 µmol) was combined 

with DTT (127 mg, 823 µmol) in DMF (6.5 mL). The solution was stirred at room 

temperature for 24 h. The thiol derivative was purified by precipitation in aqueous 

solution containing 25% EtOH followed by the addition HCl (60 µL, 37%/v). The brown 

solid was washed several times with the same solution and dried using a lyophilizer. The 

final product was stored at -20 °C. (Yield: 31.5 mg, 67%). The successful synthesis of 

TCPP-EtSH was confirmed by a disapearance of the aromatic protons for the pyridine in 

the 1HNMR. 13C NMR and MALDI-MS were not obtained for this compound due to its 

poor solubility. 1HNMR: (300 MHz; d6-DMSO): δH, ppm- (q, 8H, 2.74-2.85), (m, 8H, 

3.54-3.65), (m, 16H, 8.21-8.42), (s, 8H, 8.86).  

2.2.9 Synthesis of cysteine disulfide of TCPP (TCPP-Cysteine) (14) 

To synthesize TCPP-Cysteine, TCPP-PDSEA (152 mg, 104 µmol) was combined 

with L-Cysteine hydrochloride (128 mg, 729 µmol) in DMF (5.2 mL). The solution was 

stirred at 60 °C for 48 h. The cysteine derivative was purified by precipitation in aqueous 

solution containing 25% EtOH followed by the addition HCl (180 µL, 37%/v). The 

reddish-brown material was washed several times with the same solution and dried using 
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a lyophilizer. The final product was stored at -20 °C. (Yield: 124 mg, 80%). The 

successful synthesis of TCPP-Cysteine was confirmed by a disapearance of the aromatic 

protons for the pyridine in the 1HNMR. An appearance of the protons and carbons for the 

amino acid cysteine, suggests a successful conversion (3.68, 4.28 and 4.63 ppm). 13C 

NMR and MALDI-MS were not obtained for this compound due to its poor solubility. 

1HNMR: (300 MHz; d6-DMSO): δH, ppm- (m, 8H, 2.98-3.11), (m, 8H, 3.52-3.61), (m, 

8H, 3.68-3.87), (m, 2H, 4.28-4.41), (m, 2H, 4.63-4.71), (m, 16H, 8.12-8.41), (s, 8H, 

8.86).  

2.2.10 Synthesis of redox-responsive TCPP silane derivative (RR-TCPP) (15) 

To synthesize RR-TCPP, TCPP-Cysteine (153 mg, 61 µmol) was combined with TES-PI 

(106 µL, 428 µmol) and Et3N (125 µL, 895 µmol) in anhydrous DMF (11 mL). The 

solution was stirred in an ice bath for 2 h under N2 conditions. The mixture was removed 

from the ice bath and stirred at room temperature for another 20 h still under N2 

atmosphere. The redox-responsive ligand was purified by precipitation in H2O (60 mL) 

followed by the addition HCl (150 µL, 37%/v). The black powder was washed several 

times with the same solution and dried using a lyophilizer. The final product was stored 

at -20 °C. (Yield: 152 mg, 65%). The successful synthesis of RR-TCPP was confirmed 

by an appearance of the peaks for carbamide carbonyl, silicon-carbon and silicon-oxygen 

in the IR. NMR is difficult to obtain due to the poor solubility of the compound. IR: 1019 

cm-1 (Si-O), 1232 cm-1 (Si-C), 1714 cm-1 (carbamide).  

2.2.11 Singlet Oxygen (1O2) for TCPP, TCPP-Serine and TCPP-EtSH 

To measure the amount of 1O2 generated by some of the TCPP derivatives, 1,3-

diphenylisobenzofuran (DPBF) was used as a 1O2 probe. DPBF absorbs at 419 nm in 
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DMF; however, after the reaction with 1O2, the absorbance at this wavelength decreases. 

The reduction in DPBF absorbance is proportional to the amount of 1O2 generated. The 

experimental protocol to measure 1O2 in this work was: DPBF (40 μL, 8 mM) was 

dissolved with the photosensitizer (10 µL, 2.5 µM) in DMF (4 mL). The solution was 

irradiated with white light (400-700 nm, 41 mW/cm2) at different times (20, 40 and 60 s). 

