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Polymeric biomaterials have revolutionized the medical sector, but acidic 

degradation byproducts, limited tunability, and non-degradability of those used in 

commercial products, has led to an unmet need for new, improved libraries of polymers. 

Specifically, the design of new materials with defined structure-property relationships will 

enable faster, and more efficient material selection for application specific research. 

Biomedical research intertwines itself between many scientific disciplines including 

chemistry, materials science, biology, engineering and medicine. Due to the complexity in 

designing new biomaterials, many research groups focus on incremental chemical or 

physical modifications to existing materials such as composites of metal alloys or synthetic 

polymers like poly(lactic acid) (PLA). To address limitations polymeric biomaterials, 

several laboratories have focused their efforts on developing new libraries based on amino 

acids for their improved biocompatibility and tunability. Tyrosine has had great 
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translational success from the Kohn group into the clinic due to the structurally rigid 

aromatic ring and biocompatibility of the amino acid. Tyrosine has been successfully used 

by the Kohn lab to generate polycarbonates and polyarylates, which exhibit excellent 

biocompatibility and tunability. Slight modifications to these polymers including 

incorporation of hydrophilic oligomers of PEG or free acid groups led to a library of 

materials with predictable tunability. One major limitation of tyrosine-based polymers is 

the mismatch between degradation and resorption due to the presence of amide linkages, 

the degradation of which is limited to enzymatic modes. We hypothesize that to overcome 

this limitation, replacing the amide bond in the tyrosine diphenol with an ester derived from 

tyrosol will promote resorption while maintaining biocompatibility and tunability.  

Tyrosol is a naturally derived anti-oxidant commonly found in olive oil. A small 

subset of the library described in this dissertation have been previously used in 3D printing 

applications. However, the design of such polymers for broader biomedical applications 

has not been explored. Establishing structure property relationships within a library of 

tyrosol-derived polymers was a main thrust of this dissertation. We hypothesize that 

establishing these correlations will enable the more efficient design of polymers for 

specific application. Synthetic optimization of novel tyrosol diphenols and subsequent 

polymers followed by an intensive examination of polymer properties was carried out to 

identify the great potential of this library. Tyrosol derived poly(ester-arylate)s were 

explored with three major structural comparisons: (i) diphenol symmetry, (ii) diacid carbon 

chain length, and (iii) diacid bond rigidity. Resulting polymers were then characterized for 

their chemical, degradative, thermal, mechanical, and biological properties. Structure-

property relationships were established to better guide material design.  
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A wide range of material parameters were obtained and implications in polymer 

design identified. These design parameters were extended to specific processing techniques 

including additive manufacturing. Methods for improving bioinks used in additive 

manufacturing were explored through the use of click chemistry to further expand on the 

polymer properties of printed constructs using fused deposition modeling. Correlations 

between polymer molecular weight, printing parameters, and post printing curing times 

were identified.  

Additionally, these polymers were investigated for their use as drug eluting devices. 

A subset of the developed polymer library was chosen, and chemical modifications were 

made to the polymers in order to provide improved drug delivery for both hydrophobic and 

hydrophilic APIs. Extruded implantable devices loaded with drug were designed for 

applications including implantable birth control and treatments for HIV. Poor patient 

compliance is often a hurdle in improving clinical outcomes, and therefore, long acting 

implants can improve treatment effectiveness.  

Guided rationale based upon the known chemical properties of monomers was used 

to design an expanded library of poly(ester-arylate)s for a range of biomedical applications. 

Tunability of thermal, mechanical, and processing properties enables selection of a material 

for specific physiological applications, as different pathologies require materials to match 

their properties. This library has established a platform for developing versatile polymeric 

materials by biomolecular tethering to improve device properties, incorporation of peptides 

for improved biologically responsive degradation, and new resorbable nerve conduits. 
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CHAPTER 1: INTRODUCTION 

The National Institute of Health (NIH) originally defined a biomaterial in 1982, as 

“any substance or combination of substances, other than drugs, synthetic or natural in 

origin, which can be used for any period of time, which augments or replaces partially or 

totally any tissue, organ or function of the body, in order to maintain or improve the quality 

of life of the individual.”1 As the average life expectancy increases and new medical 

problems arise, the need for new materials and treatments arise.2, 3 One key indicator of the 

current need is the market value of biomaterials, which has grown exponentially over the 

last decade. Most recent approximate valuation of the field was in 2019 at 106.5 billion 

dollars and expects to reach 348.4 billion dollars by 2027.4 Polymers, specifically have 

dominated the market accounting for over 40% of the total market share in 2019.4 

Biomaterial use began back during the middle ages when Egyptians used sutures to 

mend wounds. Throughout time, wood, metals, and natural materials have been used to 

treat damaged and diseased tissues.5-7 Recently, the focus has expanded past treatments 

alone to improving quality of life.5 The field’s growth has led to a broadened definition 

incorporating many new areas of medicine. A more modern definition indicates that 

“biomaterials may be natural or synthetic and are used in medical applications to support, 

enhance, or replace damaged tissue or a biological function”. Due to the broad scope of the 

definition, biomaterial’s applications can stretch from contact lenses to coronary stents, 

each requiring extremely different properties (Figure 1.1).8-16 
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Figure 1.1. Classes of biomaterials applications.  

1.1 Types of Biomaterials 

Due to the vast amount of applications using biomaterials, the need for materials 

exhibiting a large range of properties is required. Four major classes of materials have been 

studied for their use in medical applications: metals, ceramics, synthetic polymers, and 

natural polymers (Figure 1.2). Each class of materials has their own benefits and deficits 

towards use in biomedical applications. Availability, cost, reproducibility, strength, 

tunability, and biocompatibility all play a role in material selection.17 While early 

biomaterials research used natural polymers , shifts towards synthetic materials have 

further advanced the field. Material selection depends on the property of the materials, the 

biocompatibility of the implant, and the heath of the patient. The first two factors will be 

investigated in this thesis as key contributors to the success of a new material.   
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Figure 1.2. Types of biomaterials with their advantages and disadvantages.  

 

Two of the largest differences in material type are degradability and mechanical 

properties. The latter requirement is dictated by the targeted regenerating tissue type. When 

comparing the properties of biological tissue, they can be split into hard and soft tissues. 

Hard tissues include bone and enamel while soft tissues include cartilage, ligaments, and 

skin.7 Depending on the tissue type, moduli can range from 17 Pa for fat tissue up to 18 

GPa for bone. Tensile strength is also important and can range from 2 MPa to 133 MPa. 

These differences highlight the need for large amounts of materials that can match these 

properties (Table 1).7, 18  
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Table 1.1. Mechanical properties of biological tissue types7, 18  

Tissue Modulus 
(MPa) 

Tensile 
Strength 
(MPa) 

Tissue Modulus 
(MPa) 

Tensile 
Strength 
(MPa) 

Cortical 
bone 17700 133 Tendon 401.5 46.5 

Cancellous 
bone 400 7.4 Articular 

cartilage 10.5 27.5 

Enamel 84300 10 Ligament 303.0 29.5 

Dentine 11000 39.3 Skin 0.1-0.2 7.6 

 

Material degradability or lack thereof also plays a role in material selection. Some 

tissue types are slow or non-regenerating and as such, require materials that are non-

degradable. This includes applications such as meniscus repair or cardiac leads for a 

pacemaker. On the other hand, many tissues can rebuild themselves in the weeks to months 

post injury. Ideally, an implantable biomaterial will provide support during the early stages 

of healing and then slowly transfer the mechanical load to the newly formed tissue. When 

non-degradable devices are used for these applications, a second surgery is required for 

removal but recent advances have led to degradable materials that eliminate this need. 

Tissue types have varying regenerative timelines.19 For tendon and bone repair, the 

timeline for healing is approximately 4-8 weeks. Comparatively cartilage and ligaments 

can take 10-12 weeks. Nerve regeneration is dependent on the size of the defect gap and 

can take 4 weeks up to 24 weeks.  

Metals have the advantage of superior strength and toughness compared to other 

materials. Joint replacements, dental implants, and orthopedic fixation devices have all 

benefitted from the toughness of metals. One key deficit to these materials is that they often 

overpower the mechanical environment they are placed into, causing stress shielding.20, 21 
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Stress shielding occurs when the material doesn’t transfer mechanical load to the 

regenerating tissue. This results in a weakened tissue and additional complications. 

Another problem is that they can also corrode in the body resulting in fracturing of the 

metal.20, 22, 23 More recently, metal alloys have been tested as a way to improve on these 

properties but they have only been moderately improved. Ceramics are stiff, strong and 

corrosion resistant but can be very brittle and can be difficult to process.24, 25 Limited 

bioactivity has also been a concern although the introduction of bioactive ceramics has 

partially addressed this issue.26 Natural polymers have showed promise due to their 

excellent bioactivity but often do not possess the proper mechanical requirements needed 

for most applications.27, 28 Biopolymers also have a reproducibility problem as a result of 

the impact of material source and processing.29 

These insufficiencies have led to growing interest in synthetic polymers, which are 

promising due to their biocompatibility, processability, reproducibility, and 

functionalizability.9, 30-34 Specifically, synthetic polymers can be processed to possess the 

proper macro-, micro-, and meso-porosity seen in natural tissue.35, 36 Increased attention to 

functionalization of synthetic materials with naturally derived peptides, and proteins have 

led to improved bioactivity of these typically bioinert polymers.37-39 Polymers can be 

separated into two classes of materials: (i) non-degradable and (ii) degradable. Pacemaker 

leads and dialysis tubing are examples of applications requiring non-degradable polymeric 

biomaterials, while drug-loaded microspheres and resorbable sutures require 

biodegradability and excretion from the body. The kinetics of degradation can be tailored 

to the application, eliminating the need for future removal of the device or implant. This 

reduces the risk for infection and complications from additional surgeries.40 In addition, 
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they have the ability to slowly transfer the mechanical load to the regenerating tissues 

eliminating the possibility of stress shielding.41 Herein, this thesis will focus on the design 

of biodegradable polymers for a variety of applications. 

1.2 Development of New Biomaterials 

Designing a new biomaterial requires attention to a combination of chemical, 

biological, and physical science. The interdisciplinary nature of the field requires constant 

cycles of material design, response, evaluation, and redesign. When a foreign substance 

enters the body, it will cause an immune response.42 This can often lead to inflammation 

and rejection of the material. Polymers, monomers, and degradation byproducts must be 

non-cytotoxic and have minimal to no inflammatory response.43 In addition, biodegradable 

materials must produce degradation products that are easily metabolized and excreted in 

vivo.44 Degradation rates also need to match the desired application’s healing or 

regenerative process. As a material degrades, the mechanical load the material can handle 

decreases. As such, scaffolds for bone regeneration that degrade and resorb after one week 

will ultimately lead to device failure and cause additional complications for a patient.45  

A polymeric scaffold should also maintain the proper mechanical properties to 

support regeneration and integration into the native tissue. Lastly, since these materials are 

degradable, their long-term stability post-processing is important to their translatability to 

market. Aging after fabrication should be minimized post-fabrication to ensure quality and 

safety of the product is reproducible.41 One of the most common ways to ensure a polymer 

meets the biological requirements of the implant site with minimal immune response is to 
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derive the material from molecules commonly expressed in the body such as those involved 

in metabolism.  

Commercial polymers with use in FDA-approved medical devices include 

polylactic acid (PLA), polyglycolic acid (PGA) and polycaprolactone (PCL). The polymers 

have excellent tunability and meet many of the requirements to designing a polymeric 

biomaterial. For PLA and PGA, a looming disadvantage is their acidic degradation 

byproducts, lactic acid and glycolic acid, respectively (Scheme 1.3). Local drops in pH at 

the implant site have local acidosis of the tissue in later stages of degradation.46 PCL’s 

degradation byproduct, 6-hydroxyhexanoic acid, is less acidic and less soluble, but 

increased hydrophobicity leads to slow hydrolytic degradation.47 An alternative approach, 

and one that has been explored extensively in the Kohn laboratory is to design polymers 

based on known amino acids. 

 

Scheme 1.3. Schematics for the synthesis and degradation of PLA, PGA, and PCL.  
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1.3 Amino-acid Derived Polymers 

Amino acid building blocks in polymeric biomaterials is a way to ensure minimal 

cytotoxic response upon implantation and during degradation. This approach has led to 

success by many researchers including Joachim Kohn, Abraham Domb, and Matthew 

Becker to name a few. While the fundamental polymer design may be varied, the overall 

goal of a new library of polymers with unique function and good biocompatibility is one 

that many labs have embraced. Within the Kohn lab, extensive work on tyrosine-derived 

polycarbonates48-51 and polyarylates52-54 has been reported. A library of tunable polymers 

based on a polycarbonate terpolymer comprised of desaminotyrosyl-tyrosine ethyl ester, 

desaminotyrosyl-tyrosine, and poly(ethylene glycol) was generated and has shown huge 

promise in bone regeneration51, 55, 56, delivery of hydrophobic and hydrophilic APIs50, 57, 58, 

and nerve regeneration59-61.  

Abraham (Avi) Domb has also led extensive research in the field of amino acid-

based poly(ester-anhydride)s and poly(amide-anhydride)s.62-64 These polymers exhibit 

surface erosion and are fast degrading polymers with minimal inflammatory response. 

Domb also reports benefits of functionalizability, tunability and biological activity with 

amino acid derived polyanhydrides.65 Additionally, his work expanded to make polyesters 

of amino acids through conversion of amino acids to alpha-hydroxy acids and then 

polymerize them. These polymers have many advantages over commercial polymers 

including better biological properties, biodegradability, and improved mechanical 

properties. Tunability occurs from the R-group of the amino acid with varied 

hydrophobicity, and rigidity.65 
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Matthew Becker’s lab has also completed substantial work on poly(ester-urea)s 

based on several amino acids. These polymers are easily synthesized by making a diamine 

and then polymerizing with triphosgene. Polymers derived from phenylalanine exhibit 

superior mechanical properties similar to poly(lactic acid) and have limited acidic 

byproducts due to buffering effects of the polymer’s urea functionality.66-68 Becker’s work 

also illustrates the vastly improved biological properties through additional conjugation of 

peptides, catechol groups, and selective crosslinking.69-73 These labs illustrate a small part 

of an ever-growing group of research that highlights biocompatible, biodegradable, 

synthetic polymers.  

1.4 Degradation of Polymers 

Degradation, or loss of molecular weight, and resorption, or loss of mass, provide 

ways for a material to be removed and excreted from the body without additional surgical 

procedures that can cause patient discomfort or complications. While this can be a major 

advantage, the degradation pathway and rates should be defined to prevent late stage 

rejection of devices or degradation products. The two major paths for the degradation of 

polymers are either hydrolytic or enzymatic. Enzymatic degradation is minimally explored 

in the literature and even less so in regards to biomaterials due to the lack translation of 

results in vivo. Local concentrations and activities of enzymes in the body are often not 

reported and hard to predict. Instead, hydrolytic degradation has been a main focus of 

degradation characterization in the field. Understand the aqueous driven process in vitro 

has found correlations to in vivo results. Hydrolysis is impacted by chemical bond type, 

pH, molecular composition, and water uptake by the polymer.74  
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Chemically, hydrolysis can occur at an appreciable rate for esters, carbonates, and 

anhydrides. Amides, on the other hand, are extremely slow degrading hydrolytically and 

typically require amidase enzymes to be hydrolyzed.75 This has been realized by previously 

designed tyrosine-derived polycarbonates and polyarylates that degrade but resorb at much 

slower rates. Work within the Kohn laboratory has identified the amide-bond as the 

limiting factor in the ability of these polymers to resorb.76-79  

Rates of degradation can also dictate the erosion process for a polymeric device. 

