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ABSTRACT 
 
Polymeric nanoparticles have a wide range of applications, particularly as drug delivery 

and diagnostic agents, and tannins have been regarded as a promising building block for 

redox and pH responsive systems. Tannins are a class of naturally occurring polyphenols 

commonly produced by plants and are found in many of our consumables like teas, 

spices, fresh fruits, and vegetables. Many of the health benefits associated with these 

foods are a result of their high tannin contents and the many different types of tannins 

found in various plants have demonstrated therapeutic potentials for conditions ranging 

from cardiovascular disease and diabetes to ulcers and cancer. Diets rich in tannins have 

been associated with lower blood pressure in patients with hypertension. The plurality of 

phenols in tannins also makes them powerful antioxidants and as a result, there is a lot of 

interest in taking advantage of their self-assembling abilities to make redox and pH 

responsive drug delivery systems. However, the benefit of natural tannins is limited by 

their instability in physiological conditions. Furthermore, there is limited control over 

molecular weight and reactivity of the phenolic content of plant extracts. Herein we 

report the novel synthesis of pseudotannins with control over molecular weight and 

reactivity of phenolic moieties. These pseudotannins have can form nanoscale 

interpolymer complexes under physiological conditions and have demonstrated 

antioxidative potential. Furthermore, pseudotannin IPCs have been shown to be 

responsive to physiologically relevant oxidation as well as the ability to easily 

incorporate cell targeting peptides, fluorescent tags, and MRI contrast agents. The work 

presented here describes how pseudotannins would be ideally suited to minimally 

invasive techniques for diagnosing atherosclerotic plaques and targeting triple negative 
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breast cancer. We demonstrate that pseudotannin can very easily and quickly form 

nanoscale particles that are small enough to be uptaken into mammalian cells. 

Furthermore, by self-assembling with gadolinium, pseudotannins can effectively 

attenuate the signal of gadolinium based MRI contrast agents. This in conjunction with 

oxidation responsive decomplexation could be a viable option for diagnosing the severity 

and risk of rupture of atherosclerotic plaques. Also, we demonstrate that pegylated 

compounds can easily be incorporated into pseudotannin nanoparticles to impart cell 

targeting functionality. The subsequent uptake of pseudotannin nanoparticles into breast 

cancer cells demonstrated the ability to increase their sensitivity to UV radiation. The 

creation of synthetic tannin-like polymers leads to directly to making a variety of self-

assembling, stimuli responsive, and bioactive nanoparticles well-suited for various 

biomedical applications.  
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PREFACE 
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CHAPTER 1  
INTRODUCTION 

1.1 Motivation 
Polymeric nanoparticles have a wide range of applications, particularly as drug delivery 

and diagnostic agents. Not only do they enhance bioavailability of active agents, but they 

also improve their biocompatibility. By doping with drugs, targeting moieties, and 

stimuli-responsive agents, nanoparticles can provide a non-invasive option to treat and 

diagnose various conditions by improving the efficacy of the loaded drugs while 

simultaneously minimizing their side effects. However, there has been significant interest 

in avoiding the need to dope altogether and impart those properties into the particle itself 

by using inherently bioactive polymers. This shift leads to the development of facile and 

versatile methods of creating responsive nanoparticles. As a result, tannins have garnered 

a lot of interest due to their bioactive properties and ability to self-assemble into 

nanoscale colloids. However, there are many limitations to using natural tannins in 

biomedical applications.  

 For a while, there has been a lot of interest in polyaromatics for a wide range of 

materials research due to their thermal, electrical and optical properties, but polyphenols 

in particular have a unique set of intrinsic properties specifically suited to biomaterial 

research.1,2 Small molecular weight phenolic materials have already demonstrated a wide 

range of utilities ranging from tissue adhesives to in-situ setting implants to antibacterial 

biomaterials.3-5 A phenol refers to hydroxyl groups bound to an aromatic group or an 

unsaturated carbon. This ring structure lends itself to accepting unpaired electrons, 

making phenols, and polyphenols by extension, susceptible to oxidation. This inherent 

antioxidant capacity make polyphenols potential building blocks for redox and pH 
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responsive biomaterials but not all polyphenols are the same.  

 Natural tannins are a class of high molecular weight polyphenols commonly produced 

by plants as binding and protective agents, and as a result, many of our consumables like 

teas, spices, fresh fruits, and vegetables happen to already be rich in tannins.6-8 Tannins 

maintain the unique bioactive properties of small molecular weight phenols and combine 

them with the functionality of a high molecular weight polymer. Much of the recent 

interest in tannins stems from their medicinal properties. The many different types of 

tannins found in different types of plants have demonstrated a wide range of therapeutic 

potentials for conditions ranging from bacterial infections and diabetes to ulcers and 

cancer. 9-13 These natural antioxidants have even been associated with lower blood 

pressure in patients with hypertension when supplemented in diets.14,15 In fact, many of 

the health benefits associated with natural foods, like red wine or fresh fruits, has been 

attributed to their tannin content. These health benefits are attributed to the antioxidant 

potential of tannins because they mitigate the oxidative stress that propagates these 

conditions. 

 Even with these relatively recent applications, tannins have been used in modern 

societies for centuries. One of the historical uses for tannins found in nature was tanning 

animal hides to make leather, a process that takes advantage of the tannin’s ability to self-

assemble with other macromolecules and form interpolymer complexes (IPC). The 

complexes eventually oxidize and form covalent crosslinks between the associated 

polymers, but the initial polymer complexation is unique to high molecular weight 

polyphenols and as such is a defining feature of tannins. This self-assembly was also used 

as early as the 5th century to make inks. Iron gall ink is made by mixing tannic acid with 
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iron salts. The resulting precipitate gave the ink its dark color. However, modern tanning 

methods and commercial inks have moved away from natural tannin complexation in 

order to expedite the manufacturing process. Regardless, polymer complexation is a 

quick and easy means of creating macro and nanoscale biomaterials that maintain the 

activity of natural tannins. The resurgence of interest in IPCs for biomedical applications 

has coincided with the rise of stimuli-responsive polymers and more recently, polymer 

complexation has been used in one-step assemblies of nanoparticles for drug delivery 

applications. 

 Polymer complexation is a nonspecific interaction between complimentary 

macromolecules due to hydrogen bonding, electrostatic, or hydrophobic interactions and 

these kinds of polymer interactions have already been well studied.16-19 A lot of research 

has used polymer complexation to create pegylated membranes, but Peppas and 

coworkers pioneered the use complexation between poly(methacrylic acid) (PMA) and 

poly(ethylene glycol) (PEG) in hydrogels to develop pH-responsive oral drug delivery 

systems.20 They demonstrated the ability to use this interaction to load hydrogels with 

various bioactive molecules and control their rate of release.21-23 Similarly, the 

antioxidative and hydrogen bonding characteristics of natural tannins could give 

biomaterials inherent antioxidative and pH-responsive properties, and they have already 

been incorporated as an integral component of a number of novel biomaterials. For 

example, Lu and coworkers used green tea polyphenols to form nanoliposomes in order 

to enhance the bioavailability of tea polyphenols.24 Kim and coworkers created pH-

responsive layers of drug loaded micelles by alternating with layers of tannic acid.25  

1.2 Challenges 
The therapeutic potential of natural tannins and their ability to complex with 



 4 

macromolecules is a powerful tool for the design of biomaterials, but natural 

hydrolysable tannins are unstable in physiological environments and dietary tannins are 

limited by their bioavailability.26,27 Many of the therapeutic effects demonstrated by 

tannins would require almost toxic doses of tannins for treatment, so alternate delivery 

methods need to be developed.28 Tannins, like other large molecules, have difficulty 

crossing lipid membranes making cell treatment difficult. Tannins, due to their 

responsiveness, are also sensitive to light and oxygen and have been shown to be unstable 

at physiological pH.29 This makes it difficult to store and process tannins, which presents 

major challenges when developing tannin based biomaterials. Part of the challenge stems 

from the fact that hydrolysable tannins, like tannic acid, have a plurality of depsidic 

bonds. Figure-1 shows the structure of tannic acid, a hydrolysable tannin that consists of 

galloyl groups linked together by depsidic bonds that branch out from a glucose core. The 

instability of the depsidic bonds at above neutral pH makes tannic acid susceptible to 

degradation. However, some researchers have demonstrated that the stability of tannic 

acid is partially dependent on the complexation partner.30 Recently, layer-by-layer 

microparticle assemblies of tannic acid with various neutral polymers like poly(N-

vinylpyrrolidone), poly(N-vinylcaprolactam), or poly(N-isopropylacrylamide) have also 

been made and Kozlovskaya et. al. demonstrated that the particles can be stable at a range 

of pH from 2-10.30 Furthermore, the properties of these particles can be tuned to the type 

of neutral polymer incorporated.30 However, these nanoparticle systems can’t take 

advantage of the tannin’s redox and pH responsiveness, but work presented here 

demonstrates that tannins complexed with biocompatible polymers can be used to form 

biomaterials. 
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 There have also been concerns about how polymer complexation affects or limits the 

bioactivity of polyphenols or the complimentary components. Some plants produce 

tannins as a means of self-defense. When a tannin rich plant is consumed, the tannins will 

bind to and precipitate dietary proteins and enzymes. This significantly limits the 

nutritional value that can be gained. However, Pilosof et. al. demonstrated that natural 

green tea polyphenols that have anti-proliferative effects on various cancers can preserve 

that therapeutic effect when after complexed with peptides.31 This would suggest that 

polyphenolic colloids could be used to deliver bioactive tannins and peptides.  

 Another major challenge in using natural tannins for biomedical applications and 

studying complexation is that they are primarily available as impure plant extracts with 

little control over the size or chemical structure of the tannins. The phenolic content of 

these plant extracts falls within a wide range of molecular weights. There is also has an 

upper limit on molecular weight usually between 0.5 to 3kDa, making it difficult to 

obtain the high molecular weight tannins needed to study the mechanism of 

complexation.32,33 Since the complexation of tannins is dependent on both the available 

hydroxyl groups and molecular weight of the polymer in the system, impure samples of 

polyphenols makes it impossible to study that mechanism. 

 Chapter 3 describes a way of creating synthetic tannin analogues (pseudotannins) 

with controlled molecular weight and chemical structures. It is demonstrate that 

complexation between pseudotannins and PEG can be controlled and that polyphenolic 

IPCs can preserve bioactive properties of the polymers and have potential as nanoscale 

delivery agents. Chapter 3 describes how pseudotannin complexation can be reversible 

under oxidative environments and that this complexation can be used to attenuate the 
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signal of a model MRI contrast agent.  The potential of system lies in the ability to use 

oxidtative stress as a measure for risk of rupture of atherosclerotic plaques. Chapter 4 

describes modular capacity of these pseudotannin complexes and how they can 

incurporate additional cell targeting and fluorescent functionalities. A pegylated KTSR 

peptide was incorporated into pseudotannin complexes in order to increase cell uptake 

into breast cancer cells and thereby increasing sensitivity to UV radiation.  