The absorbance at 419 nm of these solutions was measured using a UV-vis 

spectrophotometer after illumination. Moreover, control experiments were run in the 

absence of light. In addition, experiments were carried out using red light (630 -700 nm, 

89 mW/cm2). All the experiments were run by triplicate. The decrease from the original 

amount of DPBF was used to calculate the 1O2 produced. 

2.3 Synthesis and characterization of TCPP-loaded multifunctional PSilQ NPs with 

target-specific capabilities toward cancer cells 

2.3.1 Synthesis of C-TCPP Polysilsesquioxane (PSilQ) NPs (C-TCPP PSilQ NPs) 

The synthesis of PSilQ NPs was carried out through a reverse-microemulsion 

method. Cyclohexane (7.5 mL) was mixed with 1-hexanol (1.6 mL) and Trition X-100 

(1.9 mL) and stirred at room temperature for 24 h. In a scintillation vial, a solution of C-

TCPP (8 mg) in H2O (4 mL) and NH4OH (4 mL) was prepared and immediately added to 

organic phase solution dropwise. The mixture was allowed to stir at room temperature for 

24 h. After that, the C-TCPP PSilQ NPs were obtained by crashing down the material 

after addition of EtOH (40 mL). The material was separated from the solution by 

centrifugation. PSilQ particles were washed twice with EtOH to get rid of organic solvent 

and surfactant.  The material was characterized using dynamic light scattering (DLS), ζ-

potential, scanning electron microscopy (SEM) and thermogravimetric analysis (TGA). 
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2.3.2 Synthesis of RR-TCPP Polysilsesquioxane (PSilQ) NPs (RR-TCPP PSilQ NPs) 

The synthesis of PSilQ NPs was carried out through a reverse-microemulsion 

method. Cyclohexane (7.5 mL) was mixed with 1-hexanol (1.6 mL) and Trition X-100 

(1.9 mL) and stirred at room temperature for 24 h. In a scintillation vial, a solution of RR-

TCPP (8 mg) in H2O (4 mL) and NH4OH (4 mL) was prepared and immediately added to 

organic phase solution dropwise. The mixture was allowed to stir at room temperature for 

24 h. Following, the RR-TCPP PSilQ NPs were obtained by crashing down the material 

after addition of EtOH (40 mL). The material was separated from the solution by 

centrifugation. PSilQ particles were washed twice with EtOH to remove organic solvent 

and surfactant.  The material was characterized using DLS, ζ-potential, SEM and TGA. 

2.3.3 Conjugation of FA-PEG-NH2 to C-TCPP and RR-TCPP PSilQ NPs 

To conjugate FA-PEG-NH2 polymer to the PSilQ NPs, C-TCPP or RR-TCPP 

PSilQ NPs (7 mg) was combined with EDC (35 mg) and H2N-mPEG/FA-PEG-NH2 

(70/30 wt/wt) in anhydrous acetonitrile (10 mL). The mixture was allowed to stir at room 

temperature under N2 atmosphere for 48 h. The FA-PEG-NH2 PSilQ NPs were obtained 

by evaporating the solvent and re-dispersing in EtOH. The material was characterized 

using DLS, ζ-potential, SEM and TGA. 

2.3.4 Conjugation of H2N-mPEG to C-TCPP and RR-TCPP PSilQ NPs 

To conjugate H2N-mPEG polymer to PSilQ NPs, C-TCPP or RR-TCPP PSilQ 

NPs (7 mg) was combined with EDC (35 mg) and H2N-mPEG (70 mg) in anhydrous 

acetonitrile (10 mL). The mixture was allowed to stir at room temperature under N2 

atmosphere for 48 h. The H2N-mPEG PSilQ NPs were obtained by evaporating the 
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solvent and re-dispersing in EtOH. The material was characterized using DLS, ζ-

potential, SEM and TGA. 
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CHAPTER 3: RESULTS AND DISCUSSION 

 

 

3.1. Synthesis and characterization of Folic acid-Polyethylene glycol-Amine (FA-PEG-

NH2) and Methoxy Polyethylene glycol-Amine (MeO-PEG-NH2) 