Ideally, a device will surface erode as it’s being degraded in the body.80 This occurs when 

a polymers degradation is much slower than the resorption of the degradation products. In 

this case, diffusion of water into the scaffold is typically very slow allowing for the surface 

to hydrate, degrade, and resorb prior to deeper layers of the scaffold being impacted. The 

main advantage of this pattern of degradation is the retention of mechanical properties 

throughout the duration of the device’s lifetime in the body. More commonly, polymers 

erode in the bulk. The rate of polymer chain degradation and monomer resorption is much 

slower that the diffusion of water into the volume of the device, thus resulting in a 

mismatch between hydrolysis of the polymer backbone and clearance of the degradation 

products. This ultimately leads to a loss in mechanical properties and rapid resorption late 

in the device’s lifetime. While this is not ideal, if the polymer retains mechanical properties 

long enough to transfer mechanical load to the healing tissue, then the device can still serve 

its regenerative purpose. Understanding the chemical impact on resorption rates, helps 

dictate potential applications a polymer can be used for. Degradation and resorption are 

main thrusts of this thesis will be further explored in Chapters 3 and 4.  
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1.4 Structure Property Relationships (SPR) 

 “Structure determines property” is a concept widely accepted by chemists and 

applied scientists.81 Due to the fact that biomaterials require a wide range of properties, 

understanding the correlation between chemical structure and material behavior allows for 

more efficient design of medical devices. Biomaterials design requires precise modulation 

of thermal, mechanical, and biological properties and it is often difficult to decouple them 

from each other.82 Finding ways to alter polymer properties independently and in a 

predictable fashion based on chemical design is a very appealing aspect to material 

development. When needing to design a new polymer library, addressing multiple 

properties, SPR has proven to be effective.  

Previously in our lab Brocchini et al. used the structure property approach to 

develop a library of tyrosine-derived pol(ester-arylate)s.83 By varying the backbone chain 

length in the diacid along with the pendent chain length in the diphenol, a library of over 

110 polymers was synthesized and evaluated for property trends. Some trends were found 

to be more nonspecific - for example, increasing chain length, regardless if it was pendant 

or part of the backbone, resulted in an increased Tg. On the other hand, hydrophobicity was 

more sensitive to the pendant chain of the polymer compared to the backbone. The 

incorporation of heteroatoms led to an increase in hydrophilicity and glass transition 

temperature of the polymer. Mechanical and biological properties were also evaluated, 

drawing conclusions that incorporation of heteroatoms improved proliferation rates of cells 

and increasing chain lengths in both the backbone and pendant chain lowered the material 

stiffness. This work highlights the power that a combinatorial approach to material design 

can have. Resulting from this pivotal work were two medical device products that have 
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saved thousands of lives.84, 85 The fundamental correlations drawn by Brocchini et al, have 

accelerated application-driven polymer development for use in medical devices.  

1.5 Functionalization Through Click Chemistry 

A major advantage to synthetic polymers is the ability to tune their properties 

through chemical and physical modifications. An increasingly popular area of research is 

the use of click chemistries. Originally employed in bioconjugation methods for protein 

and peptide modifications, these quantitative synthetic processes under mild conditions and 

with limited byproducts are a unique and effective way to change the bulk or surface 

properties of a polymer.86 Two of the most commonly used click chemistries are ultraviolet 

light mediated thiol-alkene chemistry87 to form thioethers and copper mediated azide-

alkyne88 reactions. More recent approaches have looked at strained alkynes for improved 

reaction kinetics without the use of toxic copper catalysts.89 These reactions can be used to 

tether bioactive molecules or induce crosslinking/chain extension with peptides and other 

oligomers.90 

1.6 Thesis Design and Organization 

The main goal of this thesis was to design, synthesize, and characterize a library of 

novel polymers with enhanced resorption over tyrosine-derived polymers and better 

tunability than commercially available libraries. It was hypothesized that establishing 

structure-property relationships of these polymers would accelerate lead polymer candidate 

decisions for application specific research in the lab. The work in thesis takes you through 

the steps of developing a biomaterial from the design phase through to the application 
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phase. These polymers possess novelty in the field by exhibiting tunability over a wide 

range of polymer properties including non-acidic degradation and resorption which many 

materials are lacking. 

 Polymer design can be accomplished with two approaches. The first, and more 

common, approach is to use the properties of a desired application and try to match them 

based on previous experimentation and synthetic knowledge. The other approach is to build 

a large library with a range of tunable properties and screen them for potential hits. This 

library can also be used to understand which chemical features correlate to specific 

properties. This becomes a basis for a larger range of applications and projects. This thesis 

will use the latter approach to develop a library of polymers that can be used in additive 

manufacturing for complex scaffold design, drug delivery with tunable release, and nerve 

regenerative conduits for critical sized defects. In order to meet the desired goal of this 

research project, the parameters investigated include biocompatibility, degradation and 

resorption, processability, and thermal properties. In addition, basic modeling was used to 

demonstrate predictability of polymer properties based on chemical structure. Another 

major appeal to synthetic polymers is their ability to be scaled in a reproducible fashion. 

All polymers presented in this research were scaled above 20 grams with some reaching a 

150-gram scale. This also allowed us to investigate commonly applied commercial 

polymer extrusion techniques for devices requiring larger amounts of polymer. 

Considerations that needed to be accounted for in the synthesis of these monomers and 

polymers include workup procedures which could not include techniques such as columns 

due to limited translation commercially. To circumvent these limitations, extractions, 
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precipitations, and recrystallizations were completed in order to ensure purity of the final 

products on hundred-gram scales.  

Herein this thesis, we present research developing a library of poly(ester-arylate)s 

comprised of tyrosol-derived diphenols. Tyrosol is a natural phenolic antioxidant 

commonly found in olive oil and wine, therefore already introduced in many of our diets.91 

It has been reported to have an advantageous antioxidative effect in vivo, potentially being 

cardioprotective, as well as preventing cells from oxidative injury.91 Tyrosol has increased 

solubility compared to tyrosine, and when reacted with 2-(4-hydroxyphenyl)acetic acid or 

3-(4-hydroxyphenyl)propionic acid, forms an ester bond which is hydrolytically 

degradable compared to the previously reported amide containing diphenols. It was 

hypothesized through the design of these polymers that replacing the non-hydrolytically 

degrading amide with an ester would result in increased resorption. Ideally, many of the 

favorable properties of tyrosine-based polymers would translate over to tyrosol-based 

polymers due to structural similarities. Polyarylate design was then separated into three 

investigative trends: (i) asymmetric versus “pseudosymmetric” diphenols, (ii) linear 

aliphatic diacid chain length, and (iii) diacid rigidity (Figure 1.4). The design and synthesis 

of this work including structural investigations through analytical methods such as NMR 

and FTIR are reported in Chapter 3.  
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Figure 1.4. Structure trends investigated in this thesis.  

 

Once the polymer’s synthesis was defined structure-property relationships needed 

to be established. This work used both experimental and predictive approaches and are 

evaluated in Chapter 4. Increasing degradation and resorption rates compared to tyrosine-

derived polymers is a main objective of this thesis. It is hypothesized that the diphenols 

containing ester bonds would not only be more soluble as is, but also be able to further 

degrade into their original starting materials which have higher solubilities. 

Hydrophobicity and logP calculations were used to better understand ways in which we 

can manipulate degradation and resorption kinetics can be manipulated while maintaining 

tunability in other property areas. Hydrolytic degradation was the only mechanism 

explored in this research. While enzymatic processes will take place in polyesters due to 

the presence of lipases and esterases in the body, hydrolytic rates are easier to identify and 

typically occur at much faster rates. 

Thermal properties of polymer are also important due to implications on the 

processability and material behavior in physiological conditions. The presence of water 

and higher temperatures in the body can vastly affect polymer properties in vivo and 

therefore need to be characterized. Additionally, the mechanical properties can be 
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evaluated to determine the potential applications for which these polymers can be used. 

Specifically, tensile properties of thermally processed films can indicate the form and 

inherent strength of the polymer primarily in an amorphous state. Once these structure 

property trends were established a case study was performed for polymer candidate 

selection in nerve guidance conduits. Investigating polymer processing impact on 

mechanical properties and crystallinity as well as biocompatibility of human Schwann cells 

on the polymer surface help in the decision-making process. When the data was compiled, 

2 lead candidates were identified for further in vivo studies.  

Bioactivity of polymers was not a major focus of the work presented in this thesis. 

Preliminary in vitro work evaluating the ability for cells to adhere and proliferate on the 

surface of new polymers. Polymers that are too hydrophilic in nature don’t allow serum 

proteins to adsorb and therefore are poorer cell substrates. Polymers discussed in this thesis 

are based on tyrosol, an aromatic-containing compound, which exhibits more 

hydrophobicity than other commonly investigated amino-acid based polymers. Adhesion  

and proliferation of multiple primary cell types was completed and presented in Appendix 

1.  

With all the knowledge of interactions between polymer properties and their 

correlation to chemical structure, additive manufacturing was investigated as a way to 

process polymers with complex architectures in Chapter 5. Exploration into the limits of 

polymer printability was completed and the molecular weight impact on polymer viscosity 

and printing parameters was defined. Chemical modifications were completed to improve 

mechanical properties of printed constructs using click chemistry. Polymer properties were 

tuned based on printed constructs alone in addition to incorporation of UV initiated chain 
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extension and/or crosslinking. This work has the potential to further expand by attaching 

bioactive molecules to the polymer for improved bioactivity.  

Chapter 6 presents the utility of tyrosol-derived polyarylates as drug delivery 

matrixes for both hydrophobic and hydrophilic APIs. Long acting polymer-drug complexes 

that can locally release small amounts of drug over several months are of interest in the 

pharmaceutical sector. Convenience and improved patient compliance are two driving 

factors influencing the desire for longer acting implants. These implants have been 

considered for long term birth control solutions, delivery of immunosuppression agents for 

vascularized composite allotransplantation, and treatment of defects where cancerous 

tissue was removed. 

 

The main objectives and hypotheses of this thesis are: 

1.  To improve the degradability, resorption and acidity of commercially available 

polymers. We hypothesize this can occur through an incremental change from an 

amide in tyrosine-derived polymers to an ester in tyrosol-derived polymers.  

2. To establish structure property relationships of new polymers to accelerate lead 

candidate decision making for specific applications. We hypothesize that by tuning 

chemical structure, incorporating aliphatic carbon chains, aromatic rings, double 

bonds, and heteroatoms we can obtain a large range of properties. We predict longer 

aliphatic diacids to have longer degradation and resorption times, as well as 

decrease glass transition temperatures and polymer stiffness. We also anticipate the 

increased hydrophobicity which should elicit better overall cell adhesion. 
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Conversely, we expect shorter chain diacids to have higher stiffness, faster 

degradation and higher glass transition temperatures.  

3. To design a new library of 3D printable inks with defined processing parameters 

and improved mechanical properties through chemical modifications. We 

hypothesize that molecular weight has the largest impact on limited mechanical 

strength. Low molecular weights are easier to print but have the weakest polymer 

properties. As such, we hypothesize post print curing to increase molecular weight 

will result in improved mechanical strength.  

4. To understand chemical implications on drug release in long acting implantable 

devices and introduce structural modifications to improve release profiles. We 

hypothesize that the thermal processability of tyrosol polymers will impact the 

release profiles of both hydrophobic and hydrophilic drugs. Hydrophobic polymers 

can trap hydrophobic drug while burst release hydrophilic ones. We hypothesize 

that through incorporating hydrophilic polymer blocks or hydrogen bonding 

sources, we can address these limitations for hydrophobic and hydrophilic drugs, 

respectively.  

 

Overall, the key contribution of this thesis resides in the legacy of these materials over the 

next several decades. This work aims to establish the fundamental library design to advance 

their use in application specific research by those within the lab and in the scientific 

community.  
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CHAPTER 2: MATERIALS AND METHODS 

This chapter contains information about the general solvents, reagents and 

experimental protocols used throughout the research presented in this thesis. Additional 

specific conditions and protocols will be further described in more detail within the specific 

chapter they apply to.  

2.1 Materials 

2-(4-hydroxyphenyl)acetic acid, 3-(4-hydroxyphenyl)propionic acid,  2-(4-

hydroxyphenyl)ethanol, were purchased from TCI America (Portland, OH). All diacids as 

well as phosphoric acid were purchased from either TCI America (Portland, OH) or Sigma 

Aldrich (St. Louis, MO). All additional chemicals and reagents including solvents were 

purchased from VWR (Radnor, PA) or Fisher Scientific (Waltham, MA). 

2.2 Methods 

2.2.1 General Procedures for Monomer Characterization 

Chemical structure was confirmed via proton nuclear magnetic resonance 

spectroscopy (1H NMR, Varian 500 MHz) in DMSO-d6. HPLC analysis was used to 

confirm the presence of any trace impurities. In short, using an Agilent Infinity Instrument 

equipped with an ultraviolet light absorbance detector and a Kinetex 5 µm C18 Column 

(150 x 4.6 mm, 100Å), a 19 min gradient from 95:5 A:B to 5:95 A:B was used where A is 

water + 0.1% trifluoroacetic acid, and B is acetonitrile + 0.1% trifluoroacetic acid. Melting 

points of the monomers were determined using the thermogram produced by differential 

scanning calorimetry (DSC 2520, Mettler Toledo) with a heating rate of 10 °C/min.  
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2.2.2 General Procedures for Polymer Characterization 

Chemical composition was determined using proton nuclear magnetic resonance 

(1H NMR, Varian 500 MHz) in CDCl3. Number average molecular weights (Mn), and 

weight average molecular weight (Mw) were determined using gel permeation 

chromatography (GPC, Waters 717) equipped with a differential refractometer (Waters 

410). Two Agilent PLGel 5 µm columns (7.5 x 300 mm) with pore sizes of 105 and 103 Å 

in tandem were used for optimal separation of molecular weights in chloroform + 0.1% 

trifluoroacetic acid as a solvent. All results were relative to polystyrene standards in a range 

of 580 to 920,000 Daltons. Thermal properties of polymers were measured using 

differential scanning calorimetry (DSC2520, Mettler Toledo) and thermogravimetric 

analysis (TGA, TA 550). DSC was used to evaluate melting temperatures (Tm), glass 

transition temperatures (Tg), and crystallization temperatures (Tc) for monomers and/or 

polymers. Briefly, samples were run in a 5-step program that includes heating from 25 °C 

to 250 °C at a rate of 10 °C/min, followed by a hold at 250 °C for 2 min, cooling to -50 °C 

at 10°C/min, a hold a -50 °C for 2 min, and then heating to 250 °C at 10 °C/min. Tg and Tm 

are reported on the last heat unless otherwise noted. TGA was used to measure percent 

volatiles and decomposition temperature (Td). Volatiles were calculated by the step 

transition between 50 °C and 150 °C, while Td was calculated by the step transition from 

the plateau regions prior to and after mass loss.  
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2.2.3 Compression Molding 

Polymer thin films were made using a Carver press compression molder at Tg + 50 

°C or Tm + 30 °C. In order to fabricate the films, approximately 0.3 g of polymer that had 

been pre-dried in a vacuum oven at 60 °C overnight was placed on a metal plate equipped 

with metal shims at the desired thickness between 60 µm and 250 µm. Kapton® polyimide 

film was used on both sides to prevent sticking to the metal plates.  The polymer was heated 

to temperature without force for 3 minutes and then pressed at 3000 lbs of force for 3 

minutes. Polymer films were ambient cooled or quenched in liquid nitrogen for 1 minute 

and kept in the freezer to maintain a temperature below Tg.  

 

2.2.4 Mechanical Testing 

Specimens with 100 – 300 µm thickness were cut into 3 mm x 40 mm rectangles. 

Mechanical properties of polymers were collected on an MTS Systems Tester with a 100 

N load cell and a 10 mm/min displacement rate. The Young’s modulus was calculated from 

the slope of the tangent drawn at the linear portion of the stress-strain curve (typically 

between 0 % and 2 %). Strain was calculated based on the displacement between the grips 

from the initial position. All measurements were collected and averaged for a minimum of 

3 specimens per sample.  
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2.2.5 Spin Coating of Polymer Thin Films 

Polymer films were prepared by solution-based spin coating technique using 2 % 

w/v solutions. 80 µL of solution was added to a 15 mm diameter glass cover slip for air-

water contact studies, 12 mm diameter glass cover slip for biological studies. Cover 

slips/crystals were spun at 3000 rpm for 30 s in order to get even coating. Polymer films 

were dried in a vacuum oven for at least 12 h of drying.  