1.3 Pseudotannins 
The development of synthetic high molecular weight polyphenols with control over 

reactivity is key to developing polyphenol based biomaterials. These novel biomaterials 

would take advantage of the self-assembling abilities of polyphenols and maintain their 

biologically relevant effects. Chapter 3 describes the synthesis of high molecular weight 

tannin analogues with explicit control over molecular weight and phenolic moieties. 

These pseudotannins are made up of multiple phenolic moieties linked by ester bonds to a 

linear dextran backbone. The batch production of pseudotannins allows for control of not 

only the molecular weight of the final product, but also the specific phenolic groups that 

are substituted. The work presented here shows that these synthetic analogues, like their 

natural counterparts, can form colloidal complexes with PEG, and these complexes have 

demonstrated a range of antioxidant potential. Furthermore, we demonstrate that the size 

of pseudotannin IPCs can be tuned according to PEG molecular weight, mass ratios, and 

molecular structure of the PEG. Our characterization of these polymers demonstrates that 

each class of pseudotannin had a unique infrared (IR) signature and that they can be used 

to easily assemble nanoparticles with antioxidative potential.  

1.4 Cardiovascular Application  
Antioxidative nanoparticles can be used to target and mitigate oxidative stress in the 
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body. This is particularly useful because elevated oxidation is associated with the onset 

and progression of various conditions related to autoimmune, neurodegenerative, and 

cardiovascular conditions. As a result, antioxidative and redox responsive pseudotannin 

nanoparticles that are stable at physiological pH, as described in chapter 3, have a lot of 

potential as a delivery vehicle for therapeutic and diagnostic compounds. This is 

particularly applicable to cardiovascular conditions, like atherosclerosis, that have been 

linked to elevated oxidative stress in the body. Cardiovascular disease and stroke costs 

the United States more than $320 billion annually and $195 billion of that comes directly 

from treatments and care.34 One of the major challenges of treating conditions like 

atherosclerosis is that there is no minimally invasive means of diagnosing the risk of 

atherosclerotic plaques to rupture. Chapter 3 illustrates how pseudotannin nanoparticles 

can respond to and thereby target physiologically relevant oxidative stress. Furthermore, 

the work here describes how quickly and easily a model MRI contrast agent can be 

incorporated into our pseudotannin complexes. The polymer complexation attenuates the 

signal of the contrast agent. The signal is then recovered in the presence of oxidation 

giving a measure of plaque severity and thereby risk of rupture.  

1.5 Cancer Application 
The pseudotannin nanoparticles described in this work also have a unique modular 

quality. Chapter 4 describes how easily pegylated fluorescent molecules and targeting 

ligands can be incorporated into pseudotannin complexes in order to target breast cancer 

cells. This modular aspect makes this nanoparticle system uniquely multifunctional and 

we demonstrate a modular capacity of pseudotannin complexes to include additional cell 

targeting and fluorescent functionalities. A versatile system that can incorporate various 

targeting agents would be well suited to target cancers, like triple negative breast cancer, 
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that have been notoriously difficult to treat. In this work, a pegylated KTSR peptide was 

incorporated into pseudotannin complexes. When these modified complexes were 

exposed to breast cancer cells, an increased cell uptake was observed. This increased 

uptake also resulted in an increased sensitivity to UV radiation, demonstrating a potential 

as a cancer therapeutic for triple negative breast cancer. The incorporation of pegylated 

peptides did not affect the antioxidant potential of the particles and demonstrates the 

feasibility of incorporating any pegylated peptide for a variety of biomedical applications.  

1.6 Overview  
The overall goal of this work is to describe the synthesis of synthetic polyphenols with 

high molecular weight, controlled size, and controlled reactivity. The work presented 

here will demonstrate that these pseudotannins have antioxidant potential and can reliably 

form nanoscale self-assembled nanoparticles that preserve its biologically relevant 

reactivity. Pseudotannin complexes will also easily incorporate contrast agents and cell 

targeting moieties to diagnose atherosclerotic plaques and target cancer cells respectively. 

The study of these applications will demonstrate the biocompatibility and redox 

responsive decomplexation of pseudotannin complexes.   
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Figure 1: The chemical structure of tannic acid and the theoretical pseudotannins. Tannic acid 
consists of phenolic units bound to a glucose core via ester bonds. Polygallol, polycatehol, and 
polyresorcinol represent the three most common classes of natural tannins.  
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CHAPTER 2 
MATERIALS AND METHODS 

2.1 Materials 
N,N’-Diisopropylcarbodiimide (DIC), 4-dimethylamino-pyridine (DMAP), dimethyl 

sulfoxide (DMSO), dichloromethane (DCM), dimethylformamide (DMF), Pd black, 

lipopolysaccharide (LPS), sodium ascorbate, sodium carbonate (Na2CO3), Folin & 

Ciocalteu’s phenol reagent, PEGs, nitroblue tetrazolium salt (NBT), xanthine oxidase 

(XOD), hypoxanthine monosodium salt (HX), triethylamine (TEA), and dextrans were 

purchased from Sigma Aldrich. 3BBA, 4BBA, 35BBA, 345TBBA, and 4B35DMBA 

were purchased from Tokyo Chemical Industry. 34BBA was purchased from Ubi-Chem. 

MDA-MB-231 (human breast cancer cells) cell lines were purchased from ATCC. RPMI-

1640 was purchased from Lonza. Fetal bovine serum (FBS) was purchased from Gemini 

Bio-Products. Hank’s Balanced Salt Solution (HBSS) was purchased from HyClone. 

Penicillin, streptomycin, amphotericin B, Texas Red sulfonyl chloride, sodium pyruvate, 

trypsin-EDTA, and GlutaMAXtm were purchased from Life Technologies. CellTiter 96® 

AQueous Non-Radioactive Cell Proliferation Assay (MTS) was purchased from 

Promega. 

2.2 Pseudotannin Synthesis 
Pseudotannin synthesis involved two main steps. The first step was the esterification of 

hydroxyl groups on dextran with 3BBA, 4BBA, 34BBA, 35BBA, 345TBBA, or 

4B35DMBA at a 1 : 1 COOH-to-OH ratio. In a typical reaction, a solution of TBBA 

(0.83 g, 1.88 mmoles), dextran (0.1 g), DMAP (0.23 g, 1.88 mmoles), and DIC (0.238 g, 

1.88 mmoles) in a 2:5 DCM/DMSO mixture is reacted for 72 h at RT. The gum-like 

product was precipitated in 0.15 M HCl, and separated by centrifugation at 17000 rcf, 
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and redissolved in 10 mL DMF. This process was repeated 5x. The product was then 

deprotected over Pd black under H2 (balloon pressure) at 40ºC for 72 hours. The 

deprotected product was filtered through cotton, sand, celite, and finally passed through a 

0.45 µm PTFE filter. Solvent was then removed via rotary evaporation. The viscous oily 

product was then dissolved in 2.0 M aq. Na2CO3 followed by dialysis (2000 molecular 

weight cut-off) against 5 mM aq. sodium ascorbate for two days. The ascorbate solution 

was changed daily. A final dialysis against pure water was done prior to lyophilization. 

The resulting dry powders were stored under nitrogen at -20ºC as polyphenoxide sodium 

salts.  

2.3 NMR Analysis 
The deprotection step was confirmed by 1H NMR with a 300 MHz Varian 

spectrophotometer. Samples taken before deprotection were taken after the polymer wash 

steps of the synthesis process. These samples were dried in a vacuum desiccator and then 

dissolved in deuterated DMF. Deprotected samples were deprotonated in a carbonate 

buffer and stored as a dry powder in the freezer. These polymers were dried in a vacuum 

dessicator over night and dissolved in deuterated water. All NMR samples were scanned 

with a 300MHz Varian spectrophotometer. 

2.4 FTIR Analysis 
Phenolic pseudotannin samples were taken immediately after deprotection and 20 µL was 

smeared onto barium fluoride (BaF2) windows. Phenoxide pseudotannin samples were 

taken as dry powders and dissolved in pure water at 5mg/ml and 20µL was also smeared 

onto BaF2 windows. The windows were then washed in acetone and air dried prior to 

imaging on a Spotlight 400 FTIR Imaging System (Perkin Elmer Inc., Waltham, MA). 
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The spectral data was collected in transmittance mode with 64 co-added scans at a 4 cm-1 

resolution from 750 to 2000 cm-1, and converted to absorbance. To identify peaks that 

underlie the broad absorbance bands, second derivative spectra were calculated by 

application of a 15 point smooth Savitsy Golay processing algorithm. Negative peaks of 

the second derivative spectra of each sample were identified in the fingerprint region 

(1800–800 cm-1) for each class of pseudotannin in both its phenolic and phenoxide forms. 

2.5 Turbidity analysis 
 
IPCs were formed by first mixing aqueous solutions of PEG and polyphenoxides up to 

90% of the desired volume. Then, 10 vol% 1 M aq. sodium phosphate, pH 7.4, was added 

to induce complexation. The mixtures were allowed to complex for 1 hour. By changing 

the weight ratio of PEG to polyphenoxide, or the molar mass of PEG, the size of IPCs 

could be tailored to microscale or nanoscale. The turbidity of the resulting colloids was 

analyzed with UV-Vis spectroscopy by measuring the absorbance of each sample at 550 

nm using an Infinite® M200 microplate reader (Tecan Group Ltd). Prior to turbidity 

measurements, the absorbance of the colloids from 400–800 nm was measured to confirm 

no specific absorbance peaks in the visible spectrum. 

2.6 Folin Assay 
 
The antioxidant potential of  IPCs  was measured  against a gallic acid standard. 60 µL of 

the IPC colloid and 10 µL of Folin Folin & Ciocalteu’s phenol reagent were combined in 

microplate wells. After 8 minutes of incubation, 180 mL of 0.36 M Na2CO3 was added to 

each well and incubated for an additional 1 hour. The absorbance of each sample at 750 

nm was then measured using a microplate reader. 
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2.7 Dynamic Light Scattering 
To measure particle size, 200 µL of IPC colloids were diluted 5:1 with 0.1M phosphate 

buffer. Each sample was then transferred into a disposable cuvette for analysis. DLS 

measurements were made with a Zetasizer Nano-Zs (Malvern Instruments). 

2.8 MTS Assay 
MDA-MB-231 cells were maintained in standard conditions as suggested by the 

manufacturer. Maintenance media for MDA-MB-231 cells consisted of RPMI-1640 with 

10% FBS, 1% GlutaMAXtm , 100 U mL-1 of penicillin, 100 µg mL-1 of streptomycin, and 

250 ng µL-1 amphotericin B. MDA-MB-231 cells were enzymatically removed from 

flasks with 0.25% trypsin-EDTA and seeded into individual wells at 250,000 cells ml-1. 