PEG is widely used for drug delivery applications to hinder nanoparticles from 

the mononuclear phagocyte system.70 In this work, two versions of PEG derivatives were 

synthesized to functionalize the TCPP-PSilQ nanoparticles. MeO-PEG-NH2 polymer 

enhances the colloidal stability in physiological conditions and neutralizes the charge on 

the surface of the PSilQ nanoparticles. This molecule is chemically attached to the PSilQ 

nanoparticles by a conjugation reaction between the amine group in the PEG chain and 

the carboxylic acid groups chemically available in the PSilQ nanoparticle (Figure 10). In 

a similar way, FA-PEG-NH2 polymer contains an amine group to modify the exterior 

surface of PSilQ NPs. Moreover, this polymer molecule also contains folic acid, which is 

a well-known targeting agent. FA targets folate receptors that are widely overexpressed 

in different types of cancer cells. To synthesize the desired MeO-PEG-NH2 and FA-PEG-

NH2 polymers, a synthetic approach already reported in the literature was followed with 

slight modifications.77-80 To convert the alcohol group(s) in the starting materials to 

amine group(s) (Scheme 1), the polymer was reacted with MsCl in anhydrous THF to 

afford a good leaving group. The PEG mesylate derivative was reacted with NaN3, a 

strong nucleophile, to afford the azido PEG product. The characterization results of the 

product by 1H NMR and IR, which are similar to those reported in the literature, strongly 

suggest the successful synthesis of the desired azide PEG polymer. To convert the azide 
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derivatives to amines a mild reduction was carried out by following the Staudinger 

reaction conditions. The azide PEG chain was reacted with P(Ph)3 in anhydrous THF to 

generate the corresponding iminophosphorane. An aqueous work-up lead to the desired 

amino PEG derivatives and the very stable phosphine oxide as by-product. The 

characterization data by IR showed the disappearance of the stretching vibration for the 

azide group at 2110 cm-1. Moreover, the chemical shift in 1H NMR for the methylene 

close to the amine group match with what has been reported in the literature. Overall, our 

data confirm the synthesis of the amino-PEG derivatives. The diamino-PEG polymer was 

further reacted with FA to afford the FA-PEG-NH2 targeting ligand (Scheme 1 and 2). 

Firstly, the carboxylic acid group in the FA molecule was activated by using coupling 

reaction in the presence of EDC and NHS. The succinimide ester derivative enhances the 

reactivity of the FA toward nucleophilic substitution by amines.73 The synthesis of FA-

SE was confirmed by IR and 1H NMR. This product was dissolved in DMSO and reacted 

with diamino-PEG for 48 h at RT. As expected from a statistical or non-selective 

reaction, there is the possibility of obtaining all the possible products. To obtain the 

desired FA-PEG-NH2 product, a separation procedure reported in the literature was 

followed.79,80 The final mixture was transferred to a dialysis bag and the sample was 

dialyzed for 5 days with water. The final product was obtained by rotatory evaporation 

followed by lyophilization for 2 days. The characterization results by 1H NMR and IR 

show that the desired compound was obtained.     

3.2 Synthesis and characterization of control tetrakis(carboxy)phenyl porphyrin (C-

TCPP) and redox-responsive tetrakis(carboxy)phenyl porphyrin (RR-TCPP) silane 

derivative 
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The synthesis of porphyrin-based silane derivatives has been an area of interest 

for more than two decades due to their wide variety of applications. Recently, tetra-

substituted TCPP silsesquioxane was covalently incorporated into periodic mesoporous 

organosilica (PMO) thin films to study its potential uses in photocatalysis and 

photoelectrochemistry.74 In another study, TCPP-PMOs were designed and displayed 

efficiency in catalytic hydrogen transfer reactions.75 In this work, two novel versions of 

TCPP derivatives were synthesized and characterized. These molecules were employed 

as building blocks for the fabrication of PSilQ NPs. To synthesize the desired C-TCPP 

and RR-TCPP, a similar synthetic approach was followed (Schemes 3, 4 and 5). Firstly, 

the synthesis of TCM4PP is realized through the reaction of benzaldehyde and pyrrole in 

propionic acid at 150 °C.81 The methyl ester porphyrin then underwent hydrolysis under 

basic conditions in THF/EtOH to afford TCPP.81 A distinct changed in the stretching 

vibration of the carbonyl from the methyl ester (1720 cm-1) to the carbonyl from the 

carboxylic acid (1694 cm-1) along with the disappearance of the methyl groups 

demonstrated the successful synthesis of TCPP. The next step is the conjugation of TCPP 

with NHS in the presence of EDC to afford the TCPP-SE molecule.  The TCPP-SE 

derivative includes a succinimide ester which is an excellent leaving group after the 

nucleophilic acyl substitution with amine groups to afford the corresponding amides. This 

reaction was kept at 0 °C followed by warming to room temperature to avoid hydrolysis. 