 

2.2.6 Polymer UV Sterilization for Cell Culture 

Polymer films and devices were sterilized for in vitro studies using UV exposure. 

Samples were placed in a biosafety cabinet with the blower off and UV light on for 30 min 

intervals. Samples were flipped to ensure complete surface exposure and proper sterility 

for cell studies.  
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CHAPTER 3: DESIGN AND SYNTHESIS OF BIORESORBABLE 

TYROSOL-DERIVED POLY(ESTER-ARYLATE)S 

3.1 Abstract 

Commercially used polymers such as PLA and PLGA are tunable but upon 

degradation cause a local drop in pH and as a result, an inflammatory response. PCL and 

tyrosine-derived polymers on the other hand are slow degrading and resorbing, 

respectively. A library of tyrosol-derived poly(ester-arylate)s was developed as an 

alternative to these polymers, both degrading and resorbing at tunable rates without the 

acidic degradation byproducts. Diphenols, tyrosyl 4-hydroxyphenylacetate (HTy) and 

tyrosyl 4-hydroxyphenylpropanoate (DTy), were synthesized using Fischer esterification. 

Solubilities of the monomers were measured at 1.76 mg/mL and 0.6 mg/mL respectively 

in phosphate buffered saline (PBS) solution. Comparatively, these monomers were more 

soluble than previously developed desaminotyrosyl-tyrosine ethyl ester (DTE), which is 

soluble at 0.03 mg/mL. Design of these monomers allows for further hydrolysis into either 

4-hydroxyphenylacetic acid (HPAA) or desaminotyrosine (DAT) to further increase 

solubility. Biocompatibility of predicted degradation products including monomers 

indicates that all byproducts are nontoxic at concentration > 0.25 mg/mL. Subsequent 

polymerization was performed using standard carbodiimide chemistry. Diacids were 

chosen to identify structural impacts of carbon chain length and bond rigidity. 

Polymerization kinetics were measured and with the exception of poly(DTy succinate) and 

both diglycolate-containing polymers, molecular weights greater than 150 kDa were 

obtained. Future work aims to identify structure-property relationships.  
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3.2 Introduction 

Synthetic polymers have found utility as biomaterials due to their ability to degrade 

and resorb in the body. This eliminates the need for additional surgical procedures which 

can cause patient discomfort and risk of infection.92 The ability to design polymers into 

predictable degradation products results in tailored resorption based on degradation 

component’s solubilities. During the design process, incorporating hydrolytically labile 

bonds facilitates this process. Specifically, esters, carbonates, and anhydrides hydrolyze at 

an appreciable rate compared to urethanes, amides, and ethers. As a result, the latter rely 

on enzymatic processes in vivo.75 One major drawback to enzymatically degradable 

polymers is difficulty establishing in vitro-in vivo correlations (IVIVC). Enzymes present 

in the body have increased activity and less predictable concentrations which are dependent 

of the location. Due to the unpredictable nature of enzymatic degradation, hydrolytic 

degradation will be investigated in this chapter.  

Hydrolytic degradation is facilitated by diffusion of water into the polymer matrix, 

leading to hydrolysis of labile bonds. This is then proceeded by formation of oligomers and 

monomer units which can be resorbed by solubilization or removal from immune cells such 

as macrophages.93 Tunability in degradation and resorption rates aids in the prediction of 

an erosion profile. Erosion is a balance between the water uptake, degradation, and 

resorption rates of a polymer. If resorption occurs much faster than degradation and the 

rate of water uptake, the polymer will be surface eroding. Inversely, if the polymer absorbs 

water and degrades faster than the rate of resorption, the polymer will undergo bulk erosion 

(Figure 3.1).94 Bulk erosion is a more commonly observed pathway for polymers. Surface 
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erosion is typically only seen with the presence of enzymes or extremely hydrophobic 

polymers and is more difficult to characterize. 

  

 

Figure 3.1. Schematic of erosion profiles for bulk eroding (top) and surface eroding 

(bottom) polymers  with respect to time and degradation. 

 

Polymers that are known to undergo surface erosion include PTMC95 and poly(alt-

tyrosol carbonate).78 Surface erosion is ideal due to a retention in mechanical properties 

throughout the duration of the polymer device lifetime, while bulk eroding polymer’s loss 

of mechanical properties over time and rapid resorption during later stages of degradation 

is observed.75 As such, it is important to ensure that the byproducts of the polymer are non-

cytotoxic and won’t cause late stage complications. Polyesters and polyamides degrade 

into carboxylic acids and either alcohols or amides, respectively. The presence of free acids 
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can cause a local drop in pH at the device site. Commonly used polyesters containing 

lactide (PLA), glycolide (PGA), or copolymers thereof (PLGA), degrade into lactic acid 

and glycolic acid, respectively, both of which are considered acidic. Devices containing 

these polymers have reported late stage tissue acidosis and inflammatory responses, 

resulting in complications.96 Ideally, matching the tunability of the PLGA polymer library 

while minimizing acidic degradation byproducts will provide the ideal polymer library.  

Previous work within our lab addressed the acidic degradation byproducts through 

the design of tyrosine-based polymers. Tyrosine derived polymers have shown success in 

drug delivery and regenerative medicine. Specifically, tyrosine’s aromatic ring provides 

chemical stability and structural rigidity. Unfortunately, these polymers contain an amide 

linkage which is not hydrolytically labile, leading to slow resorption times and in some 

cases, device failure.97 It is hypothesized that by switching out the amide linkage with a 

more hydrolytically labile ester bond, resorption of the monomer and as a result polymer 

will increase. 2-(4-hydroxyphenyl)ethanol (tyrosol), is structurally similar to tyrosine, 

containing an aromatic ring with both a phenol and aliphatic alcohol. Commonly found in 

olive oil and wine, tyrosol has reported cardioprotective and antioxidant properties.91 Novel 

diphenols were synthesized through the esterification of tyrosol, and either 2-(4-

hydroxyphenyl)acetic acid (HPAA) or 3-(4-hydroxyphenyl)propionic acid (DAT). 

Measured solubilities and calculated acidities indicate improved resorption compared to 

tyrosine diphenols while maintaining their non-acidic properties. Additionally, the 

incorporation of aliphatic esters can lead to further degradation and therefore faster 

resorption. These diphenols were then subsequently polymerized with diacids to form 

arylate bonds. Tyrosol-derived poly(ester-arylate)s have been minimally explored for their 
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use in 3D printable inks.98 This chapter aims to investigate a more wholistic approach to 

polymer library design, identifying trends between chemical structure and material 

property.  

3.3 Materials and Methods 

3.3.1 Materials 

All chemicals were purchased from TCI America (Portland, OH), Sigma Aldrich 

(St. Louis, MO), VWR (Radnor, PA) or Fisher Scientific (Waltham, MA) as previously 

described. Human lung fibroblasts (MRC-5, #CCL-171) and culture medium were 

purchased from ATCC. Tissue culture treated polystyrene (TCP) flask, multi-well plates 

were purchased from VWR. 

 

3.3.2 Monomer Synthesis 

3.3.2.1 Synthesis of 2-(4-hydroxyphenyl)ethyl 2-(4-hydroxyphenyl)acetate (HTy). 

Tyrosol (275.1 g, 1.99 mol, 1.01 equiv.) was added to 2-(4-hydroxyphenyl)acetic 

acid (300.00 g, 1.97 mol, 1.00 equiv.) and toluene (650 mL, 0.33 L/mol HPAA) in a 5000 

mL round bottom flask. The flask was equipped with a dean stark apparatus, water-cooled 

reflux condenser, thermometer adapter, overhead stirrer with Teflon paddle, and heating 

mantle. 85% phosphoric acid aqueous solution (22.75 mL, 0.197 mol, 0.10 equiv.) was 

added and the reaction was heated to reflux. Once the collection of water subsided, the 

reaction was allowed to reflux for one additional hour to minimize the percentage of 

phenolic esters present in the reaction. The reaction was then allowed to cool to room 

temperature and a gummy oil formed. Excess toluene was decanted and the solid was 
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precipitated in hexanes. The solid was filtered, dried, dissolved in ethyl acetate, washed 3 

times with 5% NaHCO3, 2 times with DI water, and once with brine. The resulting oil was 

concentrated in vacuo until concentrated and then the solid was precipitated in hexanes. 

The white solid was collected by filtration and then dried in the vacuum oven at 50 °C to 

dry. Yield: 84.6%. Melting point = 94.5 °C. 1H NMR (500 MHz, DMSO-d6) δ 9.26 (s, 2H), 

7.01(d, J =  8.4 Hz, 2H), 6.97 (d, J = 8.4 Hz, 2H), 6.71 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.4 

Hz, 2H), 4.14 (t, J = 6.9 Hz, 2H), 3.49 (s, 2H), 2.74 (t, J = 6.9 Hz, 2H). 

 

 

Scheme 3.2. Reaction schematic for the synthesis of 2-(4-hydroxyphenyl)ethyl 2-(4-

hydroxyphenyl)acetate. 

 

3.3.2.2 Synthesis of 2-(4-hydroxyphenyl)ethyl 3-(4-hydroxyphenyl)propanoate (DTy). 

Tyrosol (167.1 g, 1.21 mol, 1.005 equiv.) was added to 3-(4-

hydroxyphenyl)propionic acid (200.0 g, 1.20 mol, 1.00 equiv.) and toluene (410 mL, 0.33 

L/mol HPAA) in a 3000 mL round bottom flask. The flask was equipped with a dean stark 

apparatus, water-cooled reflux condenser, thermometer adapter, overhead stirrer with 

Teflon paddle, and heating mantle. 85% phosphoric acid aqueous solution (13.87 mL, 

0.120 mol, 0.10 equiv.) was added and the reaction was heated to reflux. Once the 

collection of water subsided, the reaction was allowed to reflux for one additional hour to 

minimize the percentage of phenolic esters present in the product. The reaction was then 

allowed to cool to room temperature and a white solid precipitated out of solution. The 

solid was filtered to remove toluene, followed by 3 washes with 5% NaHCO3, 2 washes 
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with DI water, and one wash with hexanes. The solid was dried in the vacuum oven at 50 

°C overnight. Yield: 96.0%. Melting point = 127.7 °C. 1H NMR (500 MHz, DMSO-d6) δ 

9.18 (s, 2H), 7.02 – 6.97 (m, 2H), 6.97 – 6.92 (m, 2H), 6.69 – 6.66 (m, 2H), 4.11 (t, J = 7.0 

Hz, 2H), 2.71 (dt, J = 14.6, 7.2 Hz, 4H), 2.50 (t, J = 7 Hz, 2H).  

 

 

Scheme 3.3. Reaction schematic for  the  synthesis of  2-(4-hydroxyphenyl)ethyl 3-(4-

hydroxyphenyl)propanoate. 

 

3.3.3 Monomer Solubility Analysis via HPLC 

HTy, tyrosol, HPAA, and DAT were dissolved in a concentration of 1.0 mg/mL in 

phosphate buffered saline (PBS) solution (pH 7.4). DTy was less soluble and therefore 

dissolved at 0.125 mg/mL in PBS solution (pH 7.4). The solutions were then serially 

diluted down 2-fold to 61 ng/mL. Standards were run on an Agilent HPLC equipped with 

an UV absorbance detector at 220 nm wavelength and a Phenomenex Kinetex C18 5µm 

100 Å 4.6 mm x 150 mm column. The following gradient system was used: 95:5:0 A:B:C 

to 50:50:0 A:B:C over 10 minutes, 50:50:0 A:B:C to 15:75:10 A:B:C over 12 minutes, 

return to 95:5:0 A:B:C over 2 minutes, for a 24 minute run time; where, Solvent A: Water 

+ 0.1% TFA, Solvent B: Acetonitrile + 0.1% TFA, and Solvent C: Methanol + 0.1% TFA.  
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3.3.4 In-Vitro Leachables Cytotoxicity. 

 MRC-5 cells were seeded at 1x104/well in 96-well plates and cultured for overnight 

at 37°C with 5% CO2 and 95% humidity.  Monomeric components including HTy, DTy, 

tyrosol, HPAA, DAT, and diacids were prepared at 1 mg/mL in cell culture medium.  A 

serial dilution at 1:10 for each component was prepared using culture medium.  After 

overnight incubation, culture medium was removed from cells and medium containing 

serially diluted monomeric components were added to cells.  After incubation at 37°C for 

24 h, medium was removed from cells and 0.1 mL of medium containing 10% alamarBlue 

(Bio-Rad BUF012B) was added to each well.  After incubated at 37°C for 45 min, the 

fluorescent intensity was read using TECAN Spark plate reader with Ex/Em=540 nm/590 

nm.  

 

3.3.5 Polymer Synthesis 

3.3.5.1 General Synthetic Procedure for Polyarylates 

Diphenol (1 equiv) and diacid (0.98 – 0.99 equiv) were added with 4-

(dimethylamino)pyridinium p-toluenesulfonate (DPTS, 0.5 equiv) in dichloromethane 

(0.3M diphenol in solvent). Once homogenous, diisopropylcarbodiimide (DIC, 2.3 equiv) 

was added. Reactions were monitored via chloroform GPC and  stopped once the Mw 

reached 150 – 200 kDa relative to polystyrene standards. Polymers were precipitated 3 

times from methylene chloride in isopropanol and then blended once in DI water. The 

resulting polymer was then lyophilized for 24 hours and dried in a vacuum oven at 40 °C 

overnight to remove residual solvent and water.  
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3.3.5.2 Synthesis of poly(HTy succinate) (pHTy2). 

GPC (Chloroform + 0.1% TFA): Mn = 95.0 kDa, Mw = 175.4 kDa, PDI = 1.85. 1H 

NMR (500 MHz, Chloroform-d) δ 7.23 (d, J = 7.6 Hz, 2H), 7.13 (d, J = 7.9 Hz, 2H), 7.04 

(d, J = 7.7 Hz, 2H), 7.00 (d, J = 7.8 Hz, 2H), 4.28 (t, J = 6.9 Hz, 2H), 3.57 (s, 2H), 2.97 (s, 

4H), 2.89 (t, J = 6.8 Hz, 2H).  

 

Scheme 3.4. Reaction schematic  for the synthesis of  poly(HTy  succinate). 

 

3.3.5.3 Synthesis of poly(HTy glutarate) (pHTy3). 

GPC (Chloroform + 0.1% TFA): Mn = 90.9 kDa, Mw = 157.6 kDa, PDI = 1.73. 1H 

NMR (500 MHz, Chloroform-d) δ 7.25 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.04 

(d, J = 8.5 Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H), 4.29 (t, J = 6.9 Hz, 2H), 3.58 (s, 2H), 2.90 (t, 

J = 6.9 Hz, 2H), 2.71 (t, J = 7.3 Hz, 4H), 2.18 (p, J = 7.3 Hz, 2H). 

 

Scheme 3.5. Reaction schematic  for the synthesis of  poly(HTy glutarate). 

 

3.3.5.4 Synthesis of poly(HTy adipate) (pHTy4). 

GPC (Chloroform + 0.1% TFA): Mn = 105.7 kDa, Mw = 183.6 kDa, PDI = 1.74. 1H 

NMR (500 MHz, Chloroform-d) δ 7.25 (d, J = 8.6 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.04 

(d, J = 8.6 Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H), 4.28 (t, J = 6.9 Hz, 2H), 3.58 (s, 2H), 2.90 (t, 

J = 6.9 Hz, 2H), 2.63 (m, 4H), 1.88 (m, 4H). 
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Scheme 3.6 Reaction schematic for the synthesis of poly(HTy adipate). 