Cells were allowed to attach overnight. Cells were exposed to various pseudotannin 

complexes and incubated for 1 day, and viability was assessed with a commercial MTS 

assay using standard conditions. Briefly, cells were washed 3x with HBSS and exposed 

to the prepared MTS reagent for 2 hours. Absorbance was measured at 490 nm using a 

Tecan Infinites 200 Pro and normalized to cells not exposed to complexes (control). 

2.9 Superoxide Response 
The sensitivity of pseudotannin complexes to superoxide was measured with a custom 

xanthine oxidase (XOD) assay. Pseudotannin complexes were exposed to a mixture of 

XOD an hypoxanthine (HX). HX is enzymatically converted to superoxide by XOD. 

Pseudotannin complexes were first distributed on a microplate. HX was prepared by 

dissolving a HX-sodium salt in pure water at 50mM. 20 µL of the HX solution was added 

to each well. Then 3 unit of XOD was dissolved in 4 mL of 0.1M phosphate buffer and 

20 µL of the XOD solution was added to each well. Changes in UV absorption and 

turbidity of pseudotannin colloid suspensions was monitored with UV-Vis spectroscopy 
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by measuring the absorbance of each sample at 365 nm and 550 nm respectively using an 

Infinite® M200 microplate reader. 

 The ability to actually scavenge superoxide was measured with an NBT oxidation 

inhibition assay in 96-well microplates. Specifically, 200 µL of IPC colloid in 0.1 M 

sodium phosphate buffer at pH 7.4 was prepared in each well. Colloids were made with 

8A40K PEG-COOH for one hour before use. Control samples were composed of 

phosphate buffer alone. Then 20 µL of 50 mM aq. HX and 20 µL NBT dissolved in 70% 

DMF/H2O was mixed into each well. Then 20 µL of XOD (0.02 units) was added, and 

the absorbance at 560 nm was recorded at 0 and 5 minutes. The rate of conversion was 

calculated as the change in absorbance over this period. The % NBT oxidation inhibition 

was calculated as 100 x (rate of control - rate of sample)/(rate of control). 

2.10 MRI Analysis 
In order to test the attenuation of that effect, Gd was loaded into pseudotannin complexes. 

A 0.1 mg ml-1 solution of Gd was mixed with polyphenoxides (0.5mg/ml) and 

complexation was initiated by adding 1M phosphate buffer as described before. Gd 

loaded IPCs were scanned in a 3T MRI scanner with the help of Dr. Richard Spencer and 

Dr. Kenneth Fishbein at the National Institute on Aging in the National Institute of 

Health. Polymer and Gd solutions were prepared with and without phosphate buffer in a 

custom 96-well plate made of poly(etherimide) (ULTEM). T1-weighted scan were taken 

with the following parameters. Repetition time (TR) =3000ms, Echo Time (TE) =10.5ms, 

matrix size = 512 x 256 pixels, and 256 echoes total. The gain was automatically 

calculated by the MRI system. 

2.11 Fluorescent Activated Cell Sorting 
MDA-MB-231 cells were plated at 100K cells per well in a 48-well plate and incubated 
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for 2 days. Pseudotannin complexes were made with catechol pseudotannins (0.5mg/ml) 

and 8A40K-PEG-COOH (2mg/ml). 1% of the PEG solutions were replaced with a 

pegylated texas-red fluorophore. Then an additional 1v/v% or 10v/v% of the PEG 

solutions were replaced with pegylated KTSRC, CTKSR, CKTSR, or no peptide giving 7 

experimental groups including an untreated control. After incubation, the cells were 

treated with pseudotannin complexes and incubated for an additional 12 hours. 

Afterwards, the cells were washed with 1x PBS, fixed with 10% formalin, and washed 

again with 1xPBS. The suspensions of fixed cells were then transferred to a microplate 

and analyzed on an Accuri C6 Flow Cytometer. The data was then processed with the 

accompanying software (BD CSampler).  

2.12 UV Sterilization 
In order to determine how these pseudotannin IPCs affect breast cancer cells, the 

sensitivity of MDA-MB-231 to UV radiation was tested. MDA-MB-231 cells were plated 

at 50K cells per well in a 96-well plate and incubated for 2 days. Pseudotannin complexes 

were made with 8A40K-PEG-COOH (2mg/ml). 1v/v% of the PEG solutions were 

replaced with pegylated KTSRC, CTKSR, CKTSR, or no peptide giving 4 experimental 

groups for each class of pseudotannin including an untreated control. 100µL of IPCs 

were added to appropriate well with cells and 2 identical plates were prepared. The 2 

plates were incubated for an additional 12 hours. Both plates are then removed from the 

incubator and plate 1 is placed in the UV sterilizer with the lid off, while plate 2 is 

covered with foil and placed under ambient room conditions for 45 min. The UV 

sterilizer (M2009) emits UV-C light with 256 nm wavelength. After UV exposure both 

plates are immediately prepared for MTS assay as described earlier. 
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2.13 Statistical Analysis 
In order to determine statistical significance of quantitative results, ANOVA and T-test 

analysis was used. All experiments were repeated independently with multiple 

measurements for each data point. The results were analyzed using JMP® Pro 12.1.0.  

When evaluating the turbidity of complexes formed with different PEG and pseudotannin 

formulations, two-way ANOVA with Tukey’s multiple comparisons test was used, with α 

< 0.05 was used for statistical significance. When evaluating the antioxidant potential of 

pseudotannin complexes as measured by the Folin assay, the results were analyzed with 

two-way ANOVA, and α < 0.05 was used for statistical significance. When evaluating 

the viability of cells with the MTS assay and Folin assay results, a one-way ANOVA 

with Tukey’s multiple comparison test was used, and α < 0.05 was used to mark 

statistical significance. All data is presented as the mean values ± standard deviation 

(STD) 
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CHAPTER 3 
PSEUDOTANNIN SYNTHESIS AND CHARACTERIZATION 

2.1 Introduction 
Natural polymers have been widely used in biomaterial design for their biodegradability 

and biocompatibility and environmentally responsive, or smart polymers can enhance 

controlled delivery systems.35-38 Polyphenols have been used in a variety of biomedical 

applications, but tannins in particular, have garnered a lot of interest as building blocks 

for biomaterials due to their inherent antioxidative and potentially therapeutic 

properties.11,12,39-41 Tannins are a class of natural polyphenols commonly produced by 

plants that can form self-assembled interpolymer complexes with PEG. This polymer 

complexation presents a one step method of easily creating nanoscale particles and would 

be ideally suited to targeting inflammatory diseases. Much of the recent interest in 

tannins also stems from their medicinal properties. The many different types of tannins 

found in different plants have demonstrated a wide range of therapeutic potentials for 

conditions ranging from bacterial infections and cardiovascular conditions to diabetes and 

cancer. However, in order to use tannins as a building block for nanoparticle we designed 

synthetic tannin analogues based on tannins found in nature. The synthesis of 

pseudotannins requires a dextran backbone that has been substituted with benzyloxy 

benzoic acids (BBA). These BBAs act as phenolic precursors and are deprotected and 

converted to phenols, creating a brush like polyphenolic structure. The molecular weight 

of the final product is controlled by the initial molecular weight of the dextran and the 

chemical structure is controlled by which class of BBA is added to each batch reaction. 

Pseudotannins were made with a variety of BBAs and were designed to emulate the 

phenol structure of common natural polyphenols. The resulting polymers were analyzed 
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by NMR and FTIR spectroscopy in order to determine the degree of deprotection and 

identify IR signatures respectively for each polymer. The polymers were deprotonated in 

a carbonate buffer for storage and then mixed with various PEG solutions when testing. 

The PEG and pseudotannin mixtures were then brought to physiological pH with a 1M 

phosphate buffer to initiate complexation. The stability and size of the resulting colloid 

was determined by turbidity and dynamic light scattering respectively. The antioxidant 

potential of the pseudotannin complexes was measured by the Folin assay, which is an 

assay commonly used in the food industry to determine antioxidative content in foods.   

2.2 Results and Discussion 

Pseudotannin Synthesis 
Figure-2 illustrates the two main steps of the pseudotannin synthesis reaction. The first 

step is based on a steglich esterification where the carboxylic acid group on the BBA and 

free hydroxyl groups on dextran are converted to ester bonds.42 Dextran was used as an 

analogue to the carbohydrate core of natural hydrolysable tannins. Dextrans are also 

commonly used as molecular weight standards for gel permeation chromatography, so 

they come in a wide range of molecular weights with low polydispersity. This allows 

pseudotannins to have controllable shape and molecular weight. Different benzyloxy 

benzoic acids (BBAs) were used in each batch of pseudotannin to generate the library of 

pseudotannin classes shown in figure-3. The initial esterification process was based on 

the well-established and efficient steglich esterification and reaction times were 

optimized for the pseudotannin synthesis. The esterification takes 72 hours at room 

temperature on a shaker. Once the dextran has been substituted with BBAs, the poly-

BBAs are then evaporated and washed with DMF. The polymers are dissolved in DMF 

and then precipitated with a 0.15M aqueous HCl solution. This is repeated at least 5 times 
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time to to remove any trace DMSO or DCM. The DMSO, DCM, and water  are not 

compatible with the following deprotection reaction, so the samples are also dried over 

night before the benzyloxy groups are removed during a deprotection reaction using 

palladium black as a catalyst. By performing this deprotection reaction under hydrogen 

gas, the benzyloxy groups are replaced by hydroxyl groups, resulting in a brush like 

polyphenol with a dextran backbone. Each class of pseudotannin had a unique phenolic 

precursor that is commercially available and most formulations are based on phenolic 

structures commonly found in nature. Figure 3 shows the structure of each class along 

with up to 3 names used for the polymers. For example, the pseudotannins made with 

3,4,5 tribenzyloxy benzoic acid (345TBBA) are based on the structure of gallic acid and 

when the BBA group is deprotected, it is converted to 345THBA. The deprotection was 

confirmed by 1H NMR with a 300MHz Varian spectrophotometer and the library of 

pseudotannins was analyzed with fourier transform infrared (FTIR) spectroscopy. The 

creation of a library of pseudotannins suggests that the reaction scheme used in this work 

may also be used with different polysaccharides and BBAs.  

Fourier Transform Infrared Spectroscopy 
The IR spectra of each pseudotannin (Table 1A and Figure-4) presented unique peaks in 

the fingerprint region (800 to 1800 cm-1). The second derivative of spectra (Figure-5) 

shows distinct, narrower negative absorbance peaks in the fingerprint region. Peaks from 

1590–1700 cm-1 were attributed to C=O stretching in the ester bonds.43,44 Peaks from 

1415– 1570 cm-1 were attributed to C=C stretching in the aromatic rings.44 Peaks from 

1003–1390 cm-1 were attributed to a combination of C–O stretching and in-plane 

aromatic C–H bending.44,45 Peaks from 750–900 cm-1 were attributed to out-of- plane 

aromatic C–H bending.44 It is important to note that peak heights cannot be compared 
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between pseudotannin samples because there is no way to determine or control the 

concentration of pseudotannins on the BaF2.  