The synthesized TCPP-SE molecule showed a distinct stretching vibration in IR 

corresponding to the ester and succinimide group (1736, 1770 and 1803 cm-1). In 

addition, the appearance of the ethylene groups in 1H and 13C NMR provided further 

evidence for the successful synthesis of TCPP-SE. TCPP-SE was reacted with serine in 
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DMSO followed by aqueous work-up in acidic conditions to afford the amino acid form 

of TCPP, TCPP-Serine. The amine group of serine is a stronger nucleophile than the 

alcohol group, which allowed the exclusive synthesis of the amide bond, but not the ester 

derivative. The disappearance of the succinimide peaks from NHS and the appearance of 

serine’s peaks in IR and NMR confirmed the synthesis of TCPP-serine. Lastly, the C-

TCPP silane derivative was synthesized by reacting TCPP-Serine with TES-PI under N2 

atmosphere in anhydrous DMF for 22 h. This was followed by aqueous work-up in acidic 

conditions to afford C-TCPP. The solubility of C-TCPP is poor in both organic and 

aqueous solvents, therefore NMR was difficult to obtain. However, the IR provides some 

evidence for synthesis of the desired molecule. The IR shift for the carbonyl group (1706 

cm-1) along with the appearance of the Si-C (1233 cm-1) and Si-O  (1016 cm-1) are an 

indication for a successful conversion.  

The synthesis of the redox-responsive linker RR-TCPP was attempted using two 

different approaches as shown in Scheme 6. The first approach follows a similar protocol 

to the one for the synthesis of TCPP-serine. TCPP-SE was reacted with cysteine in 

DMSO to afford TCPP-cysteine. The premise for this first method was the previous 

success with the synthesis of TCPP-Serine. However, the final product was not confirmed 

neither by 1HNMR nor MALDI. The aliphatic protons for the amino acid were not visible 

and the use of MALDI did not identify the cysteine derivate of TCPP (Table 1). As in the 

case with serine, the reaction was carried out in DMSO because this solvent easily 

dissolved both TCPP-SE and the amino acid; however, it was found out in the literature 

that cysteine can be oxidized by DMSO to form a disulfide bridge between two cysteines 

along with H2O and dimethyl sulfide.76 We hypothesize that the reaction between the 
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oxidized cysteine (disulfide bridged) and TCPP-SE is not successful due to steric 

hindrance and may also be due to intramolecular hydrogen bond between the hydrogens 

on the amine group and lone pairs on the sulfur atom. Therefore a second approach using 

TCPP-SE with pyridine disulfide cysteine hydrochloride was investigated (Scheme 6). 

Nevertheless, the reaction was not successful as was shown by the lack of presence of 

peaks for the cysteine in 1HNMR. Despite different synthetic conditions used to push the 

reaction forward, all of them failed (Table 1). This approach was not successful 

presumably because the amine nucleophile from the PDSC derivative was unable to 

approach and react with the carbonyl from TCPP-SE due to steric hindrance.  

 
Scheme 6: Two unsuccessful synthetic approaches in pursuit of the synthesis of RR-

TCPP.  

 

 

 

 

 

 

 

 

 



43 

 

 

 

 

 

 

Table 1: Several conditions and results using approaches I and II. 