 

3.3.5.5 Synthesis of poly(HTy pimelate) (pHTy5). 

GPC (Chloroform + 0.1% TFA): Mn = 107.5 kDa, Mw = 192.8 kDa, PDI = 1.79. 1H 

NMR (500 MHz, Chloroform-d) δ 7.24 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 8.4 Hz, 2H), 7.03 

(d, J = 8.2 Hz, 2H), 6.99 (d, J = 8.2 Hz, 2H), 4.29 (t, J = 6.9 Hz, 2H), 3.58 (s, 2H), 2.90 (t, 

J = 6.9 Hz, 2H), 2.59 (t, J = 7.4 Hz, 4H), 1.82 (p, J = 7.5 Hz, 4H), 1.55 (p, J = 7.7, 7.2 Hz, 

2H). 

 

Scheme 3.7. Reaction schematic for the synthesis of poly(HTy pimelate). 

 

3.3.5.6 Synthesis of poly(HTy suberate) (pHTy6). 

GPC (Chloroform + 0.1% TFA): Mn = 85.4 kDa, Mw = 152.0 kDa, PDI = 1.78. 1H 

NMR (500 MHz, Chloroform-d) δ 7.25 (d, J = 8.6 Hz, 2H), 7.15 (d, J = 8.6 Hz, 2H), 7.03 

(d, J = 8.6 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 4.29 (t, J = 6.9 Hz, 2H), 3.58 (s, 2H), 2.90 (t, 

J = 6.9 Hz, 2H), 2.57 (t, J = 7.4 Hz, 4H), 1.84 – 1.73 (m, 4H), 1.50-1.47 (m, 4H). 

 

Scheme 3.8. Reaction schematic for the synthesis of poly(HTy suberate). 
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3.3.5.7 Synthesis of poly(HTy azelate) (pHTy7). 

GPC (Chloroform + 0.1% TFA): Mn = 83.6 kDa, Mw = 172.6 kDa, PDI = 2.06.  

 

Scheme 3.9. Reaction schematic for the synthesis of poly(HTy azelate). 

 

3.3.5.8 Synthesis of poly(HTy sebacate) (pHTy8). 

GPC (Chloroform + 0.1% TFA): Mn = 117.2 kDa, Mw = 229.6 kDa, PDI = 1.96. 1H 

NMR (500 MHz, Chloroform-d) δ 7.24 (d, J = 7.3 Hz, 2H), 7.15 (d, J = 7.3 Hz, 2H), 7.03 

(d, J = 7.0 Hz, 2H), 6.99 (d, J = 7.0 Hz, 2H), 4.28 (t, J = 6.5 Hz, 2H), 3.58 (s, 2H), 2.90 (t, 

J = 6.9 Hz, 2H), 2.55 (t, J = 7.5 Hz, 4H), 1.76 (p, J = 7.2 Hz, 4H), 1.48 – 1.33 (m, 8H). 

 

Scheme 3.10. Reaction  schematic for the synthesis  of poly(HTy sebacate) 

 

3.3.5.9 Synthesis of poly(HTy dodecanedioate) (pHTy10). 

GPC (Chloroform + 0.1% TFA): Mn = 104.9 kDa, Mw = 191.0 kDa, PDI = 1.82. 1H 

NMR (500 MHz, Chloroform-d) δ 7.24 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.03 

(d, J = 8.5 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 4.28 (t, J = 7.0 Hz, 2H), 3.58 (s, 2H), 2.90 (t, 

J = 7.0 Hz, 2H), 2.54 (t, J = 7.5 Hz, 4H), 1.75 (p, J = 7.5 Hz, 4H), 1.45 – 1.30 (m, 12H). 

 

Scheme 3.11. Reaction schematic for the  synthesis of poly(HTy dodecanedioate). 
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3.3.5.10 Synthesis of poly(DTy glutarate) (pDTy3). 

GPC (Chloroform + 0.1% TFA): Mn = 84.6 kDa, Mw = 153.5 kDa, PDI = 1.81. 1H 

NMR (500 MHz, Chloroform-d) δ 7.19 (t, J = 8.3 Hz, 4H), 7.03 (d, J = 8.5 Hz, 2H), 6.99 

(d, J = 8.5 Hz, 2H), 4.27 (t, J = 7.0 Hz, 2H), 2.91 (q, J = 7.0 Hz, 4H), 2.71 (t, J = 6.0 Hz, 

4H), 2.60 (t, J = 7.8 Hz, 2H), 2.18 (p, J = 7.2 Hz, 2H). 

 

Scheme 3.12. Reaction schematic for the synthesis of poly(DTy glutarate). 

 

3.3.5.11 Synthesis of poly(DTy adipate) (pDTy4). 

GPC (Chloroform + 0.1% TFA): Mn = 100.8 kDa, Mw = 194.8 kDa, PDI = 1.93. 1H 

NMR (500 MHz, Chloroform-d) δ 7.19 (t, J = 8.3 Hz, 4H), 7.02 (d, J = 8.5 Hz, 2H), 6.98 

(d, J = 8.5 Hz, 2H), 4.27 (t, J = 7.1 Hz, 2H), 2.91 (q, J = 7.1 Hz, 4H), 2.64 – 2.58 (m, 6H), 

1.91 – 1.84 (m, 4H). 

 

Scheme 3.13. Reaction schematic for the synthesis of poly(DTy adipate). 

 

3.3.5.12 Synthesis of poly(DTy pimelate) (pDTy5). 

GPC (Chloroform + 0.1% TFA): Mn = 103.1 kDa, Mw = 189.3 kDa, PDI = 1.84. 1H 

NMR (500 MHz, Chloroform-d) δ 7.18 (t, J = 8.5 Hz, 4H), 7.01 (d, J = 8.6 Hz, 2H), 6.97 

(d, J = 8.6 Hz, 2H), 4.27 (t, J = 7.1 Hz, 2H), 2.91 (q, J = 7.0 Hz, 4H), 2.66 – 2.54 (m, 6H), 

1.81 (p, J = 7.5 Hz, 4H), 1.54 (p, J = 7.9 Hz, 2H). 
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Scheme 3.14. Reaction schematic for the synthesis of poly(DTy pimelate). 

 

3.3.5.13 Synthesis of poly(DTy suberate) (pDTy6). 

GPC (Chloroform + 0.1% TFA): Mn = 77.5 kDa, Mw = 138.4 kDa, PDI = 1.79. 1H 

NMR (500 MHz, Chloroform-d) δ 7.19 (t, J = 8.4 Hz, 4H), 7.01 (d, J = 8.5 Hz, 2H), 6.97 

(d, J = 8.5 Hz, 2H), 4.27 (t, J = 7.1 Hz, 2H), 2.91 (q, J = 7.1 Hz, 4H), 2.60 (t, J = 7.8 Hz, 

2H), 2.56 (td, J = 7.5, 2.5 Hz, 4H), 1.77 (tt, J = 7.5, 3.3 Hz, 4H), 1.48 (dt, J = 7.2, 3.8 Hz, 

4H). 

 

Scheme 3.15. Reaction schematic for the synthesis of poly(DTy suberate). 

 

3.3.5.14 Synthesis of poly(DTy azelate) (pDTy7). 

GPC (Chloroform + 0.1% TFA): Mn = 73.8 kDa, Mw = 150.3 kDa, PDI = 2.04. 1H 

NMR (500 MHz, Chloroform-d) δ 7.18 (t, J = 8.4 Hz, 4H), 7.01 (d, J = 8.5 Hz, 2H), 6.97 

(d, J = 8.5 Hz, 2H), 4.26 (t, J = 7.1 Hz, 2H), 2.90 (q, J = 7.1 Hz, 4H), 2.60 (t, J = 7.8 Hz, 

2H), 2.54 (td, J = 7.5, 2.6 Hz, 4H), 1.76 (p, J = 7.2, 6.8 Hz, 4H), 1.44 (d, J = 15.3 Hz, 6H). 

 

Scheme 3.16. Reaction schematic for the synthesis of poly(DTy azelate). 
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3.3.5.15 Synthesis of poly(DTy sebacate) (pDTy8). 

GPC (Chloroform + 0.1% TFA): Mn = 80.7 kDa, Mw = 154.4 kDa, PDI = 1.91. 1H 

NMR (500 MHz, Chloroform-d) δ 7.18 (t, J = 8.3 Hz, 4H), 7.01 (d, J = 8.5 Hz, 2H), 6.97 

(d, J = 8.5 Hz, 2H), 4.27 (t, J = 7.1 Hz, 2H), 2.91 (q, J = 7.1 Hz, 4H), 2.60 (t, J = 7.8 Hz, 

2H), 2.54 (td, J = 7.5, 2.6 Hz, 4H), 1.75 (p, J = 7.2 Hz, 4H), 1.41 (dd, J = 15.0, 7.7 Hz, 

8H). 

 

Scheme 3.17. Reaction schematic for the synthesis of poly(DTy sebacate). 

 

3.3.5.16 Synthesis of poly(DTy dodecanedioate) (pDTy10). 

GPC (Chloroform + 0.1% TFA): Mn = 89.7 kDa, Mw = 184.5 kDa, PDI = 2.06. 1H 

NMR (500 MHz, Chloroform-d) δ 7.18 (t, J = 8.3 Hz, 4H), 7.01 (d, J = 8.5 Hz, 2H), 6.97 

(d, J = 8.5 Hz, 2H), 4.27 (t, J = 7.1 Hz, 2H), 2.91 (q, J = 7.1 Hz, 4H), 2.60 (t, J = 7.8 Hz, 

2H), 2.54 (td, J = 7.5, 2.6 Hz, 4H), 1.74 (p, J = 8.3, 7.8 Hz, 4H), 1.45 – 1.28 (m, 12H). 

 

Scheme 3.18. Reaction schematic for the synthesis of poly(DTy dodecandioate). 
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3.3.5.17 Synthesis of poly(HTy diglycolate) (pHTyDG). 

GPC (Chloroform + 0.1% TFA): Mn = 9.5 kDa, Mw = 23.5 kDa, PDI = 2.4. 1H NMR 

(500 MHz, Chloroform-d) δ 7.24 (d, J = 8.1 Hz, 2H), 7.14 (d, J = 8.1 Hz, 2H), 7.07 (d, J 

= 8.1 Hz, 2H), 7.03 (d, J = 8.1 Hz, 2H), 4.56 (s, 4H), 4.30 (t, J = 6.7 Hz, 2H), 3.58 (s, 2H), 

2.90 (t, J = 6.6 Hz, 2H). 

 

Scheme 3.19. Reaction schematic for the synthesis of poly(HTy diglycolate). 

 

3.3.5.18 Synthesis of poly(DTy diglycolate) (pDTyDG). 

GPC (Chloroform + 0.1% TFA): Mn = 55.0 kDa, Mw = 89.4 kDa, PDI = 1.6. 1H 

NMR (500 MHz, Chloroform-d) δ 7.20 (m, J = 8.3, 2.9 Hz, 4H), 7.10 – 7.01 (m, 4H), 4.56 

(s, 4H), 4.27 (s, 2H), 2.91 (d, J = 6.3 Hz, 4H), 2.61 (t, J = 7.6 Hz, 2H). 

 

Scheme 3.20. Reaction schematic for the synthesis of poly(DTy diglycolate). 

 

3.3.5.19 Synthesis of poly(HTy transhexenedioate) (pHTytHex). 

GPC (Chloroform + 0.1% TFA): Mn = 80.1 kDa, Mw = 153.6 kDa, PDI = 1.92. 1H 

NMR (500 MHz, Chloroform-d) δ 7.24 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 8.4 Hz, 2H), 7.05 

(d, J = 8.5 Hz, 2H), 7.01 (d, J = 8.5 Hz, 2H), 5.91 (d, J = 3.7 Hz, 2H), 4.29 (t, J = 6.9 Hz, 

2H), 3.58 (s, 2H), 3.38 (s, 4H), 2.90 (t, J = 6.8 Hz, 2H). 
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Scheme 3.21. Reaction schematic for the synthesis of poly(HTy transhexenedioate). 

 

3.3.5.20 Synthesis of poly(DTy transhexenedioate) (pDTytHex). 

GPC (Chloroform + 0.1% TFA): Mn = 74.2 kDa, Mw = 156.8 kDa, PDI = 2.11. 1H 

NMR (500 MHz, Chloroform-d) δ 7.18 (t, J = 8.5 Hz, 4H), 7.03 (d, J = 8.5 Hz, 2H), 6.99 

(d, J = 8.5 Hz, 2H), 5.89 (tt, J = 3.8, 1.4 Hz, 2H), 4.27 (t, J = 7.0 Hz, 2H), 3.37 (dq, J = 

3.6, 1.7 Hz, 4H), 2.90 (s, 4H), 2.63 – 2.58 (m, 2H). 

 

Scheme 3.22. Reaction schematic for the synthesis of poly(DTy transhexenedioate). 

 

3.3.5.21 Synthesis of poly(HTy phenylenediacetate) (pHTyPDA). 

GPC (Chloroform + 0.1% TFA): Mn = 82.4 kDa, Mw = 156.0 kDa, PDI = 1.89. 1H 

NMR (500 MHz, Chloroform-d) δ 7.38 (s, 4H), 7.22 (d, J = 8.6 Hz, 2H), 7.12 (d, J = 8.5 

Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H), 6.98 (d, J = 8.5 Hz, 2H), 4.27 (t, J = 6.9 Hz, 2H), 3.84 

(s, 4H), 3.56 (s, 2H), 2.88 (t, J = 6.9 Hz, 2H). 

 

Scheme 3.23. Reaction schematic for the synthesis of poly(HTy phenylenediacetate). 
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3.3.5.22 Synthesis of poly(DTy phenylenediacetate) (pDTyPDA). 

GPC (Chloroform + 0.1% TFA): Mn = 83.0 kDa, Mw = 192.3 kDa, PDI = 2.32. 1H 

NMR (500 MHz, Chloroform-d) δ 7.37 (s, 4H), 7.16 (t, J = 8.2 Hz, 4H), 7.01 – 6.95 (m, 

4H), 4.25 (t, J = 7.0 Hz, 2H), 3.84 (s, 4H), 2.89 (q, J = 7.0, 6.6 Hz, 4H), 2.58 (t, J = 7.8 Hz, 

2H). 

 

Scheme 3.24. Reaction schematic for the synthesis of poly(DTy phenylenediacetate). 

 

3.3.5.23 Synthesis of poly(HTy cyclohexanedioate) (pHTyCHD). 

GPC (Chloroform + 0.1% TFA): Mn = 100.9 kDa, Mw = 226.0 kDa, PDI = 2.24. 

 

Scheme 3.25. Reaction schematic for the synthesis of poly(HTy cyclohexandioate). 

 

3.3.5.24 Synthesis of poly(DTy cyclohexanedioate) (pDTyCHD). 

GPC (Chloroform + 0.1% TFA): Mn = 119.7 kDa, Mw = 220.8 kDa, PDI = 1.85. 

 

Scheme 3.26. Reaction schematic for the synthesis of poly(DTy cyclohexandioate). 
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3.4 Results and Discussion 

3.4.1 Monomer Library Design 

 The main goal of this work is to design polymers that are both degradable and 

resorbable. In order to do so, the degradation components must be soluble in aqueous 

environments. Previously designed tyrosine derived polymers contained an amide linkage, 

which hydrolyze at much slower rates compared to the esters or carbonates bonds in the 

polymers. This meant that resorption relied on solubilization of the diphenol component. 

Given the bulky aromatic structure with pendant side chains, solubility was minimal. One 

example, DTE, which contained an ethyl ester pendant chain, has a reported solubility of 

0.03 mg/mL in PBS. This was extremely low compared to lactic acid and glycolic acid 

which have solubilities of 1000 mg/mL and 608 mg/mL, respectively. In an effort to 

improve solubility of the degradation products while maintaining the biocompatibility and 

structural rigidity observed in tyrosine polymers, replacing the amide with an ester was 

investigated (Figure 3.27A). It is also hypothesized that removing the pendant group from 

the diphenol will result in tighter packing of the polymer chains. As such, molecular 

geometries of the diphenol can play a role. To better understand the structural implications, 

both HPAA and DAT were used in the monomer synthesis. When compared to tyrosol 

which contains two methylene groups, HPAA provides asymmetry around the ester with 

one methylene group while DAT provides symmetry with two (Figure 3.27B-C). This can 

play a significant role in solubilities of the monomers and a wide range of polymer 

properties.  
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Figure 3.27. Change in chemistry structure from a backbone amide to a backbone ester 

(A) and the resulting monomers HTy (B) and DTy (C).  