 Each class of pseudotannin was uniquely identifiable, but there are several distinct 

peaks (1730, 1590, 1450, 1340 1090, 1020, 920, and 760 cm-1) that conserved among the 

classes of pseudotannin, and a number of these (1340, 1020, and 920 cm-1) correspond 

with major peaks in dextran.46 In the second derivatives, there are also several negative 

peaks that form unique signatures for each formulation. 3BBA pseudotannins were 

marked by a pair of large peaks at 1290 and 1220 cm-1 as well as a broad peak from 1380 

– 1360cm-1.  4BBA pseudotannin was marked by a cluster of 3 peaks from 1450 and 

1330 cm-1. Distinct peaks at 1280, 1200, 1436, and 1500 cm-1 are unique to the 34DBBA 

pseudotannins. Peaks at 1230, 1150, and a lack of distinct peaks between 1500 and 1550 

cm-1 is indicative of 35DBBA pseudotannins. Distinct peaks at 1660, 1560, 1360, and a 

broad peak from 1160 – 1060 cm-1 are seen in 345TBBA pseudotannins. As expected, the 

IR spectrum for 345TBBA pseudotannins had a combination of unique peaks found in 

the spectra for resorcinol (35DBBA) (1648, 1226, 1156, and 1098 cm-1) and catechol 

(34DBBA) (1500 and 1436 cm-1) pseudotannins. Similarly, The spectrum for catechol 

pseudotannins combined many of the distinct peaks found in the spectra for 3BBA (1290 

and 1220 cm-1) and 4BBA (1380 and 1334 cm-1) pseudotannins.  

 After the polymers are deprotected, converted to polyphenols, and dialized, they are 

deprotonated in a carbonated buffer for storage. This minimizes oxidation during storage 

and allows for control over when complexation is initiated. Prior research suggested the 

deprotonation and the subsequent reprotonation would be reflected in the IR signatures as 

a slight shift in the aromatic C-H and C-O peaks (1000-1400 cm-1). Figures 6-11 show 
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overlays of second derivatives for the phenoxide and phenolic forms of each class of 

pseudotannins. The phenolic peaks in this range are consistently shifted 4-6 cm-1 lower 

than their phenoxide counterparts, confirming the hypothesis of prior models.  

NMR Analysis 
The deprotection of pseudotannins was confirmed by 1H NMR and figures 12-15 show 

the NMR spectra of each pseudotannin before and after deprotection. Samples taken 

before deprotection were taken after the polymer wash steps of the synthesis process. 

These samples were dried in a vacuum desiccator and then dissolved in deuterated DMF. 

Deprotected samples were deprotonated in a carbonate buffer and stored as a dry powder 

in the freezer. These polymers were dried in a vacuum dessicator over night and 

dissolved in deuterated water. All NMR samples were scanned with a 300MHz Varian 

spectrophotometer. The two peaks of interest are located around 5.1 and 5.2 ppm. These 

2 peaks, as marked on the spectra as A and B respectively, represent the benzyloxy 

protecting groups. The figures show that after the deprotection reaction with palladium 

black and under a H2(g) rich atmosphere, the peaks at 5.1 and 5.2 ppm disappear. This 

suggests that the deprotection reaction went to completion and that the poly(BBAs) were 

converted to their phenolic forms. 

Turbidity and Particle Size 
IPCs were formed by mixing two compatible polymers in a solution. After the synthesis 

procedure, pseudotannins are deprotonated in a basic carbonate buffer and then 

lyophilized for storage. Figure 16 illustrates how the deprotonation converts the phenolic 

groups to phenoxide groups. Pseudotannins are stored as polyphenoxides until they are 

needed for complexation. Complexation does not occur until the polyphenoxides have 

been reprotonated. This minimizes effects of oxidation during storage and allows for 
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control of complexation later. Polymer complexation of any two polymers depends on the 

electrostatic, hydrogen bond, and hydrophobic effects, or a combination thereof. That 

means that the size and stability of the resulting complexes depend on the nature of the 

polymeric components. Even though all phenolic compounds have hydroxyl groups, the 

ability to form complexes is unique to the high molecular weight tannins. It was 

demonstrated that every formulation of pseudotannin has the ability to form colloidal 

suspensions when added to PEG and Figure 17 shows how the turbidity of the solution 

changes significantly after adding phosphate buffer. When the pH of the solution drops 

below 7.5, the phenoxides are reprotonated and converted to polyphenols. In this system, 

pseudotannins provide a hydrogen bond donating groups for the self assembly of IPCs 

and the PEG provided a plurality of hydrogen bond acceptors. The resulting hydrogen 

bonding caused an immediate precipitation, or formation of colloidal complexes.  

 The turbidity of those suspensions measured on a UV plate reader was used as an 

indicator of colloidal stability. Baranovsky and coworkers had previously provided a 

framework describing the interaction between a polyacid (pseudotannins) and PEG.47 A 

higher turbidity indicates more scattering of light which is a result of larger particle sizes. 

This is an efficient way of evaluating the stability of complexes formed from a variety of 

polymer formulations. Figure 18 shows how the turbidity of the colloidal suspensions can 

be a function of both weight ratio of PEG to pseudotannin as well as the molecular 

weight of the PEG used. This makes sense because the stability of polycomplexes is 

known to depend on polymer molar mass and branching.19,47,48 Generally, a mass ratio 

above 1 is enough to achieve colloidal stability (the absence of visible sedimentation). A 

range of PEGs with varying molar mass and branching were evaluated. In figure 18, a 
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parabolic relationship was observed between turbidity values and PEG MW when 

pseudotannin size and mass ratio were held constant. This relationship was consistent for 

the three main classes of pseudotannin and was independent of the mass ratio of the two 

polymers. The increase in turbidity with molar mass is consistent with the relationship 

described by Baranovsky. However, beyond the limits of that model, a sharp change in 

turbidity was observed when 100 kDa PEG was used. When viewed under the 

microscope, the polycomplexes with the lowest PEG molar mass either showed diffuse 

precipitation or spherical microstructures. These spherical microstructures appeared 

smaller as the PEG length increased. However, samples made with 100 kDa PEG 

contained no visible particulates when viewed under the microscope. Dynamic light 

scattering confirmed that these samples contained colloidal particles less than a micron in 

diameter. A significant drop in turbidity as a function of branching was also observed 

when pseudotannins were complexed with multi-arm PEGs as shown in Figure 19D. 

Branching has previously been shown to weaken complex stability, but it was observed 

that branched PEGs provided the most colloids. This suggests that there are two 

competing concepts for stability. A stable complex would compete with colloidal 

stability. As the polymers are more closely associated, they will also form larger particles 

that precipitate more readily. However, in a less stable complex, the the polymers would 

be associated less, resulting in smaller particles that are more colloidally stable. 

Interestingly, the molecular weight of the pseudotannin used did not affect the turbidity 

of the suspensions as much as the molecular weight of PEG (Figure 19). A range of 

pseudotannin sizes were complexed with a range of linear PEGs. Even though there was 

a similar drop in turbidity for the collloids made with PEG≥100kDa, there was much less 
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of a trend seen among the different pseudotannin sizes. This may be due to the larger 

pseudotannins being unable to form extended ladder-type assemblies with PEG. The 

initial step of polymer complexation is the formation of linear ladder-type bridging. This 

model assumes that both polymers are fully solvated, but the insolubility of 

pseudotannins in water deviates from this model. This would result in a “messy” 

complexation as seen by the higher levels of turbidity observed.  

 The actually size of the complexes was evaluated with dynamic light scattering. Table 

2 shows the hydrodynamic diameters of complexes made with each class of pseudotannin 

mixed with 300 kDa PEG at a 5:1 PEG/polyphenoxide weight ratio. It shows that all the 

formulations evaluated here produced submicron particles. The largest particles were 

made by the 345TBBA pseudotannins (250nm) and the smallest were made by the 4BBA 

pseudotannins (60nm). Other than the 345TBBA pseudotannins, all the complexes would 

be small enough for endocytosis into mammalian cells for potential drug delivery 

applications. Beyond using a single class of pseudotannin, the sizes of the complexes 

could be modulated by combining two different types of pseudotannins. Table 3 shows 

the size of complexes made with gallol (TBBA) pseudotannins and increasing amounts of 

catechol or resorcinol pseudotannins.  The total weight of polyphenoxide used was kept 

constant, and the mass of 345TBBA was being replaced by one of the other two. This 

resulted in a gradual decrease particle size for both cases. However, this also increased 

the polydispersity of the suspension. This demonstrates the tunability of the particle sizes 

and a degree of versatility ins complexes by combining different stimuli responsive 

pseudotannins in a single nanoparticles system. 

Folin Assay 
In order to determine if pseudotannins demonstrated the reactivity seen in natural tannins, 
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the Folin assay was used to measure antioxidant potential of pseudotannin complexes. 

The Folin assay is a coorimetric assay commonly used in the food industry to determine 

the antioxidant content in food products. This assay is especially suited to polyphenol 

characterization because it is measured against a gallic acid standard. The Folin assay 

measures the total reduction capacity, so a higher absorbance value indicates greater 

antioxidant power. Figure 20 shows the antioxidant potential of pseudotannin complexes 

made with 300K PEG at a 5:1 PEG/polyphenoxide weight ratio. It was observed that the 

three synthetic analogues (34DBBA, 35DBBA, 345TBBA) of the most common classes 

of tannins found in nature (catechol, resorcinol, and gallol) demonstrated the most 

antioxidant potential. This study demonstrated that pseudotannins preserved the 

antioxidant potential that has been characteristic of biologically active natural tannins. 