 
 

 The successful synthesis of the redox-responsive linker was carried out following 

the steps depicted in Scheme 4. Firstly, TCPP-SE was reacted with PDSEA*HCl and 

Et3N in DMF at 80 °C. NMR confirmed the synthesis of TCPP-PDSEA. The peaks in 1H 

NMR for the succinimide group are no longer present; moreover, aromatics peaks 

corresponding to the pyridine group are observed.  TCPP-PDSEA is further reacted 

through a disulfide displacement with cysteine in DMF at 60 °C. The disappearance of 

the peaks in 1H NMR corresponding to pyridine  and the appearance of the peaks in 1H 

NMR associated to cysteine suggested the successful disulfide reaction to afford TCPP-

cysteine. Lastly, TCPP-cysteine was reacted with TES-PI in anhydrous DMF under N2 

atmosphere. The final product (RR-TCPP) was worked-up in aqueous acidic conditions. 

The solubility of RR-TCPP is poor in both organic and aqueous solvents; therefore, this 

compound was not characterized by NMR and MALDI-MS. However, the IR provides 
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some evidence for the synthesis of the desired molecule. The IR shift for the carbonyl 

group (1714 cm-1) along with the appearance of the Si-C (1222 cm-1) and Si-O (1019 cm-

1) are an indication for the successful conversion.  

3.3 Singlet Oxygen Generation of TCPP derivatives 

In PDT, the main function of a photosensitizer is to produce 1O2. To evaluate 

whether the successive chemical modifications of the TCPP molecule affect 1O2 

generation, we measured the amount of 1O2 generation in TCPP (Compound 8), TCPP-

Serine (Compound 10) and TCPP-EtSH (Compound 16) by using a chemical probe 

(Figure 11). 1,3-diphenylisobenzofuran (DPBF) was used as 1O2 probe in this work. 

DPBF is a singlet oxygen scavenger that reacts in a diels-alder [4 + 2]-cycloaddition with 

the singlet oxygen generated by the excited PS. DPBF usually absorbs light at 419 nm; 

however, after the reaction with 1O2 the resulting product does not absorb light at that 

wavelength. By taking advantage of this quenching assay, we can indirectly quantify the 

amount of 1O2 generated by the TCPP derivatives. Samples of TCPP, TCPP-serine and 

TCPP-EtSH were prepared in DMF together with DPBF at a concentration of 2.5 µM and 

5 µM, respectively. The samples were illuminated using white (400-700 nm) and red 

(630-700 nm) light at different intensities. The data show that the generation of 1O2 by 

the TCPP, TCPP-serine and TCPP-EtSH after irradiation with white light does not have 

statistically significant differences (Figure 11a). In the case of red light, a slightly higher 

generation of 1O2 was observed with TCPP-serine (Figure 11b). Our results showed that 

the production of 1O2 is slightly affected by the modification of TCPP. Therefore, as long 

as we have the same amount of TCPP molecules in the PSilQ nanoparticles, the 

phototoxicity properties should be comparable.   
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Figure 11: Singlet oxygen production using TCPP, and the two amino acid derivatives, 

TCPP-Serine and TCPP-Cysteine respectively. 

 



46 

 

3.4 Synthesis and characterization of TCPP-loaded multifunctional PSilQ NPs with 

target-specific capabilities toward cancer cells 

3.4.1 PSilQ NPs; Control and Redox-responsive 

The PSilQ nanoparticles in this work were synthesized by following a reverse 

microemulsion method composed of a quaternary system. Reverse phase microemulsions 

are highly tailorable systems that consist of nanometer-sized water droplets stabilized by 

a surfactant in a predominantly organic phase.72 The micelles in the microemulsion 

essentially act as ‘‘nanoreactors’’ that assist in controlling the kinetics of particle 

nucleation and growth. This method allows for careful control of particle size and 

polydispersity. The reverse microemulsion method is superior to the Stöber method for 

making monodisperse silica nanoparticles smaller than 100 nm.72 The quaternary system 

consists of Triton X-100, 1-hexanol, cyclohexane and C-TCPP or RR-TCPP, which are 

used as surfactant, co-surfactant, organic solvent and silica precursor, respectively. 