 

3.4.2 Synthesis of Monomers 

 

Scheme 3.28. Synthesis of tyrosol-derived diphenol compounds.  

 

Monomers were obtained through Fischer esterification between an aliphatic acid 

and aliphatic alcohol. Tyrosol was reacted under reflux with either HPAA or DAT (Scheme 

3.28). While phenolic alcohols were present in the reaction, they were less reactive than 

the aliphatic alcohol due to resonance stability. It was found that increasing the amount of 

excess tyrosol in the reaction mixture led to additional formation of the undesired phenolic 

ester. Synthesis optimization investigated the effect of excess tyrosol, acid types, and 

solvents (Table 3.1). All three play a role in the kinetics of the reaction and minimization 

of unwanted side products.  

Excess tyrosol played a role in the presence of phenolic esters and free tyrosol. 

While neither act as chain terminators in the subsequent polymerization, they can produce 
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unwanted bonds, affecting both polymer properties and expected degradation products. 

Tyrosol’s aromatic and aliphatic alcohol inhibit the efficacy of common extraction 

techniques to purify the monomer. As a result, minimizing the excess tyrosol added to the 

reaction is essential to final product purity. In order to ensure complete reaction, an excess 

of tyrosol was required to prevent free acid present in the monomer and as such, it was 

found that an excess of 0.01 molar equivalent was sufficient enough.  

Acid choice played a primary role in the workup procedure of the monomer. p-

toluenesulfonic acid (PTSA), which was traditionally used for tyrosine ester synthesis, 

required complex salting out procedures due to the hydrophobicity of the acid itself. These 

salting out procedures are difficult and require large excesses of solvent. PTSA also has a 

pKa of -2.8, making it a strong acid which could facilitate more phenolic ester formation. 

Switching to phosphoric acid, with a pKa of 2.16, and excellent water solubility, allowed 

for simpler workup procedures involving water washes 

The last reaction condition that played a large role in monomer purity was the 

solvent type. Given the hydrophobic nature of these materials, they tend to be most soluble 

in chlorinated solvents. 1,2-dichloroethane, a higher boiling point and less volatile 

chlorinated solvent, led to a larger degree of phenolic esters present and also resulted in 

more discoloration of the final product. This is most likely due to thermal decomposition 

of the solvent during the reaction. Heptane was tried as a lower boiling point solvent but 

still resulted in impure product. Switching to toluene kept the reflux temperature low 

enough to prevent phenolic ester formation and was also easier to remove in DTy, which 

simply precipitated out, and HTy, which precipitated with a hexanes wash. Minimizing 
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phenolic ester formation, aromatic oxidation, and complex workup with chain terminators 

such as alcohols is essential to the ease of subsequent polymerizations.  

 

Table 3.1. Synthetic conditions and implications in monomer purity.  

Reaction 

No. 

Tyrosol 

Excess 
Acid Solvent 

Phenolic 

Ester 
Yield 

i 1:1 pTSA (0.05 equiv) DCE NC 75.5 

ii 1.01:1 pTSA (0.05 equiv) Heptane 6.5 % NC 

iii 1.1:1 pTSA (0.05 equiv) Heptane 14.9 % NC 

iv 1.1:1 H3PO4 (0.05 equiv) Toluene 38.0 % NC 

v 1:1 H3PO4 (0.05 equiv) Toluene 1.7 % 79 

vi 1.05:1 H3PO4 (0.05 equiv) Toluene 3.8 % NC 

vii 1.01:1 H3PO4 (0.1 equiv) Toluene 2.9 % 84.6 

 

1H NMR and FTIR were used to confirm monomer synthesis and any structural 

features. When comparing the phenolic protons in NMR, the HTy phenolic peaks around 

9.25 ppm were broader compared to phenolic peaks in DTy. This is most likely due to 

slight differences in the phenols resulting from symmetry or lack thereof around the ester 

bond. In the FTIR spectrum, the differences in phenol were more evident with two distinct 

peaks around 3500 cm-1 with different intensities and broadness, whereas the DTy phenols 

were very similar in both wavenumber and intensity. The aromatic region from 700 – 900 

cm-1 also show the presence of two sharp peaks in the HTy spectrum that are distinct 
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compared to in DTy spectrum, which has two peaks very close to each other. This data 

indicates that DTy exhibits pseudo 2,2 symmetry around the ester linkage while HTy has 

1,2 asymmetry (Figure 3.29A). When observing the aromatic region of polymers in NMR, 

the coupling patterns are very similar weight two sets of doublets visible in each monomer. 

The chemical shifts for DTy are slightly upfield compared to HTy (Figure 3.29B-C) . This 

is most likely a result of the proximity of the aromatic hydrogens to the carbonyl oxygen.  

 

 

Figure 3.29. (A) FTIR and 1H NMR of HTy (red) and DTy (blue) (B-C). 

 

Symmetry is hypothesized to have an impact on the monomer and resulting 

polymer properties. One example of this was observed in the workup of the monomers. 

DTy precipitated upon cooling in toluene, allowing for faster removal of excess solvent 
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and more efficient purification measures while HTy preferred to stay as an oil. 

Additionally, the thermal properties of the diphenol themselves were characterized. HTy, 

had a lower melting temperature, 94.5 °C, compared to the “pseudo-symmetric” DTy, 

124.8 °C (Figure 3.30). Likewise, upon cooling and then reheating, HTy did not 

recrystallize and showed a glass transition temperature while DTy crystallized and 

subsequently melted.  

 

 

Figure 3.30. DSC Thermograms of diphenols HTy (red, A) and DTy (blue, B) including 

both heating and cooling patterns.  

 

3.4.3 Solubility of Diphenol Monomer Units and Diacids 

Once monomers were synthesized, an initial solubility study was performed to test 

whether or not the resulting polymers will be faster resorbing compared to those designed 

with tyrosine. The hypothesized degradation pathway for these polymers starts with 

hydrolysis of the arylate bond, which is an activated ester due to the electron donating of 
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the aromatic ring. Cleavage of that bond leads to the formation of the diphenol (DTy or 

HTy) and the diacid. The diphenol can then further degrade into the acid-phenol (HPAA 

or DAT) and tyrosol (Scheme 3.31). Alternatively, albeit less expected, the aliphatic ester 

can degrade first followed by the arylate bond, resulting in the same byproducts. For the 

purposes of these studies, we will evaluate solubilities of the degradation products from 

the former pathway. A benefit of tyrosol-derived polymers is their ability to degrade into 

their starting materials compared to PLA, PGA, and PCL, which degrade into lactic acid, 

glycolic acid and caprolactic acid, respectively.  

 

 

Scheme 3.31. Hypothesized schematic of degradation pathways. 

 

In order to measure solubility, standard calibration curves were made for all the 

hypothesized degradation products using known concentrations. An HPLC method was 

then developed and used to plot area under the curve (AUC) against concentration. 
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Saturated solutions of each compound were prepared of each compound and incubated at 

37 °C with shaking for 24 hours. Supernatant was analyzed by HPLC to determine a 

solubility limit. These values were compared to controls reported in the literature including 

tyrosine-derived DTE, as well as commercially relevant lactic acid and glycolic acid.  

Overall it was found that the novel diphenol monomers have higher solubility than 

tyrosine diphenols, suggesting faster resorption that was independent of further hydrolysis 

of the aliphatic ester. Once the aliphatic ester was cleaved, solubility was increased even 

more and faster resorption would be expected. Though lactic acid and glycolic acid have 

significantly higher solubility in water at 100 mg/mL and 600 mg/mL, respectively, they 

can cause high concentrations of local acidity. It was found that DTy was the most 

hydrophobic compound with a solubility of 0.36 mg/mL compared to HTy with a solubility 

of 1.89 mg/mL (Table 3.2). This is comparatively better than tyrosine derived DTE 

compound which has a solubility of 0.03 mg/mL. 

 

Table 3.2. Solubility studies and calculations for monomers and expected degradation  

products from the diphenol.  

Compound Calibration 
Curve AUC Dilution 

Factor 
Solubility at 37 °C 
in PBS (mg/mL) 

DTy 18.65x + 3.18 681 1:10 0.36 

HTy 23.15x + 40.39 2776.1 1:16 1.89 

DAT 23.64x + 8.10 839.6 1:1000 35.2 

HPAA 22.94x + 6.75 1232.5 1:1000 53.4 

Tyrosol 27.61x + 13.40 1284.6 1:1000 46.0 
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Additionally, the solubility of diacids used must be considered to ensure that the 

polymer remains resorbable. There is an odd-even effect with the diacid and its solubility.99 

Shorter chains and diacids with an odd number of carbons are much more soluble than the 

those with even numbers and long chains. Rigidity also led to increased hydrophobicity 

and limited solubility (Table 3.3). Another key point to note is the acidity of the degradation 

components. Comparatively, degradation components in tyrosol polyesters have higher 

pKa, and are therefore less acidic then the products of commercially available materials 

like PLA and PGA. Non-acidic degradation avoids a drop in local pH to the device implant 

site during later stages of degradation.  

 

Table 3.3. pKa and Solubility data for predicted degradation products. 

Compound pKaa Solubility (mg/mL) 

Lactic acid 3.86100 1000c 

Glycolic acid 3.53c 608c 

Succinic acid 4.21c 88101 
Glutaric acid 4.34c 1160101 
Suberic acid 4.15c 2.46102 

Dodecanedioic acid 4.65c 0.04c 

4-Hydroxyphenylacetic acid 4.8103 60.7d 

Desaminotyrosine 6.5103 2.7d 

Tyrosol 10.0104 25.3d 

HTy 9.81b 1.76d 

DTy 9.91b 0.6d 

aBased on the strongest acid, bBased on predictive values, cBased on values found on Human 
Metabolome Database or Drug Bank Database  dBased on experimental data in PBS at 37 °C. 
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3.4.6 Biocompatibility of Polymer Byproducts 

 Another key component to the design of new polymers is assuring that when 

degraded, the products will be non-cytotoxic. A specific guideline, denoted as ISO 10995:3 

focuses on in vitro biocompatibility studies. First, all monomeric components including 

HTy, DTy, tyrosol, HPAA, DAT were evaluated to determine if there was toxicity at any 

concentration. Per the ISO guidelines, predicted degradation byproducts were dissolved in 

culture media at a concentration close to the solubility limit. Serial dilutions were 

completed to identify concentrations in which a toxic response, or loss of at least 50% cell 

viability was observed. In all, it was determined that DTy was non-cytotoxic above 0.25 

mg/mL which was the tested limit for this study. HTy had a lower value at 0.11 mg/mL but 

some of which is most likely a result of residual solvents present. As expected all other 

reagents were deemed suitable at concentrations over 1 mg/mL (Figure 3.32). Based on 

these results, it is expected that these polymers will not cause a toxic response during the 

degradation process.  

 

 

Figure 3.32. Cytotoxicity of degradation components for tyrosol-derived polymers.  
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3.4.2 Synthesis of Polymers and Reaction Kinetics 

 

 

Scheme 3.33. Reaction schematic for tyrosol-derived poly(ester-arylate)s.  

 

Table 3.4. Nomenclature reference for tyrosol-derived polymers based on Scheme 3.33.  

Polymer Index m Y 

poly(HTy succinate) pHTy2 1 -(CH2)2- 

poly(HTy glutarate) pHTy3 1 -(CH2)3- 

poly(HTy suberate) pHTy6 1 -(CH2)6- 

poly(HTy dodecanedioate) pHTy10 1 -(CH2)10- 

poly(HTy diglycolate) pHTyDG 1 -CH2-O-CH2- 

poly(HTy transhexendioate) pHTytHex 1 -CH2-CH=CH-CH2- 

poly(HTy phenylenediacetate) pHTyPDA 1 -CH2-Ar-CH2- 

poly(DTy succinate) pDTy2 2 -(CH2)2- 

poly(DTy glutarate) pDTy3 2 -(CH2)3- 

poly(DTy suberate) pDTy6 2 -(CH2)6- 

poly(DTy dodecanedioate) pDTy10 2 -(CH2)10- 

poly(DTy diglycolate) pDTyDG 2 -CH2-O-CH2- 

poly(DTy transhexendioate) pDTytHex 2 -CH2-CH=CH-CH2- 

poly(DTy phenylenediacetate) pDTyPDA 2 -CH2-Ar-CH2- 
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Subsequent polymerization of the diphenol with varying diacid structures was 

completed using carbodiimide chemistry (Scheme 3.30). All polymerizations used DIC as 

a catalyst due to its ability to work in chlorinated solvents required for polymer solubility 

and easier removal compared to DCC. Diacids including aliphatic carbon chains, alkenes, 

heteroatoms, aromatic rings, and saturated rings were investigated (Table 3.4). One of the 

main drawbacks to this method of synthesis is the formation of water in the reaction vessel. 

While this can lead to molecular weight inhibition and ultimately, degradation of the 

polymer through hydrolysis, the trace water did not hinder molecular weight growth.  

Kinetically, molecular weight growth over time was largely dependent on the type 

of diacid in the polymer (Figure 3.31). Shorter chain diacids like glutarate-containing 

copolymers took several days to reach higher molecular weights compared to the longer 

chain diacids like suberate and dodecanedioate-containing copolymers which took hours. 

Additionally, succinate copolymers exhibited lower obtainable molecular weights with the 

DTy copolymer only reaching a DP of ~80 after one week. It is hypothesized that this is 

due to symmetry within the polymer chains, increasing intermolecular interactions and 

resulting in precipitation out of solution.  

Bond rigidity has minimal effect on the rate of polymer molecular weight growth, 

with alkene-containing copolymers having comparable rates to aromatic bond-containing 

ones. Diglycolate copolymers were also limited in molecular weight growth, most likely 

due to poor solubility of diacid in the reaction solvent, methylene chloride. Polydispersities 

of the resulting polymers were slightly lower than 2.3, which is the theoretical 

polycondensation PDI, most likely a result of fractionation during precipitation.  
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When comparing bond rigidity’s impact on molecular weight growth rates, early 

time points were largely unaffected. Heteroatom containing diglycolic acid, double bond 

containing transhexenedioic acid, saturated ring containing cyclohexanedicarboxylic acid, 

and aromatic containing phenylenediacetic acid, were all compared. Polymers containing 

both double bond and aromatic diacids exhibited molecular weight growth comparable to 

those with long chain diacids. Conversely, polymers with cyclohexane- or oxygen-

containing diacids were considerably slower, only reaching a DP of about 75 after one 

week. This is most likely a result of steric hindrance and solubility, respectively.  
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Figure 3.31. Kinetic studies comparing (A) diphenols, (B-C) diacid chain length, (D-E) 

bond rigidity, and (F) heteroatom incorporation. All reactions used a molar ratio of 0.98:1 

diacid:diphenol. 
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Table 3.5. Molecular weights obtained of polymer compositions.  

 

By varying the ratio of diacid to diphenol between 0.97 and 0.99, molecular weights 

of 150 kDa were obtained for most polymers via GPC using polystyrene standards (Table 

3.5). One important note is that GPC measures hydrodynamic volume, which is solvent 

dependent and can cause values to change slightly. As previously detailed, pDTy2, 

pHTyDG, and pDTyDG were the exception to this. GPC curve shape can help identify the 

distribution of molecular weights in the polymers. Molecular weights were normalized to 

polystyrene calibration standards due to similarities from the aromatic rings. All curves 

looked relatively similar with representative ones presented in Figure 3.32. Slight 

shouldering was observed but all PDI’s stayed at or below 2.3 which is the expected 

polydispersity for a polycondensation reaction. The exception to this was pHTyDG which 

was due to lack of polymerization, only 

forming oligomers.  