Interestingly, the 4B35DMBA pseudotannin demonstrated a similar level of antioxidant 

potential even though this phenol structure only has a single hydroxyl group. It was 

originally hypothesized that a greater number of hydroxyl groups would result in a higher 

antioxidant potential. This trend was seen for most of the library of tannins, but the high 

potential shown for 4B35DMBA pseudotannins suggests that the potential could be more 

related to the structure of the phenol. This may be a result of different complexation 

mechanisms and the stability of that final complex. The turbidity of 4B35DMBA 

pseudotannin complexes suggests that they are more colloidally stable than some of the 

other formulations. That suggests that the complexes are smaller because the 

pseudotannin and PEG polymers are not as closely associated. The Folin assay 

demonstrated that catecholic, resorcilic, and gallic complexes had the greatest reducing 

capacity. Even thought the Folin assay is not indicative of response to physiological 
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oxidation, this would suggest that these 3 classes would be the most sensitive to 

physiological oxidative stress. Figure 21 shows how the Folin assay was used to further 

evaluated IPC formulations made with a range of PEG content and a variety of 

pseudotannin sizes. For a given amount of a pseudotannin in a sample (Figure 21A), a 

higher PEG to polyphenoxide weight ratio resulted in an greater reducing potential. This 

may be due to a combination of greater complex stability and PEG shielding at lower 

ratios because larger particles were formed. The higher PEG content produced smaller 

particles, increasing surface area and phenolic exposure. IPCs made with different 

molecular weight pseudotannins but constant PEG content (Figure 21B) showed that 

higher molecular weight pseudotannins formed stronger complexes that limited phenolic 

exposure. Furthermore, at each pseudotannin molecular weight, the resorcilic (35DBBA) 

and gallic (TBBA) complexes showed statistically significant higher antioxidant 

potentials. These results suggest that both the size and stability of the complexes and their 

antioxidative potential can be tuned. Higher PEG content results in smaller stable colloids 

and also increases reducing power.  
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Figure 3: The 6 classes of pseudotannins that have been synthesized. Each class of pseudotannin has three 
possible notations based on its natural analog (top), phenolic precursor (middle), and phenolic structure 
(bottom) 
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Table 1: Peaks (cm-1) identified in the FTIR spectra for each class of pseudotannin as a  phenoxide (A) and phenol (B). 
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Figure 4: The FTIR absorbance spectra of each class of pseudotannin in its phenoxide form. Each spectra 
was normalized to its maximum value. 
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Figure 5: The second derivative calculated for FTIR absorbance spectra for each class of pseudotannin in 
its phenoxide form. Each spectra was normalized to its maximum value. 
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Figure 6: Overlay of second derivative of FTIR absorbance spectra for the phenoxide and phenolic 
forms of 3BBA pseudotannins 
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Figure 7: Overlay of second derivative of FTIR absorbance spectra for the phenoxide and phenolic forms of 
4BBA pseudotannins 
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Figure 8: Overlay of second derivative of FTIR absorbance spectra for the phenoxide and phenolic forms of 
catechol pseudotannins 
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Figure 9: Overlay of second derivative of FTIR absorbance spectra for the phenoxide and phenolic forms of 
resorcinol pseudotannins. 
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Figure 10: Overlay of second derivative of FTIR absorbance spectra for the phenoxide and phenolic forms of gallol 
pseudotannins 
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Figure 11: Overlay of second derivative of FTIR absorbance spectra for the phenoxide and phenolic forms of 
syringic pseudotannins 
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Figure 12: NMR spectra for 4BBA pseudotannin before (bottom) and after (top) deprotection.  
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Figure 13: NMR spectra for catechol (34DBBA) pseudotannin before (bottom) and after 
(top) deprotection.  
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Figure 14: NMR spectra for resorcinol (35DBBA) pseudotannin before (bottom) and after 
(top) deprotection.  
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Figure 15: NMR spectra for gallol (TBBA) pseudotannin before (bottom) and after (top) 
deprotection.  
 



 42 

 

 
Figure 16: Illustration of how a sodium carbonate buffer and a phosphate buffer contribute to the reversible 
conversion of polyphenols and polyphenoxides.  
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Figure 17: Turbidity of pseudotannins mixed with 20K PEG at a 3:1 weight ratio with and without 
phosphate buffer. 
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Figure-18: (A-C) Turbidity vs PEG MW of galloyl (A), resorcilic (B), and catecholic (C) IPCs. Linear PEGs 
were mixed with pseudotannins at mass ratios of 1.875:1 (diamonds), 3.75:1 (squares), and 7.5:1 (triangles). (D) 
Turbidity of pseudotannin complexes vs PEG branching. Values shown are mean averages of 5 replicates ± 
standard deviation. ANOVA results shown in S-2 show that the results are statistically significant with p ≤ 0.05. 
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Figure-19: Turbidity vs PEG MW of 4BBA (A), catecholic (B), and resorcilic(C), gallic (D), and syringic (E) 
IPCs. Linear PEGs were mixed with 3 MW pseudotannins (6K, 40K, and 200K) at mass ratios of 3:1. Values 
shown are mean averages of 5 replicates ± standard deviation. ANOVA results shown in S-1 show that the 
results are statistically significant with p ≤ 0.05.  
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Table 2: Diameter and PDI of pseudotannin complexes made with 300K PEG at 
a 5:1 PEG/polyphenoxide weight ratio 
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Table 3: Gallic pseudotannins were blended with either resorcinol or catechol pseudotannins and complexed with 
300K PEG at 3:1 PEG to tannin weight ratio 
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Figure 20: The Folin assay was used to evaluate the antioxidant potential of different pseudotannin/PEG IPCs 
with 300K MW PEG at a PEG to pseudotannin ratio of 5:1. N=8, ±std 
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Figure 21: The Folin Assay was used to evaluate how antioxidant potential of an IPC depends on 
PEG/pseudotannin ratio (A) and molecular weight of pseudotannin (B). Average of  n=8 ± std 
°, °°, and °°° represents significant difference compared to 1:1 ratio 
*, **, and *** represent significant difference compared to respective catecholic complex 
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CHAPTER 4 
PSEUDOTANNIN DIAGNOSTIC IMAGING 

4.1 Introduction 
Cardiovascular disease and stroke costs the United States more than $320 billion annually 

and $195 billion of that comes directly from treatments and care.34 Despite significant 

academic and clinical focus on cardiovascular complications, heart disease remains the 

leading cause of death in the world and atherosclerosis is implicated in nearly 30% of 

global deaths.49,50 Elevated levels of reactive oxygen species contribute directly to 

inflammatory diseases like atherosclerosis.50-52 Figure 18 illustrates the components of an 

atherosclerotic plaque and describes how plaques occlude blood vessels as the disease 

progresses. As atherosclerotic plaques grow, they occlude more and more of the blood 

vessels. This can lead to various cardiovascular conditions, but the risk of plaque rupture 

also increases because the fibrous cap that seals the plaque becomes less coherent. Plaque 

rupture can lead to very the sudden onset of symptoms like stroke or heart failure, and 

unfortunately there is no clinical technique to predict or diagnose the risk of rupture.50,53 

However, redox responsive nanocarriers are ideally suited to this application.  

 The traditional method of diagnosis of atherosclerotic plaques is angiography, where 

an x-ray contrast agent is injected into the blood vessel and monitored for disrupted flow. 

Even though angiography does not give any indications of burden of disease, it is often 

used to decide if surgical removal of the plaque is necessary.54 The most common, and 

least invasive, method of assessing a plaque is to use ultrasound to measure intima-media 

thickness (IMT).55,56 While this is a noninvasive method, it is often unreliable because 

even though an increased thickness has been associated with cardiovascular risk, it has 

not actually improved predictions of cardiovascular events.55,56 The clarity of ultrasound 
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images is also inherently limited by interference in the severely overweight patients that 

are most at risk. Furthermore, the degree of obstruction does not determine risk of 

cardiovascular complications. This is because lesions that result in acute symptoms are 

often less than 50% stenosed.57,58 Alternatively, degree of inflammation may be a better 

measure of that risk. Plaques that are at risk of rupture should have less coherent fibrous 

caps, which would result in leaking of material from the necrotic core. A study showed 

that 74% of patients that had transient ischemic attacks (TIA) also had high inflammatory 

infiltrates associated with ruptured plaques. This is much higher than the 14.6% of 

patients that were asymptomatic despite elevated inflammatory infiltrates.59,60  

 Stimuli responsive natural polymers have been widely used in biomaterials, and 

tannins in particular have garnered a lot of interest as building blocks due to their 

inherent antioxidative properties.21,61,62 The pseudotannins described in chapter 3 can 

form nanoscale hydrogen bond mediated complexes with other water soluble 

macromolecules, like PEG, and it has been demonstrated that these complexes have 

antioxidant capacities suggesting that they could dissociate under oxidative stress. Figure 

19 shows how oxidation and exposure to a base can result in the dissociation of 

pseudotannin complexes. An oxidized phenol group will loose the hydroxyl group needed 

to associate with its complimentary polymer, forcing the complex to dissociate, 

potentially releasing a payload. This functionality would allow pseudotannin complexes 

to selectively deliver contrast agents to areas of elevated oxidation like severe plaques. 

 Magnetic resonance imaging (MRI) contrast agents are powerful diagnostic tools in 

cardiology, used to locate and identify plaque formations. In order to identify high-risk 

plaques, contrast agents need to be preferentially delivered to plaques, and then 
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selectively released under elevated oxidative stress. Tannin-PEG complexes decorated 

with binding peptides that can attenuate the MR signal of a model contrast agent could 

then deliver it to plaques. By taking advantage of oxidation stimulated dissociation at the 

site of the plaque, the level of recovered MR signal would be a measure of plaque 

severity and risk of rupture. It was hypothesized that pseudotannin and PEG complexes 

would initially attenuate the signal of gadolinium as a model MRI contrast agent and also 

dissociate in response to exposure to superoxide.  In order to determine test this, the 

library of pseudotannins described in chapter 3 was used to prepare pseudotannin 

complexes. The turbidity of these complexes was  measured before and after exposure to 

superoxide to determine response. The ability of the complexes to attenuate the signal of 

gadolinium (Gd), was measured in the presence of pseudotannins with and without 

complexation. 

4.2 Results and Discussion 

Redox Response 
In chapter 3, the Folin assay was used to determine the antioxidant potential of 

pseudotannin complexes made with linear PEGs and the catecholic, resorcilic, and gallic 

complexes demonstrated the greatest capacity. Even thought the Folin assay is not 

indicative of response to physiological oxidation, this would suggest that these 3 classes 

would be the most sensitive to physiological oxidative stress. 8A40K PEG was used 

because it consistently produced the smallest complexes that would be better suited for 

intravenous delivery of particles. The Folin assay was then used to evaluate the reducing 

capacity of complexes made with this branched PEG. Figure 20 shows that when 

complexed with branched PEG, the gallic pseudotannins had the greatest reducing 

capacity while catecholic, resorcilic, and syringic pseudotannins also with significant 
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potential. However, the Folin assay is not physiologically relevant because the oxidative 

stress in the body is due to an overproduction of reactive oxygen species (ROS).52,63 A lot 

of research has been focused on how reactive oxygen species are related to the 

progression inflammatory diseases like atherosclerosis.  In figure 21, Csanyi and 

coworkers illustrate a variety of mechanisms that produce reactive oxygen species that 

lead to vascular diseases.64 Many of these processes are initiated by activated fibroblasts 

in the adventitia.  The adventitia is the outermost layer of an organ and in the case of an 

artery, this would refer to the tunica externa. In figure 21, all the mechanisms require or 

directly produce superoxide, which is one of the predominant sources of oxidative stress 

in the body. Natural tannins have inherent antioxidative properties, and have been shown 

to have an anti-inflammatory effect on the body.9,11 In order to test sensitivity and 

responsiveness of pseudotannins to physiological oxidative stress, complexes made with 

the three natural analogue (catechol, resorcinol, and gallol) pseudotannins were exposed 

to superoxide. For this study, pseudotannin complexes were made normally and then 

exposed to xanthine oxidase (XOD) with or without its substrate hypoxanthine (HX). 