Firstly, the silica precursor is dissolved in water in the presence of a base (NH4OH or 

NaOH) to accelerate the polymerization reaction. Previous experiences in our group with 

porphyrin-based silica precursors has shown the challenges to dissolve these precursors 

in aqueous solutions. However, in the case of C-TCPP and RR-TCPP molecules, the 

presence of “free” carboxylic acid groups facilitates this step because they are 

deprotonated under basic conditions affording carboxylates. These anionic groups 

increase the solubility of  C-TCPP and RR-TCPP building blocks. The microemulsion 

reaction is carried out for 24 h at RT. After that, the PSilQ nanoparticles are obtained by 

centrifugation after the material has been crashed down with EtOH.  The obtained red 

powder for C-TCPP and RR-TCPP-PSilQ NPs resemble the same color of both the C-
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TCPP and RR-TCPP precursors. The structural properties of these PSilQ nanoparticles 

were characterized by DLS, zeta-potential, SEM and TGA. The DLS showed that the 

hydrodynamic diameter of C-TCPP PSilQ NPs is 1082 ± 279 and 537 ± 193 nm in EtOH 

and PBS, respectively. In the case of RR-TCPP PSilQ NPs, the hydrodynamic diameter is 

1008 ± 296 and 685 ± 218 nm in EtOH and PBS, respectively. The colloidal stability of 

both C-TCPP and RR-TCPP PSilQ NPs is better in PBS than EtOH because this solution 

has a higher ionic strength. The presence of negative charge in the PSilQ NPs under these 

conditions increases the electrostatic repulsion between PSilQ NPs. It is also important to 

notice that the colloidal stability of this TCPP PSilQ platform has been dramatically 

improved in comparison with our previous PpIX PSilQ system. The zeta potential for C-

TCPP and RR-TCPP PSilQ NPs in PBS was -26.1 ± 4.3 and -31.3 ± 4.0 mV, 

respectively. The zeta-potential measurements confirmed that the surface of the PSilQ 

NPs is negatively charged due to the presence of “free” carboxylates. As mentioned 

above, the surface charge also has a positive impact in the colloidal stability of these 

PSilQ particles. SEM images show that the size of C-TCPP PSilQ NPs is 40 nm in 

diameter (Figure 12). The amount of organic content was determined to be 20 and 35% 

(wt%) (Table 2) by TGA. Nevertheless; these values are way too low for what is 

expected for these type of materials based on the literature and our own experience. It 

was noticed that after running the TGA experiment, a black powder was collected, 

instead of the expected white powder due to the formation of SiO2 after calcination at 800 

ºC. The way that TGA determines the amount of organic content is by calculating the 

difference in weight after the sample has been burned out and the products of combustion 

(CO2 and H2O) left the TGA pan. In the case of C-TCPP PSilQ NPs, it appears that 
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instead of forming CO2, carbon is formed. Carbon does not leave the TGA pan, which is 

misleading our calculations for TGA. UV-vis spectroscopy will to be used as an 

alternative to calculate the amount of TCPP in the nanoparticles.   

3.5 Conjugation of FA-PEG and Meo-PEG to PSilQ NPs  

 The C-TCPP and RR-TCPP-PSilQ nanoparticles were further functionalized with 

MeO-PEG-NH2 and FA-PEG-NH2 polymers. The modification was carried out by a 

conjugation reaction mediated by EDC between the carboxylic acid groups in the surface 

of the nanoparticles and the amine groups from the PEG chains. The structural properties 

of the modified MeO-PEG/FA-PEG-C-TCPP and RR-TCPP PSilQ nanoparticles were 

characterized by DLS and zeta-potential (Table 3).  The hydrodynamic diameter of MeO-

PEG C-TCPP PSilQ NPs is  804 and 578 nm in EtOH and PBS, respectively. In the case 

of FA-PEG C-TCPP the hydrodynamic diameter is 1837 and 478 nm in EtOH and PBS, 

respectively. There is an increment of the hydrodynamic diameter after PEGylation 

because PEG polymer shields the surface charge of the nanoparticle, which reduces the 

electrostatic repulsion. As was expected, the surface charge of MeO-PEG and FA-PEG 

C-TCPP PSilQ NPs was dramatically reduced to -6.1 and 1.7, respectively.  
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Figure 12: SEM images of C-TCPP PSilQ NPs. The inset shows a zoom-in of the NPs. 

The size of the NPs is ~40 nm in diameter. 
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Table 2: Structural properties of C-TCPP and RR-TCPP PSilQ NPs. 