 

 

Figure 3.32. Representative GPC curves 

of tyrosol-derived poly(ester-arylate)s.  

Index
Mna

(kDa)
Mwa

(kDa) PDI Index
Mna

(kDa)
Mwa

(kDa) PDI

pHTy2 95.0 175.4 1.8 pDTy2 25.2 37.6 1.5

pHTy3 90.9 157.6 1.7 pDTy3 83.6 177.8 2.1

pHTy6 95.5 184.8 1.9 pDTy6 77.5 138.4 1.8

pHTy10 104.9 191.0 1.8 pDTy10 89.7 184.5 2.1

pHTytHex 80.1 153.6 1.9 pDTytHex 74.2 156.8 2.1

pHTyDGb 9.5 23.5 2.4 pDTyDG 55.0 89.4 1.6

pHTyPDA 82.3 156.0 1.9 pDTyPDA 83.0 192.3 2.3
a All values were measured relative to polystyrene standards in chloroform with 0.1% trifluoroacetic acid, b GPC values are prior to precipitation 
due to low molecular weights achieved. 
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Chemical composition was confirmed via 1H NMR and FTIR. Characteristic NMR 

peaks indicating reactivity were from 2.5 – 2.75 ppm corresponding to the methylene 

protons next to the arylate bond. Methylene peaks at 1.25 ppm, corresponding to aliphatic 

diacids (Figure 3.33A-B), alkene methines around 5.9 ppm for tHex polymers, and an 

aromatic peak around 7.4 ppm for PDA polymers were used to confirm incorporation of 

the diacid (Figure 3.33C). “pseudo-symmetry” in DTy was confirmed by apparent triplets 

in the aromatic region indicating chemical similarity, while HTy containing polymers 

maintained distinct sets of doublets (Figure 3.33D).  

 

 

Figure 3.33. NMR spectrum of polymers with varying diacid chain length for HTy (A) 

and DTy (B) copolymers. Spectra with varying diacid ridgidity for HTy (C) and DTy (D) 

copolymers are presented.  
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FTIR was used to confirm structural features of the polymers (Figure 3.34). As 

expected, long aliphatic diacid containing polymers had the sharpest CH stretching peaks. 

All of the polymers contained carbonyl C=O stretch peaks around 1700 cm-1 indicative of 

the esters present in the polymers. The one major difference was the aromatic containing 

polymers contained two distinct carbonyl C=O stretches while all other polymers had C=O 

stretches that significantly overlapped with one another.  

 

 

Figure 3.34. FTIR spectra of polymers with varying diacid chain length for HTy (A) and 

DTy (B) copolymers. Representative spectra of 10 carbons (top), 6 carbons (middle), and 

3 carbons (bottom) are presented. Additional spectra with varying diacid ridgidity for HTy 

(C) and DTy (D) copolymers for oxygen (top), alkene (middle), and aromatic (bottom) 

containing groups are presented. 
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3.5 Conclusion 

A new library of tyrosol-derived polymers was designed with improved solubility 

over tyrosine-derived polymers, less acidic degradation byproducts compared to PLA, 

PGA, and PLGA, and increased expected degradation compared to PCL. Synthetic 

methods for two tyrosol-derived diphenols, HTy and DTy synthesis were optimized by 

exploring stoichiometry, acid catalysts, and solvents in the reaction. Solubilities were 

characterized and confirmed to be over 10 times higher than the tyrosine diphenols 

previously reported in the literature. Monomers and their expected degradation byproducts 

were analyzed for cytotoxicity. None of the compounds elicited a severe toxic response 

confirming their validity as biomaterials.  Subsequent polymerizations with the tyrosol 

diphenols and diacids with varying chemical structures were carried out successfully. Most 

polymers were easily obtained at molecular weights around 150 kDa by GPC. Three trends 

were explored in the design of the polymer library: (i) symmetry in the diphenol, (ii) diacid 

carbon chain length and (iii) diacid bond rigidity. Structure-property relationships were 

evaluated for chemical and degradative properties.  
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CHAPTER 4: EVALUATION OF STRUCTURE-PROPERTY-

PROCESSING RELATIONSHIPS IN TYROSOL-DERIVED 

POLYARYLATES 

4.1 Abstract 

Tyrosol-derived poly(ester-arylate)s with tunable properties were explored and 

structure-property relationships established using both experimental and theoretical 

approaches. This data illustrates the wide range of properties attainable for these polymers 

through small compositional changes. Chemical properties including hydrophobicity, 

biocompatibility, and degradation were evaluated. Increasing the diacid chain length 

increased the polymer hydrophobicity, resulting in slower degradation rates. Polymers 

containing alkenes or aromatic rings degraded the fastest of any polymers. Diacids played 

a significant role in thermal properties, with glass transition temperatures and melting 

temperatures ranging from 4 °C to 45 °C and 80 °C to 200 °C, respectively. This was 

confirmed with modeling approaches to the thermal properties, specifically using mass-

per-flexible bond approach and group contribution theory. Mechanical properties were 

tunable based primarily on diacids. Defined structure-property relationships were used in 

a case study to identify lead polymers for use as nerve guidance conduits. Braiding for the 

conduits required polymers with increased mechanical toughness. Processing of polymer 

films to orient polymer chains increased moduli as much as 3.5-fold. Polymer crystallinity 

was also characterized for several polymers and increasing chin-axis repeat units were 

largely dependent on diacid chain length. The properties identified establish a basis for a 

wide range of biomaterial applications that can utilize these resorbable polymers.   



 

 

59 

4.2 Introduction 

  Biomaterial applications range from tissue regeneration to sustained drug delivery, 

requiring a wide array of material properties. Specifically, biodegradable polymers require 

a balance between base properties, processing and device design, all of which contribute 

to the final device’s behavior. Base properties are largely dependent on the chemical 

makeup of the material. Thermal and mechanical properties are impacted by intermolecular 

and intramolecular chain interactions, while chemical and biological responses are a result 

of the atomic composition. The balance between a multitude of parameters leads to large 

sets of data which are often not easily understood and complex to plot. As a result of the 

ongoing desire to understand large sets of data, the introduction of the omics era into 

biomaterials has taken place. Omics is the use of computational modeling and data arrays 

to understand a system in a fast and efficient manner. While this approach has been largely 

integrated into biological sciences including proteomics and genomics, it has been slower 

to implement in material design. The efficiency of data-driven models and predictive 

methods requires large amounts of experimental design with high precision and control of 

chemical or biological composition. While the omics approach will not be presented in this 

thesis, a simpler method using structure-property-relationships (SPR) will be assessed. 

This requires smaller experimental data sets and uses correlations to efficiently determine 

chemical implications in material properties.  

Ideally, monomers and/or oligomers in a polymer can be incorporated to address 

specific properties including degradation, mechanical stiffness, and processability 

separately, to make a terpolymer (Figure 4.1). Each component would contribute as an 

independent additive characteristic. Unfortunately, many polymer properties are 
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intertwined and therefore can be challenging to decouple. For example, monomers that 

promote degradation will often limit thermal processability and the incorporation of 

bioactive molecules will limit solubility and maximum temperatures the material can be 

exposed to.  

 

 

 

Figure 4.1. Idealistic interpretation of material design through combining different 

monomers and oligomers to match an application’s required property profile.   

  

Material properties are all interrelated and play a crucial role in the development of 

a new material (Figure 4.2). Hydrophobicity will dictate protein adhesion and diffusion of 

water into the polymer matrix while degradation and resorption rates will determine a 

material’s application potential. Thermal properties help determine what processing 

techniques can be used. Many devices use thermal processes such as injection molding, 
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additive manufacturing, and extrusion, ideally performed just above the melting point of a 

material if present. Thermal processing allows for manipulation of the chain orientation of 

a polymer to increase the limits of a polymer’s mechanical strength and crystallinity. 

Similarly, the mechanical properties of a material are largely dependent on the scaffold 

architecture, infill, and material’s crystallinity. Mechanical properties need to match the 

desired application. Tensile and compressive properties are required for different 

applications depending if the injury site is load bearing or not.  

 

Figure 4.2 Balance of material properties. 

 

One comparable material library that has been investigated using structure property 

relationships is copolymers of lactide and glycolide. Poly(lactic acid) (PLA) has been 

extensively used in biomaterial applications and is a man component in several FDA-

approved devices including sutures, ligatures, and meshes.105, 106 These can be used in 

surgical procedures and can often incorporate active pharmaceutical ingredients (APIs) to 

further aid the healing process. Poly(lactide-co-glycolide) (PLGA) copolymers are a 
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combination of lactic acid and glycolic acid, which are both naturally derived, on the FDA 

generally regarded as safe (GRAS) list, and found in the body. They are synthesized using 

ring opening polymerization and scalable. SPR of the copolymers has found that these 

polymers are semicrystalline and can range between 0 % (amorphous) to 50 % crystallinity. 

This has a further impact on the mechanical properties and biodegradation time (Table 4.1).  

 

Table 4.1. Polymer properties for copolymers of lactic acid and glycolic acid.   

Polymer 
Tg 

(°C) 

Tm 

(°C) 

% 

Crystallinity 

E 

(GPa) 

Biodegradation 

Time (months) 
Reference 

PLLA 64 173 37 2.7 12-18 46, 107 

PLGA 

(85:15) 
57 140 Amorphous 2.0 5-6 46, 108 

PLGA 

(72:25) 
50 N/A Amorphous 2.0 4-5 46, 109 

PLGA 

(50:50) 
31 N/A Amorphous 2.0 1-2 46, 107 

PGA 42 224 45-55 7.0 6-12 46, 107, 110 

 

Libraries that can drastically change material properties with minimal change in 

chemical composition are ideal within medical device development due to ease in FDA 

approval pathways. Alternatively, in polyesters, the dialcohol or diacid can be exchanged 

or slightly modified to dictate polymer properties. Herein, we investigate the compositional 

components of tyrosol-derived polyarylates for their effect on degradative, thermal and 
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mechanical properties. The relationships established are then used to identify lead polymer 

candidates for making nerve guidance braided conduits. Annealing and drawing of polymer 

films, impacting polymer crystallinity, was used to improve the mechanical toughness of 

the polymers. Preliminary in vitro cell studies using human Schwann cells (HSCs) specific 

to neural regeneration were performed.  

4.3 Materials and Methods 

4.3.1 Materials  

All chemicals and reagents, previously defined, were purchased from TCI America 

(Portland, OH), Sigma Aldrich (St. Louis, MO), VWR (Radnor, PA) or Fisher Scientific 

(Waltham, MA). Human Schwann cells (HSC #1700) and culture medium were purchased 

from ScienCell Research Laboratory. Tissue culture treated polystyrene (TCP) flask, multi-

well plates were purchased from VWR. 

 

4.3.2 Computational Calculations of logP 

LogP calculations were completed using MarvinView programming.  Calculations 

were based on monomer repeat units without consideration for the end group functionality. 

Using the logP predictor plugin, logP for each polymer was reported.  
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4.3.3 Determination of Air-Water Contact Angle 

Polymer coated coverslips were prepared by spin coating a 2 wt.% solution of 

polymer in dichloromethane. To a 12 mm diameter glass cover slip, 100 µL polymer 

solution was added and spun at 3000 rpm for 30 s. The samples were then dried for 48 

hours under vacuum at 40 °C to remove solvent and prevent particulate build up. Air-water 

contact angles were measured using a goniometer (RameHart Model 100-00) following 

ASTM C813. In short, 40 µL reagent grade water was placed on the polymer surface. The 

angle of the droplet was measured in 3 drops per film and in 3 separate spin-coated films.  

 

4.3.4 In Vitro Degradation of Polymers  

Polymers were compression molded into films and 8 mm diameter discs were 

punched using 8 mm diameter biopsy punches. Samples were place in a 1.5 mL 

polypropylene tube with a cap and o-ring to prevent loss of moisture. Mass was collected 

prior to incubation and at predesignated time points. Samples were incubated in 1.5 mL 

PBS (pH 7.4) solution with 0.02 % sodium azide to prevent bacteria growth. At each time 

point, samples were removed in triplicate, washed 3 times with DI water to remove salts 

and then frozen and lyophilized. Samples were weighed post degradation to calculate mass 

retention and then analyzed by GPC to determine molecular weight retention. At 

designated time points, media of the samples was exchanged to ensure sink conditions 

throughout the study.  
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4.3.5 Thermal Properties of Polymers.  

Differential scanning calorimetry (DSC, Mettler Toledo) was used to evaluate 

melting temperatures (Tm), glass transition temperatures (Tg), and crystallization 

temperatures (Tc) for monomers and/or polymers. Briefly, samples were run in a 5-step 

program that included heating from 25 °C to 250 °C at a rate of 10 °C/min, followed by a 

hold at 250 °C for 2 min, cooling to -50 °C at 10°C/min, a hold a -50  °C for 2 min, and 

then heating to 250 °C at 10 °C/min. Tg and Tm are reported on the second heat unless 

otherwise noted. Thermogravimetric analysis (TGA, TA Instruments) was used to measure 

volatiles and decomposition temperature (Td). Volatiles were calculated by the step 

transition between 50 °C and 150 °C, while Td was calculated by the step transition from 

the plateau regions prior to and after mass loss.  

 

4.3.6 Mechanical testing of polymer samples.  

Polymer films were made by compression molding polymer solids with 100 µm 

shims at 30 °C above their Tm  or 50 °C above their Tg if no melt was observed. Samples 

were heated for 3 min with no pressure followed by 3 min with 3000 lbs force producing 

films with a thickness between 150 – 300 µm. Specimens were cut into 3 mm x 40 mm 

strips. Mechanical properties of polymers were collected on an MTS Systems Tester with 

a 100 N load cell and a 10 mm/min displacement rate. The elastic modulus was calculated 

from the slope of the tangent drawn at the linear portion of the stress-strain curve (between 

0 % and 2 %). Strain was calculated based on the displacement between the grips from the 

initial position. All measurements were collected on a minimum of 3 specimens per sample.  
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4.3.7 Orientation and/or Crystallization of Polymer Films.  

To induce crystallization, annealed (an) samples were placed in an oven at 

approximately 50 % between Tg and Tc for 2 hours. To orient polymer chains, drawn (dr) 

samples were prepared by straining polymers above their Tg to ~50 % prior to break. 

Samples that were annealed post drawing (dr, an) were placed in an oven at 50 % between 

Tg and Tc  in a constrained device to prevent shrinkage.  

 

4.3.8 X-Ray Diffraction 

1D wide-angle X-ray diffraction (WAXD) patterns from unoriented films were 

obtained in parafocus mode on a Xpert diffractometer (Malvern Panalytical, United 

Kingdom). 2D WAXD patterns from oriented films were collected in transmission 

geometry using an AXSs Hi-Star multiwire area detector Bruker (Billerica, MA). Nickel 

filtered copper radiation (Cu Kα, λ = 1.542 Å) was used in both instances. The 2D patterns 

were processed using the manufacturer’s GADDS software to obtain 1D radially averaged 

scans, as well as equatorial, meridional and azimuthal scans. The radially averaged scans 

were profile fitted using MDI software to obtain the crystallinity and crystallite size using 

published methods. Azimuthal scans were used to determine the degree of orientation.64 

Position of the peaks in the meridional scans were used to calculate the repeat distance 

along the stretch direction, which based on the equatorial scans and the total 2D pattern 

corresponds to chain-axis repeat. 
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4.3.9 Cell Adhesion and Proliferation Assays 

HSC were cultured and maintained following the manufacturer’s instructions. 10 

mm/disc of polymer films were sterilized under UV for 1 h. Polymer films were placed in 

the wells of non-tissue culture treated 48-well plate and held in place by O-rings. Cells 

were trypsinized from an 80% confluent culture and counted. 2x104 cells were added to 

each well containing polymer film and incubated at 37°C with 5% CO2 and 95% humidity. 

After 24 h, medium was removed from each well and cells were washed once with PBS. 