XOD converts HX, to 2 molecules of superoxide. The turbidity (A550) and degree of 

oxidation (A365) were measured at various timepoints to observe redox responsive 

dissociation of pseudotannin complexes. Figure 26 shows that when pseudotannin 

complexes were exposed to superoxide at t=0min, only the polygallol complexes showed 

a response. The response consisted of a simultaneous increase in UV absorption and a 

decrease in turbidity. An increase in UV absorption is indicative of oxidation and a 

decrease in turbidity suggests that the complexes are getting smaller and diffracting less 

light. This response was unique to the polygallol complexes even though all the 
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pseudotannins demonstrated antioxidant potential.  

 In order to further test the sensitivity of complexes and their ability to scavenge 

superoxide, a similar assay was performed with the addition of nitro blue tetrazoleum 

(NBT). NBT is used as a colorimetric indicator of superoxide oxidation. When NBT is 

oxidized, it changes color and figure 27 shows how the 6 different classes of 

pseudotannin complexes can mitigate the oxidation of NBT by scavenging superoxide. If 

the superoxide content is scavenged by a reducing component, the rate of color change 

will decrease. For this study, the pseudotannin complexes were made as usual, but 20µL 

of 600µM NBT was added to each sample before adding HX and XOD. The rate of 

change in an aqueous control with no pseudotannin is considered to be 100% NBT 

oxidation. More NBT oxidation suggests less superoxide scavenging. Figure 27 shows 

that gallic pseudotannin complexes scavenged the most superoxide, while the 4BBA 

pseudotannins scavenged the least, but all the values were significantly different from the 

aqueous control. This correlates well with the reducing capacities measured by the Folin 

assay and the XOD decomplexation studies. This would suggest that the 3 main classes 

of pseudotannins (catechol, resorcinol, and gallol) would most sensitive to the oxidative 

environment generated by at risk atherosclerotic plaques, but all the formulations tested 

had a degree of sensitivity.  

Gadolinium Complexation 

In order to design a redox responsive contrast agent for MRI analysis, a model contrast 

agent was incorporated into the pseudotannin complexes. Gadolinium (Gd) is a well 

known MRI contrast agent that reduces the T1 relaxation time and has been used in 

various forms for diagnostic applications. Gadolinium itself is rather toxic, so it is often 
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modified to improve it’s biocomatibiltiy.65 The toxic effects of free gadolinium on kidney 

function is well known, but there are a number of modified gadolinium contrast agents 

that are approved for human use. The modification usually requires the chelation of Gd.  

The chelation facilitates the excretion of the contrast agent after the study. Figure 28 

illustrates how the incorporation of gadolinium into the pseudotannin complexes would 

take advantage of the self-assembling and responsive decomplexation abilities of the 

existing system.  

 The sensitivity of pseudotannin complexes to superoxide oxidation has already been 

demonstrated, but the addition of Gd to the system could significantly alter the size of 

those complexes. It was shown that the molecular weight of PEG significantly affects the 

stability of the complexes. The addition of a potential nucleation site would result in 

much more stable, and therefore larger, complexes. This would affect the viability of 

using such a system for vascular diagnosis, so an optimal nanoscale formulation needs to 

be identified. Table 4 shows the diameter and PDI of pseudotannin complexes made with 

a range of Gd concentrations. For this study, each class of pseudotannin was mixed with 

8A40K PEG-COOH at a 5:1 weight ratio. Before the phosphate buffer was added to 

initiate complexation an additional 20µL of gadolinium was added. The final 

concentration of Gd ranged from 1mg/ml to 0.03125mg/ml. The final molar 

concentration of Gd in the formulations ranged from 0.038mmol/mL to 0.0012mmo/mL 

and a common dose of a gadolinium based contrast agent is 0.025mmol/kg. Table 4 

shows that the addition of Gd affected all formulations and particle size was proportional 

to the amount of Gd added. The addition of Gd affected 3BBA complexes the least, but 

all formulations maintained particle diameters that were still suitable for cell uptake into 
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mammalian cells when up to a concentration of 0.125 mg/mL of Gd was added. In fact, 

the catcholic particles maintained a diameter of 101 nm with a Gd concentration of 

0.25mg/mL. While that is promising, 3 mL/kg of that formulation would be needed to 

reach a standard dose.  A more concentrated dose would be needed for normal 

applications, but a targeted delivery system could augment the local concentrations at the 

site of interest. Further studies would also be needed to determine if a more concentrated 

polymer solution could be used to incorporate a more concentrated dose of Gd based 

contrast agent, and to determine the kinetics of such a contrast delivery system. 

MRI Analysis 
In the proposed contrast agent, complexation of pseudotannins with gadolinium will need 

to effectively attenuate its affect on T1 relaxation signals. In order to test the attenuation 

of that effect, Gd loaded pseudotannin complexes were scanned in a 3T MRI scanner 

with the help of Dr. Richard Spencer and Dr. Kenneth Fishbein at the National Institute 

on Aging in the National Institute of Health. Polymer and Gd solutions were prepared 

with and without phosphate buffer in a custom 96-well plate made of poly(etherimide) 

(ULTEM). T1-weighted scan were taken with the following parameters. Repetition time 

(TR) =3000ms, Echo Time (TE) =10.5ms, matrix size = 512 x 256 pixels, and 256 echoes 

total. The gain was automatically calculated by the MRI system. Figure 29 shows that 

samples of gadolinium with pseudotannin complexation showed a significant drop in T1 

relaxivity compared to the samples with only polyphenoxides and no complexation.  All 

three pseudotannins used demonstrated this complexation mediated effect, but figure 30 

shows that the catechol complexation showed the greatest degree of attenuation. The 

signal attenuation is a result of pseudotannin complexation occupying hydrogen bonding 

sites on Gd. When these sites are occupied, the signal is attenuated. It has already been 
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demonstrated that pseudotannin particles will dissociate in response to oxidative stress. It 

is hypothesized that the complexation with Gd is similarly reversible and figure 28 

illustrates the proposed mechanism of releasing Gd. Once the Gd has been released and 

the binding sites are no longer occupied, the MR signal should be recovered, but further 

studies would be needed to confirm this hypothesis.  
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Figure 22: Illustration of the components of an atherosclerotic plaque and how plaques occlude blood 
vessels as the disease progresses.  
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Figure 23: Illustration of how oxidation and exposure to a base could theoretically result in the 
dissociation of pseudotannin complexes. 
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Figure 24: Antioxidant power of pseudotannin complexes made with 8A40K PEG-COOH at a 4:1 weight 
ratio.  ANOVA results (S-3) show that values that are statistically different from every other value 
represented here. * statistical significance (p ≤ 0.05). Average of n=8 ± std 
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Figure 25: Csanyi and coworkers illustrate a variety of mechanisms that produce reactive oxygen 
species that lead to vascular diseases.64 
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Figure 26: Gallol (circle), catechol (square) and resrocinal (triangle) pseudotannin complexes were 
made with 20K PEG at a 3:1 weight ratio and exposed to enzymatically produced O2

-. The resulting 
changes in UV absorption (top) and turbidity (bottom) are shown. N=4 ± standard deviation 
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Figure 27: 8A40K PEG-COOH was complexed with pseudotannins made with 40kDa dextran at a 4:1 
ratio . 20µL of 600µM NBT was added to each sample in a 96-well plate. XOD and HX were added to 
each well and oxidation of NBT was measured as absorbance at 560nm and normalized to samples treated 
with water (no polyphenols). ANOVA results (S-4) showed that the values for 4BBA and 345TBBA were 
significantly different from all other values. * represents values that were significantly different (p ≤ 0.05) 
from the negative control (water). Average of n=6 ± std 
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Figure 28: Illustration of the redox responsive decomplexation of pseudotannin/PEG complexes (A) and 
the proposed redox responsive dissociation of pseudotannin/Gd complexes (B) 
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Table 4: Diameter and PDI of pseudotannin complexes measured by dynamic light scattering. Complexes were made 
with and a range of Gd concentrations.  
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Figure 29: T1-weighted scan (left) and corresponding heat map (right) of Gd samples with and without polymer 
complexation.  
TR = 3000ms, TE=10.5ms 
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Figure 30: Quantitative measurement of T1 relaxation time for Gd samples with and without 
complexation 
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CHAPTER 5:  
PSEUDOTANNIN CANCER TREATMENT  

5.1 Introduction 
As of January 1, 2014, there were more than 3.1 million women in the United States 

living with a history of breast cancer and nearly 232,000 new cases of are estimated for 

2015.66 This makes breast cancer one of the most prevalent cancer among women, second 

only to skin cancer. Furthermore, with an additional 40,000 women expected to have died 

from breast cancer this year, breast cancer is also one of the deadliest cancers.66 Current 

breast cancer treatments depend on the targeting of one or a combination of 3 receptors 

that are expressed on the surface of the cells. Once targeted, the estrogen receptor and the 

progesterone receptor will both translocate to the nucleus allowing the drug to affect 

DNA expression. The Her-2-neu receptor is the third receptor and its overexpression has 

been shown to play a role in more aggressive cancers. As a result, the therapy for almost 

30% of breast cancer patients involves targeting this receptor. However, triple negative 

breast cancer lacks all three targets for therapy, making it a particularly difficult cancer to 

treat  

 Triple Negative Breast Cancer (TNBC) is a specific subset of breast cancer that lacks 

the expression of certain surface receptors on the cells. This limits the efficacy of 

conventional therapies. Targeted hormone therapy has also proven to be ineffective, so 

alternative therapies and delivery methods are being investigated. The biology of cancers 

also make certain therapies more or less effective.  Cells normally have three means of 

protecting themselves from inadvertent exposure to toxic materials. These include 

membrane bound pumps that remove toxic chemicals like drugs out, phase I enzymes that 

neutralize toxins, and lastly phase II detox enzymes.67 Phase II enzymes have proven to 
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be the most difficult challenge for cancer therapies to overcome because their 

overexpression results in chemoresistance and radioresistance in cancer cells.67,68 As a 

result there has been a lot of interest in the regulation of phase II enzymes. Nuclear factor 

(erythroid-derived 2)-related factor 2 (Nrf2) is a transcription factor that controls the 

expression of these phase II enzymes, It turns out that the current research presents two 

sides to the expression of Nrf2.68-70 Nrf2 is found in all human tissues, but is stored in an 

inactive state in the cytoplasm.71,72 In the event of stress, Nrf2 translocates into the 

nucleus to activate various downstream genes.72 On one hand, the expression of these 

downstream genes protect cells from various oxidizing agents and chemical toxicants and 

even protect cells and prevent mutagenesis. However, it has also been implicated in 

making cancer cells resistant to chemo and radiation therapy.68,73 The selective regulation 

of Nrf2 in cancer cells could be a promising therapeutic option, but the targeted delivery 

of any therapeutic still presents a challenge for TNBC. 