 
 

 

Table 3: Structural properties of FA-PEG and MeO-PEG C-TCPP PSilQ NPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 

 

 

CHAPTER 4: CONCLUSIONS AND FUTURE WORK 

 

 

PDT is an alternative to current treatments such as chemotherapy and radiation 

therapy for oncological applications. However, more efficient methods for the delivery of 

photosensitizers need to be developed to increase its impact in clinical settings. 

Degradable hybrid nanoparticles that can target cancer cells and be degraded under 

specific conditions are a promising approach to enhance both the loading of 

photosensitizers and the phototoxic effect. In this study, we have focused our efforts on 

developing degradable hybrid nanoparticles based on the PSilQ platform. In particular, 

we have used TCPP building blocks that can be degraded under reducing conditions to 

build PSilQ nanoparticles. This material was modified with PEG polymer that contains 

folic acid, a well-established targeting agent. Our approach to reach this goal was divided 

in three specific aims; 1) Synthesis and characterization of FA-PEG-NH2 and MeO-PEG-

NH2; 2) Synthesis and characterization of the C-TCPP and RR-TCPP silane derivatives; 

and 3) Synthesis and characterization of target-specific TCPP-loaded PSilQ NPs.    

The synthesis of FA-PEG-NH2 and MeO-PEG-NH2 was carried out following  protocols 

already reported in the literature.77-80 PEG and MeO-PEG materials were converted to 

their corresponding amine derivatives by introducing azido moieties followed by a mild 

reduction using the Staudinger conditions. To afford FA-PEG-NH2, the diamino-PEG 

chain was reacted with the activated FA-SE. The crude mixture of FA-PEG-NH2 was 

purified to obtain the mono-substituted product by using a dialysis bag in water as was 

previously reported. The products obtained in the different steps of the synthesis were 

characterized by FTIR and 1H NMR. The data obtained was consistent with the 
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characterization results previously reported in the literature. This confirmed the 

successful synthesis of FA-PEG-NH2 and MeO-PEG-NH2. These PEG-polymer chains 

were used to modify the surface properties of the PSilQ nanoparticles.  

The novel C-TCPP and RR-TCPP silane derivatives were synthesized via multi-

step synthetic pathway. For the first part of the synthesis, up to TCPP-SE, we followed 

procedures already reported in the literature with some modifications.81 TCPP-SE was 

reacted with serine to afford TCPP-serine. TCPP-serine was further reacted with the 

silane precursor, TES-PI to obtain the desired C-TCPP. The different steps for the 

synthesis of C-TCPP were characterized by IR, NMR and MALDI-MS when the 

solubility of the compounds allowed it. To obtain TCPP-cysteine, the same approach as 

the one for serine was followed; however, this synthetic strategy did not work  in the case 

of cysteine. Presumably, due to the formation of cysteine dimers after oxidation in 

DMSO, which inhibits by steric effects the nucleophilic attach of the amine group. An 

alternative approach was designed where TCPP-SE was reacted with pyridine-disulfide 

cisteamine to afford TCPP-PDSEA. This compound was further reacted with cysteine by 

a disulfide exchange followed by the reaction with TES-PI to afford the desired RR-

TCPP molecule. The products in each step of the reaction were characterized by FTIR, 

1H NMR, 13C NMR, UV-vis spectroscopy and MALDI-TOF when the solubility of the 

TCPP molecules allowed it. As far as we know, both C-TCPP and RR-TCPP are novel 

pophyrin-based silane derivatives that has not been reported in the literature. It is 

important to point out that it was found that the synthesis of these TCPP-derivatives 

resulted in a mixture of mono, di, tri and tetra-substituted products. The purification of 

these mixtures was not further pursued in this work. We hypothesized that for the 
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synthesis of TCPP-PSilQ nanoparticles the presence of TCPP building blocks with 

different degree of substitution will not dramatically affect the final structural and 

photophysical properties of the desired materials. Moreover, it was observed that the 1O2 

production of TCPP versus some of the modified TCPP derivatives (TCPP-serine and 

TCPP-EtSH) was comparable. Therefore, it was concluded that a mixture of TCPP 

building blocks with different degrees of substitution does not have any major effect on 

the phototoxic capabilities of the PSilQ nanoparticles fabricated in this work.  