0.2 mL of medium containing 10% alamarBlue was added to each well. After incubated at 

37°C for 45 min, the fluorescent intensity was read using TECAN Spark plate reader with 

Ex/Em=540nm/590nm. After the assay, cells were washed with PBS twice and continued 

to culture for 3 days. On Day 4, the viability of cells in each well was measured using 

alamarBlue assay. Repeat the viability measurement on Day 7. The proliferation of cells 

on Day 4 or Day 7 on each polymer surface was normalized to that of Day 1.  

4.4 Results and Discussions 

4.4.1 Degradation and Resorption 

4.4.1.1 Hydrophobicity of Polymers 

The hydrophobicity of a polymer acts as a predictor of polymer degradation rates, 

controlling diffusion of water into the polymer matrix. Two ways to measure this include 

computational modeling of monomer units to calculate the logP or experimentally 

measured air-water contact angles which look at the surface properties of polymers. LogP 

of the repeat unit increases with increasing chain length. This indicates the hydrophobic 

nature of long chain diacids versus the shorter chains. Oxygen-containing diglycolate 
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copolymers had the lowest logP which matched expectations due its polar ether group, and 

increasing rigidity resulted in increasing hydrophobicity, most likely due to steric effects 

(Figure 4.3).  

 

 

Figure 4.3. Calculated LogP of polymer repeat unit.  

 

An experimental method for measuring polymer hydrophobicity is the use of air-

water contact angle. By looking at a drop of water on the polymer surface, hydrophobicity 

can be evaluated. For hydrophobic materials, the  drop of water will ball  up and the angle 

will be greater than 90°. On the contrary, hydrophilic materials have lower angles, typically 

below 45° (Figure 4.4).  
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Figure 4.4. Schematic of air-water contact angle measurements with illustrated droplets 

on hydrophobic (left) and hydrophilic (right) surfaces. Angles are represented by arrows 

and show that those greater than 90° are hydrophobic whereas less than 90° are hydrophilic.  

 

All polymers were moderately hydrophobic due to the presence of aromatic ring in 

the diphenol. Diacid chain length had the largest impact on changes in polymer 

hydrophobicity. As expected, increasing chain length resulted in more hydrophobicity, 

albeit only over a 15 ° range. Interestingly, bond rigidity had minimal impact on the 

hydrophobicity of the polymer (Figure 3.36B). When comparing the slopes of DTy and 

HTy copolymers with linear chain diacids, 1.086 and 0.539 respectively, DTy copolymers 

were more sensitive to changes in the diacid chain length (Figure 3.36A). Another expected 

trend in hydrophobicity is the incorporation of an ether bond in the diacid (glutarate vs. 

diglycolate). The oxygen promotes hydrogen bonding and helps bring water into the 

polymer matrix. This results in a drop in contact angle from 75 ° to 70 °. When comparing 

the LogP and AWCA there was a weak correlation between the two with better fit for more 

hydrophilic polymers (Figure 4.6).  
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Figure 4.5. Polymer hydrophobicity using air-water contact angle measurements 

investigating (A) carbon chain length and (B) bond rigidity.  

 

 

Figure 4.6. Correlation between experimental and theoretical hydrophobicity data.  
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4.4.1.2 In Vitro Degradation Under Physiological Conditions 

In vitro degradation studies were carried out under physiological conditions and 

number average and weight average molecular weight retention were calculated. 

Additionally, mass retention was measured over time to understand the resorption profile 

of the polymers. Compared to commonly used PLA and tyrosine-derived poly(DTE-co-

10%DT-co-1%PEG1K carbonate) (E1001(1k)), these tyrosol polyarylates resorb at a faster 

rate. When comparing earlier time points, E1001 (1k) degraded at a slightly faster rate 

compared to pHTy3, most likely due to the presence of PEG. After 200 days, pHTy3 

exhibited higher mass loss compared to E1001(1k) signaling faster resorption in vitro 

(Figure 4.7).  

 

 

Figure 4.7. Degradation and resorption profiles  of tyrosol polymer pHTy3 compared  to 

commercial standard PLA and internal standard E1001(1k).  

 

When comparing polymers within the tyrosol polyarylate library, all three trends 

investigated above played a role in the degradation and resorption. Increases in diacid chain 

length resulted in increased polymer hydrophobicity and slower degradation and resorption 

times. Inversely, shorter chain diacids were faster to degrade and resorb. One polymer, 
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poly(HTy succinate), did not follow this trend and was slower degrading, comparable to 

the longer chain diacids. This may be due to spatial distance between the bulky 

hydrophobic aromatic rings. Additionally, the copolymers with diacids containing double 

bonds or aromatic rings observed accelerated degradation and resorption. It is hypothesized 

that this is a result of the higher processing temperatures required to form compression 

molded films from these polymers, leading to degradation prior to incubation due to the 

presence of free acid end groups which could catalyze hydrolysis. Another important 

observation during this study was the appearance of the polymer discs. First, many of the 

HTy based polymers were clear to slightly cloudy upon starting the experiment. After 14 

days almost, all polymers with the exception of pHTy2 had turned completely opaque and 

white. Some of the double bond containing polymers had a yellowish-brown tinge to them. 

The transhexenedioate containing polymers became extremely brittle after 2 months of 

incubation. This is most likely a result of the formation of low molecular weight oligomers. 

Comparatively, pHTy10 and pDTy10 maintained their form throughout the year duration 

of the study. All polymers towards the end of the study were opaque and held shape as a 

result of water-induced crystallization of the polymers.  



 

 

73 

 

Figure 4.8. Degradation of polymers with varying (A-D) chain length and (E-H) bond 

rigidity. Degradation was determined by Mn retention and resorption by mass retention. 

All Studies Were Carried Out at 37 °C in PBS pH 7.4. 
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4.4.2 Thermal Properties 

 Tyrosol-derived polyarylates are classified as semi-crystalline polymers containing 

both amorphous and crystalline domains. Glass transition temperature measures 

amorphous region properties and is important to understand how the polymer will behave 

in a physiological environment or during processing. Melt temperatures will dictate under 

what conditions a polymer can be thermally processed. Having control over these 

parameters can aid in identifying polymers with unique properties, such as the ability to 

mold a material when handling due to increased temperature. 

 

4.4.2.1 Experimental Thermal Properties 

The glass transition temperature was found to be primarily dependent on the diacid 

in the backbone and less so dependent on the change from HTy to DTy. As expected, 

increasing the diacid chain length from 2 carbons to 10 carbons drastically reduced the Tg 

from 44 °C to 4 °C, respectively, due to increased chain flexibility (Figure 4.9A). 

Incorporating various chemical structures such as double bonds, ring structures, and 

aromatic groups leads to differing glass transitions (Figure 4.9B). Interestingly, slight 

modifications from a carbon to an oxygen led to an increase of 10 °C in glass transition 

temperature most likely as a result of electron density and electronegativity (Figure 4.9C). 

This phenomenon has been previously presented in copolymers of glutaric acid, diglycolic 

acid, and thiodiglycolic acid with aliphatic diols.111  
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Figure 4.9. Glass transition temperature trends with changing (A) diacid chain length, (B) 

bond rigidity, and (C) electronegativity. 
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in biomaterial design. Many applications require thermally processed devices, including 
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architectures. The difficulty with these processing methods is resulting thermal degradation 

that can occur. Ensuring the gap between melting temperature and decomposition 

temperature is large enough will help prevent changes in chemical structure as well as 

molecular weight loss. When comparing DTy and HTy copolymers, one noticeable trend 
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was that all of the DTy copolymers had higher melting temperatures than their HTy 

counterparts. This is hypothesized to be due to the “pseudosymmetry” in the molecular 

structure, resulting in tighter packing of the polymer chains and a more crystalline material. 

Another trend observed was a commonly reported odd-even effect (Figure 4.10A).112 This 

indicates that polymers composed of diacids with an even number of carbons typically will 

have higher melting points and lower solubility due to packing. One deviation in this trend 

is pHTy3 which is higher than both pHTy2 and pHTy4. Some thermograms show a double 

melting peak. This is due to the presence of defects in crystal structure. Smaller crystals 

may form which lead to additional melting points. Bond rigidity did play a large role on 

the melting point of the polymers. Double bond containing polymers had lower melting 

temperatures than the carbon containing glutarates or aromatic containing 

phenylenediacetates (Figure 4.10B). All of these polymers have symmetry in the diacid 

which can help packing and lead to higher melting temperatures.  

 

 

Figure 4.10. Melting temperatures of polymers with varying (A) carbon chain diacid 

length and (B) bond rigidity.  
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4.4.2.2 Modeling Thermal Properties 

In addition to experimental data with drawn correlations, predictive models using 

approaches such as group contribution theory, molecular dynamics, and quantitative 

structure-property relationships (QSPR) can be employed. Thermal properties are the most 

common polymer property that can be predicted due to their large dependence on chemical 

structure. Previous work in the Kohn lab investigated the use of  mass-per-flexible bond as 

a way to predict a polymer’s glass transition temperature.113 This semi-empirical approach 

compared the molecular weight of a repeat unit, the flexibility of bonds in a repeat unit, 

and measured Tg to find a correlation, obtaining linear fits with an R2 greater than 0.900. 

Some of the key findings of this work were that: (i) aromatic rings have flexibility across 

the center of axis (ii) amides are not considered flexible due to resonance stability, and (iii) 

methyl groups and alcohols have no flexibility due to the small size of the hydrogen atoms.  

Newly developed tyrosol-derived polyarylates were tested against this method. 

Upon evaluation, three categories were considered: flexibility of the diphenol, diacid chain 

length or rigidity, and intermolecular interactions. Figure 4.11A shows the assigned 

flexibility for tyrosol-derived diphenols and indicates small differences in mass-per-

flexible bond value of 34.03 and 31.53 for HTy and DTy, respectively. For the poly(ester-

arylate)s library, a small set of polymers were used with diacid extremes such as short, 

medium, or long aliphatic diacids, along with double bond and aromatic containing 

polymers for rigidity. Diglycolate polymers were not used as they have intermolecular 

interactions that interfere with the efficacy of the model. When plotting the M/f value 

against experimental glass transition temperatures in K, a correlation of 0.8864 was 

obtained (Figure 4.11). The one major deviation from the trendline was pHTy6.  
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Figure 4.11. Mass-per-flexible bond calculations to predict glass tranisition temperature. 

(A) Flexibility indices for HTy (left) and DTy (right), (B) correlation between M/f and Tg, 

and (C) Correlation between predicted and experimental Tg.  

   

 Alternatively, group contribution theory can be used to predict polymer properties. 
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explained Mass-per-flexible bond theory. The small subset used in the previous approach 

was applied to GCT and theoretical values were compared (Table 4.2). Similarly, pHTy6 

showed the highest error again. This potentially indicates a non-chemical interaction 

leading to the outliers. 

 

Table 4.2. Group contribution theory additive data for determination of glass transition 

temperature.  

Polymer 

Diphenol Diacid Sum Calc. Exp. 
% 

Error Yi M Yi M Yi M 
Tg 

(K) 

Tg 

(K) 

pHTy2 79.6 238.2 30.4 116 110 354.2 311 317 2.03% 

pHTy3 79.6 238.2 33.1 130 112.7 368.2 306 306 0.03% 

pDTy3 82.3 252.2 33.1 130 115.4 382.2 302 302 0.02% 

pHTy6 79.6 238.2 41.2 172 120.8 410.2 294 279 5.55% 

pDTy6 82.3 252.2 41.2 172 123.5 424.2 291 287 1.44% 

pHTy10 79.6 238.2 52 228 131.6 466.2 282 277 1.91% 

pDTy10 82.3 252.2 52 228 134.3 480.2 280 277 0.97% 

pHTyDG 79.6 238.2 37.6 132 117.2 370.2 317 318 0.44% 

pDTyDG 82.3 252.2 37.6 132 119.9 384.2 312 317 1.55% 

pHTytHex 79.6 238.2 37.8 142 117.4 380.2 309 309 0.07% 

pDTytHex 82.3 252.2 37.8 142 120.1 394.2 305 308 1.08% 

pHTyPDA 79.6 238.2 59.9 192.1 139.5 430.3 324 324 0.06% 

pDTyPDA 82.3 252.2 59.9 192.1 142.2 444.3 320 319 0.33% 

 

 When comparing the two theories for calculating the glass transition temperature, 

they both are fairly successful with deviations coming from similar polymers. A plot of 

theoretical polymer glass transition temperatures to those that were experimentally found 
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indicated that the GCT theory was slightly better at predicting Tg than the MPF approach. 

This was determined by calculating the goodness of fit to the data assuming a correlation 

of Experimental Tg = Theoretical Tg (Figure 4.12).   

 

 

Figure 4.12. Comparison of calculated Tg versus experimental Tg for (left) mass-per-

flexible bond and (right) group contribution theory approaches. 
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(Figure 4.13), it was evident that the diglycolate polymers did not fit the model well. When 

removing that value, the goodness of fit goes from an R2 = 0.3011 to 0.6211 (Figure 4.13). 

Additionally, pHTy3 is the next largest error which is expected due to deviation in the odd-

even trend observed experimentally.  

 

Table 4.3. Group contribution theory approach to predicting melting temperature.  

Polymer 
Diphenol Diacid Sum Calc. Exp. 

% Error 
Yi M Yi M Yi M Tm 

(K) 
Tm 
(K) 

pHTy2 84 238.2 52 116 136 354.2 384 384 0.01% 

pHTy3 84 238.2 55 130 139 368.2 378 411 8.15% 

pDTy3 105 252.2 55 130 160 382.2 419 428 2.19% 

pHTy6 84 238.2 67.2 172 151.2 410.2 369 361 2.11% 

pDTy6 105 252.2 67.2 172 172.2 424.2 406 419 3.12% 

pHTy10 84 238.2 90 228 174 466.2 373 373 0.06% 

pDTy10 105 252.2 90 228 195 480.2 406 426 4.68% 

pHTyDG 84 238.2 72.4 132 156.4 370.2 422 359 17.68% 

pDTyDG 105 252.2 72.4 132 177.4 384.2 462 444 4.00% 

pHTytHex 84 238.2 63 142 147 380.2 387 389 0.61% 

pDTytHex 105 252.2 63 142 168 394.2 426 412 3.44% 

pHTyPDA 84 238.2 90 192.1 174 430.3 404 406 0.40% 

pDTyPDA 105 252.2 90 192.1 195 444.3 439 430 2.07% 
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Figure 4.13. Melting temperature predictions based on GCT and the respective residual 

plot.  

 

4.4.3 Mechanical Properties of Polymers 

Tyrosol polyarylates as processed exhibit a wide range of properties with tensile 

moduli (E) ranging from 1100 MPa for short chain diacids down to 300 MPa for longer 

chains due to polymer flexibility. Likewise, their yield stress (σy) and strain (εy) can range 

from 1 to 22 MPa and 2 to 24 %, respectively (Table 4.4).  One important note is that these 

polymers, being semicrystalline, can exhibit different mechanical properties depending on 

the form they are in. Polymers that are more crystalline can have higher moduli compared 

to their amorphous form. All polymers reported in Table 4.4 are quenched to minimize 

crystallization. Unfortunately, polymers containing DTy or long chain aliphatic diacids 

tend to crystallize rapidly and are more difficult to quench.  
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Table 4.4. Tensile properties for polymers as processed, most in the amorphous phase, n = 

4 specimen per sample. 