 While TNBC cells lack the traditional targets for therapy, an alternative has recently 

surfaced.  Marcinkiewicz and coworkers have identified a peptide sequence that target 

α1β1 integrins.74 The KTSX peptide sequence is an active component of the active site of 

a group of disintigrins from snake venom that selectively inhibit α1β1 integrins.74-76 This 

specificity is unique to this class of disintigrins and can be used to target the 

overexpression of α1β1 integrins on TNBC cells as well as a cell model (MDA-MB-

231).77,78  

 The self-assembled pseudotannin complexes described in this work present a 

uniquely facile means of incorporating peptide functional groups into an antioxidative 

nanoparticle. It has been demonstrated that pseudotannins can easily form nanoscale 



 70 

complexes with PEG. Conjugating the peptide to the end of a PEG chain would allow the 

targeting peptide to be easily incorporated into the pseudotannin complex. The 

combination of well established pegylation techniques with self-assembled pseudotannin 

complexes has the potential to transform targeted cancer therapies. In the case of TNBC, 

the antioxidative nature of the particles could mitigate the effects of Nrf2 and make breast 

cancer cells more susceptible to therapeutic agents like radiation. 

5.2 Results and Discussion 

Peptide PEGylation and Complexation 
 
CKTSR, CTKSR, KTSRC peptides were all obtained from the Moulder Center for Drug 

Delivery at the Temple University College of Pharmacy. Since all the peptides have a 

terminal cystien, NHS chemistry can be used to conjugate the peptides to modified PEGs. 

An 8A40K PEG-amine was first modified with an NHS ester.  This reaction used 

approximately 0.5g of PEG amine and 0.0308 g maleimide-NHS. These two components 

were dissolved in 1 mL of DMF and then mixed with 0.06969 mL of tri-ethylamine 

(TEA) and placed on a shaker over night. The NHS modified PEG is then mixed the 

peptide in a 1:8 mole ratio. That should provide 1 mole of peptide for each NHS modified 

PEG arm. That PEG and peptide mixture is placed on the shaker overnight and the thiol 

groups on the cysteine binds to the NHS group resulting ina  pegylated peptide. Each 

batch of pegylated peptide was then dialize, frozen, lyophilized and stored for future 

studies. PEG and pseudotannins were mixed together as usual at a 4:1 weight ratio, but a 

high (10%) and low (1%) volume percent of the PEG solution was replaced with the 

pegylated peptide solution at the same concentration. A sizing study was performed to 

ensure that the Peptide modified PEGs did not affect the size of pseudotannin complexes. 



 71 

Due to limited amounts of peptides and polyphenoxides, only a single formulation was 

tested for each class of pseudotannin. These complexes were made with 8A40K PEG-

COOH at a 4:1 weight ratio. Prior to mixing 10% of the PEG solutions was replaced with 

the appropriate 2mg/ml pegylated peptide solution. Complexation was initiated as usual 

by adding 20µL of 1M phosphate buffer. Table-5 shows the diameter of pseudotannin 

complexes made with each of the three pegylated peptides. The table shows that all the 

formulation produced complexes with diameters smaller than 200 nm. The addition of the 

peptide did not significantly affect the complexation and confirms that all formulations 

are small enough to be uptaken into mammalian cells. 

α1β1 Integrin Expression 
In order to demonstrate the ability to target cancer cells, MDA-MB-231 cells were used 

as a model for breast cancer and were first evaluated for their expression of α1β1 

integrins. To test this, a 96 well plate was coated with a variety of antibodies and blocked 

with BSA. The antibodies were designed to bind to specific integrins that would be 

expressed on the cell membrane. Then fluorescently labeled cells were then incubated on 

these coated surfaces for 1 hour and then washed. The fluorescent intensity of each well 

would be indicative of the level of expression of a protein on the cell surface. Figure 31 

shows the number of MDA-MB-231 cells that bound to antibody coated surfaces. The 

number of cells coated correlates with the expression of surface binding domains specific 

to the antibody being tested. A pure BSA coating was used as a control and figure 31 

confirms that the expression of α1 along with significant expression of α41, αvβ3, αvβ1, 

and α9β1. The expression of integrins other than α1β1, should not affect the binding 

activity of KTSR peptides because they specifically target α1β1, which is shown to be 

present on the surface of MDA-MB-231 cells. 
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Cell Viability and UV Exposure 
For all cell studies, MDA-MB-231 cells were plated at 50K cells per well in a tissue 

culture treated 96-well plate. Polymer complexes were made with each pseudotannin 

(0.5mg/ml) and 8A40K-PEG-COOH (2mg/ml). 10v/v% of the PEG solution was 

replaced with pegylated KTSRC, CTKSR, CKTSR, or no peptide. The cells were then 

incubated with the complexes for 12 hours and the resulting viability measured by the 

MTS assay was normalized to an untreated PBS control. Figure 32 shows the viability of 

MDA-MB-231 cells exposed to unmodified pseudotannin complexes at concentrations 

ranging from 0.63mg/ml to 0.02mg/ml. No significant cytotoxicity was seen and a 

polymer concentration of 0.5mg/ml was used for future studies.  

 In order to determine how the modified pseudotannin complexes affect breast cancer 

cells, the sensitivity of MDA-MB-231 to UV radiation was tested. UV radiation has been 

shown to induce oxidative stress in biological systems and tannins have been shown to 

protect against the effects of UV radiation on skin. 10,79 A UV sterilizer that emits UV-C 

light with a 256 nm wavelength was used to stress cells. In order to determine the effect 

of UV radiation alone, 2 identical plates of cells were plated and treated with 

pseudotannin complexes. The first plate was removed from the incubator, covered with 

foil, and exposed to ambient room conditions for 45 min. Over that same period of time, 

the second plate of cells was placed in the UV sterilizer which was also at room 

temperature. Figure 33 shows how the incorporation of peptides affected the viability of 

breast cancer cells without UV exposure. All formulations showed lower viability, but no 

single formulation stood out as having significantly more effect on cell viability. This 

initial of toxicity observed may be attributed to exposure to non-ideal culture conditions, 

but figure 34 shows the viability of the cells after 45 minutes of UV exposure. The 
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viabilities were normalized to the same untreated PBS control not exposed to UV 

radiation as before so that values in figures 33 and 34 are directly comparable. Here we 

see a slight drop in cell viability for most of the particle formulations, but the complexes 

made with KTSRC peptides showed a significantly greater affect. Figure 35 quantifies 

the percent change in viability for cells after UV exposure relative to the same group 

without UV exposure.  Here we see that complexes made with KTSRC peptide made 

breast cancer cells nearly 20% more sensitive to UV radiation than any other formulation 

and this effect was seen for all classes of pseudotannins. This would suggest that the 

increased sensitivity is a result of a material property, like antioxidation, that is common 

to all classes of pseudotannins. Even though there is evidence of polyphenols having 

prooxidative effects when irradiated, this would have had the same effect extracellularly. 

If the effect is dependent on cell uptake, it would suggest that the antioxidative material is 

interacting with intracellular components. There is also research that suggests that 

intracellular antioxidants can interfere with the activity of Nrf2. Nrf2 is a ubiquitous 

factor that protects cells from oxidative and toxic agents and also prevents mutagenesis in 

cells. However, it has also been implicated in making cancer cells resistant to chemo and 

radiation therapy. By interfering or inhibiting the activity of Nrf2, the pseudotannins 

could be mitigating this protective effect, thereby making the breast cancer cells more 

sensitive to UV radiation. Further testing would be needed to confirm this proposed 

mechanism, but it is clear that UV exposure could be a significant variable in any cell 

viability study that involves pseudotannins or any polyphenols. 

Flow cytometry 
In order to confirm cell uptake, flow cytometry was used to analyze MDA-MB-231 cells 

treated with pseudotannin complexes made with the pegylated peptides. Three different 
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peptides were used. KTSRC, CKTSR, and the scrambled CTKSR sequence. MDA-MB-

231 cells were plated at 100K cells per well in a 48-well plate and incubated for 2 days. 

Pseudotannin complexes were made with catechol pseudotannin (0.5mg/ml) and 8A40K-

PEG-COOH (2mg/ml). 1% of the PEG solutions were replaced with a pegylated texas red 

fluorophore. Then an additional 1v/v% or 10v/v% of the PEG solution was replaced with 

pegylated KTSRC, CTKSR, CKTSR, or no peptide giving 7 experimental groups 

including an untreated control. After incubation, the cells were treated with pseudotannin 

complexes and incubated for 12 hours. Figure 36 shows the side scattering plotted against 

the forward scattering of MDA-MB-231 cells alone (left) and particles alone (right). It 

clearly shows where MDA-MB-231 cells should be found in subsequent samples and two 

gates were applied to the data identifying a dense region of cells (P1) and an extended 

region to include any outlying cells (R1). Figure 37 and 38 show the fluorescence 

intensity of cells exposed to complexes made with a high (10%, A) and low (1%, B) 

peptide content in the P1 and expanded R1 gates respectively.  The untreated controls 

were used to mark the baseline fluorescence for MDA-MB-231 cells. An increase in 

fluorescence above that mark indicates either increased cell uptake or simply more 

particles attached to the cell surface. There was no significant difference between the 

high and low peptide content. Figure 39 shows the quantified values for each of the 

experimental groups. Interestingly, the no peptide complexes had the greatest increase 

(81%) in fluorescence suggesting that the addition of peptide actually inhibited cell 

uptake. However, there is also an observable trend of increased cell uptake when 

comparing the complexes made with peptide. As expected, of the complexes made with 

peptide, the KTSRC complexes showed the greatest increase (74%), whereas the 
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scrambled sequence showed the least (37%). Table 6 lists the percentage of increased 

fluorescence for each condition. When this apparent uptake of particles is correlated to 

the UV radiation data, this suggests that the KTSRC peptide did in fact enter the cells 

because it significantly increased the sensitivity of those cells to UV radiation. On the 

other hand, the no peptide complexes may have simply associated with the cell surface 

more because there was less of a biological affect as measured in the UV radiation 

studies. This data also suggests that the addition of peptide to the complexes also lowers 

the attachment of particles to cell surfaces. This could be a combination of less 

untargeted cell uptake and increased targeted uptake, the combination of which is ideal 

for nanoparticle drug delivery.  
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Table 5: Diameter and PDI of pseudotannin complexes made with pegylated peptide (KTSRC, CTKSR, and 
CKTSR) and a pegylated Texan Red. Three measurements were taken for each and all values were similar. 
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Figure 31: Number of cells (thousands) bound to surfaces treated with various antibodies. ANOVA results 
shown in S-4 show that the expression of α1, αvβ3, collagen I, collagen IV, and fibronectin on the cell surface is 
significantly different from the BSA and VLO5 negative controls. * represents values that are significantly 
different (p ≤ 0.05) from negative controls. Values shown are averages of n = 3 ± std. 
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Figure 32: Viability of MDA-MB-231 cells exposed to pseudotannin complexes made with 8A40K PEG-
COOH at a 4:1 weight ratio. Cell viability was measured by the standard MTS assay and normalized to an 
untreated PBS control. According to the ANOVA results shown in S-5, none of the values shown here are 
significantly different. Average of n=5 ± std 
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Figure 33: Viability of MDA-MB-231 cell with no UV exposure. MDA-MB-231 cells were plated at 
50K/well in a 96-well plate and incubated for 2 days. And then treated with pseudotannin complexes made 
with 8A40K-PEG-COOH and pegylated peptide. According to the ANOVA results shown in S-6, none of the 
values shown here are significantly different. The values shown here are the averages of n=5 ± std. 
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Figure 34: Viability of MDA-MB-231 cell with after UV exposure. MDA-MB-231 cells were plated at 
50K/well in a 96-well plate and incubated for 2 days. And then treated with pseudotannin complexes made 
with 8A40K-PEG-COOH and pegylated peptide. According to the ANOVA results shown in S-6, IPCs 
modified with the KTSRC peptide were significantly different (p ≤ 0.05) from all IPCs made with no 
peptide.  * represents values that are significantly different from samples without peptide modification. The 
values shown here are the averages of n=5 ± std. 
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Figure 35: % change in cell viability of MDA-MB-231 cells after UV exposure. The viability for each 
experimental group with UV treatment was compared to the viability of that same group without UV 
treatment. 
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Figure 36: Side scattering plotted against the forward scattering of MDA-MB-231 cells alone (left) and 
particles alone (right). Two gates were applied to the data identifying a dense region of cells (P1) and an 
extended region to include any outlying cells (R1). 
 