The PSilQ NPs were synthesized using a reverse-microemulsion method already 

reported in the literature. The process involves an organic phase comprised of a 

surfactant/co-surfactant, and an aqueous phase with the dissolved PS silica precursor. The 

structural properties were determined using DLS, ζ-potential and SEM. Both C-TCPP 

and RR-TCPP PSilQ particles showed similar colloidal stability under physiological 

conditions. Moreover, as expected, the surface charge is highly negative due to the 

presence of “free” carboxylates in the surface of the nanoparticles. SEM images 

confirmed the successful synthesis of spherical nanoparticles with a diameter of 40 nm. 

Finally, C-TCPP PSilQ NPs were functionalized with MeO-PEG-NH2 and a mixture of 

FA-PEG-NH2/MeO-PEG-NH2 polymers. The structural properties of the PEGylated 

PSilQ materials were determined by using DLS and ζ-potential. As anticipated, an 

increase in the hydrodynamic diameter for the PEGylated materials was observed due to 

the shielding of the negative charge in the presence of PEG chains. This effect was 

confirmed by the shift in the zeta-potential toward neutral values for all the PEGylated 

materials.    
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Future work 

The issues with the quantification of TCPP loading in the PSilQ particles by TGA 

need to be addressed. Some alternatives for the quantification of TCPP or silane 

molecules are UV-vis spectroscopy or OES-MS, respectively. The photophysical 

properties of the PSilQ NPs such as UV-vis, fluorescence and 1O2 generation have to be 

determined. Moreover, the stimuli-responsive properties of the RR-TCPP-PSilQ 

nanoparticles need to be further characterized in solution in the presence of a reducing 

agent and compared with the control sample. Previous reports from our group have 

shown that similar PSilQ nanoparticles containing redox-responsive protophorpyrin-IX 

derivatives as PS agent are degraded under high reducing environment. We envision that 

a similar performance will be obtained for the PSilQ platform developed in this project. 

Finally, the in vitro properties of these nanoparticles need to be tested with different 

cancer cell lines. The cytotoxicity in the absence and presence of light will be tested by 

the MTS assay. The target-specificity of the FA-PEG PSilQ NPs will be evaluated by 

flow cytometry using cancer cells that overexpress folate receptors such as HeLa or colon 

cancer cell lines. The internalization and final fate of the nanoparticles will be determined 

by confocal microscopy. Hela cell lines, breast and colon cancer cell lines are some 

alternatives to be used for characterizing the in vitro performance of the TCPP PSilQ 

platform. 
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APPENDIX:FIGURES 

 

Figure A1.1: FT-IR spectra of succinimide ester of TCPP (9). IR: 1736 cm-1 (ester), 1770 

cm-1 (NHS) and 1803 cm-1 (NHS). 
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Figure A1.2: 1HNMR spectra for succinimide ester of TCPP (9). 
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     Figure A1.3: 13CNMR spectra for succinimide ester of TCPP (9). 

 

 



66 

 

 

 

 
 

Figure A1.4: MALDI-TOF for succinimide ester of TCPP (9). M/Z, 1176.04 [M + 1]+, 

1177.42 [M + 2]+ and 1178.56 [M + 3]+. 
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Figure A1.5: FT-IR spectra for TCPP serine derivative (10). IR: 1634 cm-1 (amide). 
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Figure A1.6: 1HNMR spectra for TCPP serine derivative (10). 
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Figure A1.7: 13CNMR spectra for TCPP serine derivative (10). 
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Figure A1.8: MALDI-TOF for TCPP serine derivative (10). M/Z, 1138.70 [M]. 
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Figure A1.9: FT-IR spectra for control TCPP silane derivative (11). IR: 1016 cm-1 (Si-O), 

1233 cm-1 (Si-C) and 1706 cm-1 (carbamate). 
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Figure A1.10: FT-IR for pyridine disulfide ethylamine of TCPP (13). IR: 1638 cm-1 

(amide). 
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Figure A1.11: 1HNMR spectra for pyridine disulfide ethylamine of TCPP (13). 
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Figure A1.12: 1HMNR spectra for cysteine disulfide of TCPP (14). 
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Figure A1.13: FT-IR spectra for redox-responsive TCPP silane derivative (15). IR: 1019 

cm-1 (Si-O), 1232 cm-1 (Si-C) and 1714 cm-1 (carbamide). 
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