 83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 37: Histogram of increasing fluorescence intensity of samples within area P1. 
MDA-MB-231 cells were treated with catecholic pseudotannin complexes that 
incorporated a high (top) and low (bottom) peptide content as described in the methods. 
The curves shown are representative (not averages) 
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Figure 38: Histogram of increasing fluorescence intensity of samples within area R1. 
MDA-MB-231 cells were treated with catecholic pseudotannin complexes that 
incorporated a high (top) and low (bottom) peptide content as described in the methods. 
The curves shown are representative (not averages) 
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Figure 39: Histograms of increasing fluorescent intensity for MDA-MB-231 cells alone (A) or treated with 
particles that incorporated no peptide (B), KTSRC (C), CKTSR (D), and CTKSR (E) 
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Table 6: Quantification of increase in 
fluorescence intensity for cells treated with 
IPCs compared to an untreated control. 
 

Fluorescence Increase 

No Peptide 81% 
KTSRC 74% 
CKTSR 71% 
CTKSR 37% 

Cells alone 1% 
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CHAPTER 5 
CONCLUDING REMARKS 

Conclusions 
Taking inspiration from nature, we created a library of pseudotannins with a degree of 

control over molecular weight of the polymers and chemical structure of the phenolic 

residues. These pseudotannins are synthetic polymers based on natural tannins that have a 

unique set of properties well suited to biomedical applications. A lot of current research 

is interested in using tannins for biomedical applications because they have 

demonstration unique therapeutic potentials. In this work, we demonstrated that, like their 

natural counterpart, pseudotannins had the ability to self assemble into nanoscale polymer 

complexes that retain their bioactivity. We showed that the polymer complexes formed 

65by pseudotannins have antioxidant potential as measured by the Folin assay, its 

response to oxidative stress, and its ability to scavenge superoxide. The antioxidative 

nature of these self-assembled complexes lends itself to drug delivery applications.  

 One example is the targeted delivery of MRI contrast agents to atherosclerotic 

plaques. We showed that we could control the complexation of pseudotannin polymers 

with PEG, by changing the PEG weight ratio, PEG MW, or PEG structure. This process 

takes advantage of a plurality of hydroxyl groups to form particles. Those same hydroxyl 

groups can be consumed when oxidized, resulting in a dissociation of those particles in 

response to oxidative stress. A similar complexation scheme was also able to attenuate 

the MRI signal of free gadolinium, but further testing is needed to see if that signal can be 

recovered. Further testing is needed to just test how sensitive pseudotannin IPCs are to 

physiological oxidation. Another limitation of this system is the loading of gadolinium. 

Adding too much Gd results in large microparticles that are not suitable to intravenous 
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delivery.  

 The current state of the pseudotannin contrast agent system is not suitable for clinical 

applications due to the toxicity of free gadolinium. This is especially true if the 

complexed Gd were to be released after oxidation. Free gadolinium is highly toxic and 

has been linked to issues with nephrotoxicity especially in patients with underlying 

kidney disease. However there are a number of gadolinium based contrast agents (GBC) 

that mitigate that toxicity issue by sequestering the metal ion in a chelate. Chelates are 

large molecules that form complexes with Gd while maintaining its paramagnetic 

properties. These GBC also maintain free complexation sites that could be susceptible to 

pseudotannin interactions.  This could be advantageous for the design of a gadolinium 

based pseudotannin contrast agent. A major concern was the size of pseudotannin 

complexes made with Gd. It was shown that the addition of even small amounts of Gd 

produced much larger particles. The added Gd could have provided nucleation sites that 

encouraged particle aggregation, producing much larger particles. However, by using a 

chelated Gd that has fewer complexation sites available would minimize that cross-

linking effect. Further particle size experiments would need to be performed to test the 

effect of chelated Gd on complex formation. However, toxicity is still a concern with the 

current GBC that are available.  The chelation used to mitigate toxicity is not perfect, and 

the Gd ion can still escape, so other contrast agents should also be pursued. 

 Pseudotannin nanoparticles have also demonstrated potential as a cancer therapeutic. 

In order to target breast cancer cells, a pegylated cell targeting peptide was incorporated 

into the IPCs, and we demonstrated successful uptake of those modified particles. We 

found that the uptake of particles was independent of the class of pseudotannin used. 
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Furthermore the uptake of antioxidative nanoparticles increased the sensitivity of those 

particles to UV radiation. We showed that this resulted in was a 20% drop in cell viability 

after exposure to UV-C radiation. It is still unknown as to what mechanism is causing this 

sensitivity. One possibility is that the pseudotannins are interfering with the activity of 

Nrf2, which has demonstrated a protective effect on cancer cells. Some research has also 

demonstrated that under aerobic conditions, cell growth can be inhibited by exposure to 

natural tannins. This is a result of the production of hydrogen peroxide when tannins are 

oxidized.80 It remains to be seen if this is also true of pseudotannins. 

Perspective and future research goals 
 
The development of controllable synthetic tannins presents the prospect for novel, 

responsive, and versatile tannin based biomaterials that would not have been possible 

with natural tannins obtained from plant extracts. The degree of control we now have 

over the complexation of polyphenols can be applied to various applications for 

pseudotannins. Some of this work may look at  

 A major question that remains to be answered is why the polygallol pseudotannin 

complexes were uniquely sensitive to superoxide. Even though multiple complexes 

demonstrated antioxidant power as measured by the Folin assay and the ability to 

scavenge superoxide in the NBT assay, only the polygallol pseudotannin compelxes 

complexes demonstrated a change in phenol oxidation and turbidity in response to 

superoxide. One potential explanation is a reversible oxidation reaction. For most of this 

work, it was assumed that the oxidation of phenol groups was irreversible. While this is 

still true if the oxidation goes to completion. When a phenol is oxidized it is converted to 

a quinone which can covalent bonds. However, oxidized phenols first enter an 
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intermediary semiquinone state that can be reverted back to a phenol in the presence of 

reducing agents.81 In intracellular environments, Nicotinamide adenine dinucleotide 

(NAD) and it’s oxidized form, NADH, are found in the cytosol and could interfere with 

the response of pseudotannin complexes in-vivo.  

 Future work with pseudotannins should look at the how well the IPCs can target 

atherosclerotic plaques. There is evidence that atherosclerotic plaques also over express 

α1β1 integrins. This would suggest that the cell targeting pseudotannin complexes 

described in Chapter 4 would also be suitable for targeting inflamed endothelial cells as 

well.82 This targeted delivery could enhance the local concentration of the contrast agent, 

thereby requiring a lower dose.  

 We also demonstrated that the incorporation of small amounts of molecular Gd, 

significantly affected particle size. There is evidence that the addition of small amounts 

of “anchors” can stabilize polymer-polymer interactions.17 As suggested by our study of 

IPC turbidity, this would result in the larger particles that are more prone to precipitation.  

On the other hand, the incorporation of short peptide sequences terminally bound to PEG 

had little to no effect on particle size. This could be due to the inherent flexibility of that 

structure, but it would be interesting to see if longer peptides or polymer chains could be 

incorporated without negatively affecting the size of nanoparticles. 

 In work presented here we describe a method for creating synthetic polyphenols that 

are analogous to natural tannins and we demonstrate that these pseudotannin can form a 

modular, self-assembled, and redox responsive nanoparticle system. The versatility of 

pseudotannins has a lot of potential for biomaterial research. In order to further develop 

pseudotannins, future work could determine if they demonstrate any therapeutic 
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properties as well as how they interact with other biomaterials. The ability of 

pseudotannins to self-assemble with or bind to other polymers could also be a means to 

provide structural support or even impart antioxidative properties to an otherwise inert 

material. We have specifically demonstrated how pseudotannin nanoparticles can be used 

to augment the signal of MRI contrast agents for diagnosing atherosclerosis or as a 

targeted therapy for triple negative breast cancer, but the implications of a synthetic 

tannin go beyond any one biomedical application.   
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SUPPLEMENTAL FIGURES 
 
 
 
 

  

 
 
S-1: ANOVA results for turbidity measurements of 4BBA (A), catecholic (B), and resorcilic(C), gallic 
(D), and syringic (E) IPCs shown in Figure-19. Groups not connected by vertical bands are significantly 
different with p ≤ 0.05. 
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S-2: ANOVA results for antioxidant potential as measured by the Folin assay for IPCs made 
with each class of pseudotannin at 3 molecular weight with linear 300K PEG (A) and 8 arm 
branched 40K PEG-COOH (B). Groups not connected by vertical bands are significantly 
different with p ≤ 0.05. 
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S-3: ANOVA results for amount of superoxide 
scavenged as measured by the NBT assay. Groups not 
connected by vertical bands are significantly different 
with p ≤ 0.05. 
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S-4: ANOVA results for expression of surface binding domains on MDA-
MB-231 cells. Groups not connected by vertical bands are significantly 
different with p ≤ 0.05. 
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S-5: ANOVA results for viability of MDA-MB-231 cells treated with 
each class of pseudotannin complex at a range of concentrations as 
measured by a standard MTS assay. Groups not connected by vertical 
bands are significantly different with p ≤ 0.05. 
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S-6: ANOVA results for viability of MDA-MB-231 cells with peptide modified pseudotannin IPCs 
without UV radiation treatment (A) or with UV radiation treatment (B). Groups not connected by 
vertical bands are significantly different with p ≤ 0.05. 