Polymer E, (MPa) σy (MPa) εy (%) 

pHTy2 1100 ± 130 21.6 ± 2.6 2.5 ± 0.7 

pHTy3 1120 ± 60 15.5 ± 1.2 1.8 ± 0.3 

pDTy3 1010 ± 100 14.5 ± 2.2 2.1 ± 0.3 

pHTy6 7.00 ± 4.00 0.7 ± 0.4 23.8 ± 12.5 

pDTy6 510 ± 20 12.4 ± 1.5 10.5 ± 0.8 

pHTy10 280 ± 20 5.8 ± 0.5 6.5 ± 0.6 

pDTy10 250 ± 20 6.6 ± 1.3 12.8 ± 2.8 

pHTytHex 1420 ± 200 20.0 ± 1.2 1.9 ± 0.4 

pDTytHex 450 ± 420 2.1 ± 2.4 1.4 ± 0.02 

pHTyPDA 1340 ± 260 17.5 ± 3.1 1.8 ± 0.3 

pDTyPDA 1740 ± 230 21.0 ± 7.5 2.1 ± 0.7 

 

4.4.4 Case Study: Polymer Selection for Nerve Guidance Conduits 

 Peripheral nerve injuries are one of the more difficult regenerative processes to 

treat. Trauma to the nerve results in loss of motor and sensory functions causing vast patient 

complications.114, 115 Formation of scar tissue in the defect space prevents axon growth 

from the proximal to distal stump inhibiting reconnection. Nerve guidance conduits 

provide a barrier to external factors such as fibroblasts, while also guiding axon growth 

across the gap.116 Conduits also help retain growth factors secreted by axons at the nerve 

stump, accelerating regeneration. New materials that are biocompatible, resorbable, and 

mechanical robust are of extreme value to the nerve regeneration field and as such, tyrosol-

derived poly(ester-arylate)s have been preliminarily explored.  
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 Commercially available competitors NeuraGen® Nerve Guide and Neurotube® 

Device are nerve guidance conduits made of collagen and PGA, respectively. Both of these 

have limitations including weak mechanical properties or acidic degradation byproducts, 

as previously discussed.117 As a result, tyrosine-derived polycarbonates have been explored 

for use as nerve guidance conduits. E1001(1k) was chosen based on its degradability, 

thermal processability, mechanical robustness, and excellent biocompatibility. A 

promising result of the study was that tyrosine-based nerve conduits promoted deposition 

of a pro-regenerative extra cellular matrix.118 Unfortunately, a mismatch in the degradation 

and resorption led to device failure.  

 

4.4.4.1 Selection Criteria 

Device criteria specific to nerve guidance conduits include physical fit, 

degradability, and biocompatibility.119 The conduit should hold shape to avoid nerve 

compression, and ideally have a wall thickness less than 0.81 mm and pores ~ 10-40 µm 

in diameter. Degradation and resorption should match the regenerative process. For most 

critical size defects, greater than 3 cm, regeneration takes 6-12 weeks depending on the 

gap. Comparable polymers degrade and resorb around 6-8 months. Polymers that degrade 

within a month typically cause inflammation and swelling around the defect site resulting 

in lack of regeneration while those that don’t resorb past one year can compress the newly 

regenerated nerve. When evaluating the biocompatibility, polymers must be non-cytotoxic 

and promote Schwann cell adhesion and proliferation.120 This is followed by secretion of 

growth factors that help with axon growth. This study aims to explore these three areas as 

the key considerations to new polymer design.  
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4.4.4.2 Identification of Small Library Subset 

 Tyrosol-based poly(ester-arylate)s show clear advantages over E1001(1k), 

specifically in areas causing device failure. Primarily, improved mechanical toughness and 

bioresorption were identified as advantages. In an effort to minimize the size of an in vivo 

study, processability, mechanical strength, degradability, and biocompatibility were 

explored in vitro. When evaluating the existing set of data collected two important 

considerations were that HTy-containing polymers had lower melting temperatures and 

increased resorption compared to their DTy counterparts. Additionally, the non-acidic and 

non-cytotoxic degradation byproducts were already confirmed. Mechanical properties 

were minimally explored by processing implications to these properties still needed to be 

completed. As such processing impacts and biocompatibility were explored specifically to 

further decide lead polymer candidates.  

 

4.4.4.3 Improved Polymer Properties Through Processing  

E1001(1k) was formed into a kink-resistant conduit through a braiding process, 

resulting in excellent porosity. Due to lack of mechanical strength, three polymer fibers 

needed to be twisted into a yarn prior to braiding. In an effort to eliminate the fiber twisting 

process and further increase porosity in the conduit, processing the polymer fiber to induce 

crystallization and/or chain orientation was explored. For semicrystalline polymers, 

drawing and annealing can significantly improve the mechanical properties. Through 

processing manipulation, moduli and yield stress were capable of increasing 3 to 4-fold for 

most polymers within the tyrosol polyarylate library (Figure 4.14). In general, shorter chain 

diacids were the stiffest materials post drawing and annealing. Some of the highest reported 
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moduli in this data set reach 4 GPa post drawing and annealing, comparable to PLA’s 

tensile modulus of 3.8-4.0 GPa when oriented.121 Yield stress and strain of the polymer 

were also improved as a result of increased toughness of the material. One notable 

observation was the minimal difference between drawn films and those that were drawn 

and subsequently annealed. This is most likely a result of the drawing process inducing 

crystallization prior to annealing. All polymers showed improved properties post 

processing. Based on these results, only the dodecanedioate-containing polymers did not 

meet the required properties for braiding.  
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Figure 4.14. Polymer processing implications on (A,D) modulus, (B,E) yield stress, and 

(C,F) yield strain.  
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4.4.4.5 Processing Impacts on Crystallinity 

Semicrystalline polymers contain both amorphous and crystalline regions. As such, 

they can change properties based on the fraction of each component. Polymers that are 

more amorphous typically have lower moduli but their strain to break are much higher 

compared to crystalline materials which are more brittle but often stronger; i.e., have higher 

modulus and strength. X-ray diffraction (XRD) is a method often used to analyze the 

structure and crystallinity of a material. Here, the influence of composition and processing 

on structure and properties is investigated using XRD. For instance, in pHTy3, the 

crystallinity of the polymer can be measured based on their processing parameters. Samples 

that underwent various processing manipulations were characterized using 2D XRD to 

evaluate their structure, orientation and crystallinity (Figure 4.15). In all polymers, there 

was an increase of crystallinity with drawing and/or annealing as a processing step as 

expected.  

 

 

Figure 4.15. XRD patterns for pHTy3 after processing manipulations including drawn as 

well as drawn and annealed forms.  
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All polymers, were amorphous when quenched following compression molding 

and crystallized during drawing and annealing (Figure 4.16A). In an effort to understand 

the crystal packing, calculations were carried out to determine the unit cell parameters, 

most importantly the size along the chain-axis, the chain-axis repeat. A clear trend was 

evident between the length of the aliphatic diacid segment and the chain-axis repeat (Figure 

4.16B). As expected, as the diacid chain length increased, so did the repeat length. This 

work is expected to be continued by others in lab investigating structural differences of 

these polymers and the implications they have on material properties.  

 

 

Figure 4.16. (A) Comparison of various diacid chain lengths for HTy copolymers 

quenched (top row) versus drawn and annealed (bottom row). (B) Chin-axis repeat 

dependence on diacid chain length.  

 

4.4.4.7 Initial In Vitro Schwann Cell Studies 

Recruitment of Schwann cells to the nerve gap site is crucial to the regenerative 

process.122 When recruited, these cells express neurotrophic factors key to axon ingrowth 

and end-organ reinnervation. When comparing the adhesion of human Schwann cells 

(HSC) to tyrosol polymers versus TCPS, tyrosol polymers underperformed (Figure 4.17A). 
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While it is unclear as to why these polymers had significantly less cell adhesion compared 

to TCPS, they all promoted proliferation with the exception of pHTyPDA and pDTy6. 

Additionally, more hydrophobic materials and the best proliferation rates but at the price 

of degradation rates (Figure 4.17B-C).  

 

 

Figure 4.17. HSC adhesion (A) and proliferation (B-C) on tyrosol derived polymers. All 

samples had an n = 4, except TCPS which had an n = 2. Two-way ANOVA tests were run 

with post-hoc Tukey test where ** = p< 0.01 and **** = p<0.0001.  

 

In all, nerve guidance conduits made from tyrosol-based polymers have potential 

for improved nerve growth following injury. In an effort to scale down the number of 

polymers to investigate in vivo, collected properties were evaluated. HTy-containing 

polymers were chosen over DTy-containing ones due to lower processing temperatures. 

Additionally, shorter chain diacids were favored since they had the highest mechanical 

properties of the aliphatic diacids. Double bond and aromatic polymers were excluded due 

to the cost of the raw materials. pHTy2 was also excluded because of its slow degradation, 

more comparable to pHTy10. As a result of this work, pHTy3 and pHTy6 were chosen to 

move forward with in animal studies. This work is ongoing and will be completed by others 

in the lab.  
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4.5 Conclusion 

 Structure-property-processing relationships were established for tyrosol-based 

poly(ester-arylate)s as a means to design biomedical devices more efficiently. Tunability 

in the polymer degradation and resorption, thermal properties, and mechanical properties 

increase the potential applications these polymers can be used for. Compared to PLA and 

E1001(1k) tyrosol polymers had increased resorption rates. Additionally, thermal 

properties were tunable over a range that spanned both above and below physiological and 

ambient temperatures. Modeled thermal properties were also used to expand on the 

experimental dataset explored in this thesis. Mechanical properties also were tunable 

primarily based on diacid and an even larger range of properties was attainable when the 

material underwent further processing. These relationships were used to identify lead 

polymer candidates for use in a nerve guidance conduit. Out of a library of over 30 

experimentally tested polymers and many additional ones not explored in this work, 2 

polymers, pHTy2 and pHTy3 were chosen for further in vivo work.   
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CHAPTER 5: BIODEGRADABLE POLYMERIC INKS WITH 

TUNABLE PROPERTIES FOR USE IN ADDITIVE 

MANUFACTURING  

5.1 Abstract 

 3D printing has revolutionized the field of medicine over the past decade. 

Improvement’s in instrumentation have led to the need for more materials. Herein, we 

investigate tyrosol-based poly(ester-arylate)s for their utility as biodegradable inks for use 

in direct ink writing. These semicrystalline polymers have been established with tunable 

properties, non-cytotoxic degradation components, and the ability to be functionalized. 

Evaluation of printing properties as they relate to chemical structure, molecular weight, 

and thermal properties was explored. Higher molecular weight polymers exhibit larger 

amounts of thermal degradation during printing and at some points, are even too viscous 

to print at all. It was determined that polymers with lower processing temperature and lower 

molecular weights were printable regardless of structure. pHTy6 is a low melting polymer 

that is processable up to 34 kDa with minimal degradation. Additionally, chemical 

improvements were made incorporate thiol-alkene click chemistry as a means for post-

print curing. Low molecular weight pHTy6 was end capped with alkene functionality. This 

material was then formulated with either a dithiol for chain extension or tetrathiol for 

crosslinking. Scaffolds were cured post print for 5 to 60 min. Mechanical properties 

increased in all cases being much tougher than their base polymers. This design builds on 

the library of biocompatible polymers previously explored and aims to bring new 

biomaterials to the field of 3D printed personal medicine.   
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5.2 Introduction 

3D printing is a tool gaining a lot of attention in biomaterials research due to its 

ability to transform medicine to be more patient specific. Specifically, tissue 

engineering,123-125 dentistry,126-129 and drug delivery130-132 have benefited from the ability 

to design scaffolds and models with complex architectures. Comparatively, traditional 

methods for fabrication such as solvent casting, braiding, and compression molding often 

require additional surgical steps to allow an implant site to fit the device. The ability to use 

imaging such as computed tomography and magnetic resonance imaging which can be 

translated in computer assisted design software to a print specification. It can allow for fast 

turnaround during surgical procedures, using instrumentation already available in clinical 

facilities.133, 134 One major hurdles that has been identified recently is the limited 

availability of biodegradable 3D printable ink libraries.135 Biodegradable materials have 

been the focus of medical devices as they eliminate the need for future surgical procedures 

which carry the potential for infection and complications.31 Current materials used in 

additive manufacturing include PLA and PCL.136-138 Both polymers are available 

commercially in their filament form and have been used extensively in fused deposition 

modeling (FDM) printing. PLA and PCL are limited by their late stage degradation 

byproducts causing local tissue acidosis and poor degradability, respectively, leading to the 

need for new material libraries.  

Kohn et al has focused their research on identifying new polymer libraries that can 

address these issues. Amino acid-based polymers have the benefit of increased inherent 

biocompatibility, chemical stability, and tunability. Specifically, tyrosine derived polymers 

have been successfully translated to the market, seeing use in drug eluting polymeric 
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coatings for hernia meshes and pacemaker pouches as well as cardiac stents.84, 85 

Unfortunately, the presence of amide functionality and pendant carbon chains results in 

amorphous materials with high processing temperatures. This limits their processability 

using methods such as direct ink writing (DIW). Semi-crystalline materials on the other 

hand exhibit melt properties favorable for printing. These materials often have the ability 

to flow in the melt form followed by rapid transition back to a solid after leaving the print 

head. Recently, the Kohn lab has identified tyrosol derived poly(ester-arylate)s as a new 

library of biocompatible, tunable polymers with semi-crystalline properties. These 

polymers have been further characterized and their structure property relationships 

identified with the ability to modulate thermal, mechanical, and degradative properties. 

Guvendiren and Kohn et al published the first article outlining the printability of one 

polymer within this library and indicated chemical and biological modifications to improve 

the bioactivity of the material.139 Poly(HTy phenylenediacetate) was identified as a lead 

polymer candidate due to additional π-π stacking in the aromatic ring from the diacid. This 

was hypothesized to improve printability with limited thermal degradation due to its flow 

properties. Additionally, glutamate-derived functional monomers were incorporated into 

the polymer backbone to provide a pendant tethering site for bioactive molecules and other 

chemical structures. The focus of this was to improve on the bioactivity of the polymers as 

an improvement to traditional materials which are biologically inert.  

Structure-property relationships have been a focus within polymer design and 

development for decades. Adding processing to the equation allows for an understanding 

of implications the material has on the processing technique and inversely, the fabrication’s 

impact on material properties. It is hypothesized that by identifying the potential of tyrosol-
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derived polymers in 3D printing, designing novel printed devices will be much faster and 

cost efficient. Chemical structure and molecular weight are expected to be main factors on 

the printability of these polymers. Low melting point polymers should print easier while 

high molecular weight polymers should be more difficult due to their melt viscosity. 

Thermal stability of degradable polymers is essential to ensuring retention of polymer 

properties and device reproducibility. Additionally, tunability in the thermal properties of 

the polymers provides unique phase changing capabilities following printing.  

One of the main outcomes of this work is developing a new way to chemically 

modify a material to improve mechanical properties post printing using click chemistry. 

Low molecular weight polymers have weaker mechanical properties compared to the same 

polymer at higher molecular weights. It is hypothesized that through post printing 

modifications using thiol-ene click chemistry, chain extension or crosslinking can be 

achieved improving material properties. These changes combine the printability of low 

molecular weight polymers at lower temperatures, preventing degradation with the robust 

mechanical properties of a higher molecular weight polymers.  Overall our results indicate 

the versatility of tyrosol-derived poly(ester-arylate)s in 3D printing and chemical 

modifications which allow for improved mechanical properties through crosslinking and/or 

chain extension and in the future, improved biofunctionality through tethering of bioactive 

molecules post printing.  
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5.3 Materials and Methods 

5.3.1 Materials.  

2-(4-hydroxyphenyl)ethanol,  2-(4-hydroxyphenyl)acetic acid, suberic acid, 

phenylenediacetic acid, dodecanedioic acid, and 4-butenoic were purchased from TCI 

America (Portland, OR). Glutaric acid, PETMP, and Irgacure 2959 were purchased from 

Sigma Aldrich (St. Louis, MO). Diisopropylcarbodiimide (DIC) was purchased from 

Oakwood Chemical (Estill, SC), catalysts including p-toluenesulfonic acid, 

dimethylaminopyridine, and phosphoric acid were purchased from Sigma Aldrich (St. 

Louis, MO), and solvents were purchased from Fisher Scientific (Houston, TX).  

 

5.3.2 Polymer Synthesis and Selection.  

Tyrosol-derived polymers were chosen as the base polymer library due to their 

tunable resorption rates and hydrophobicity. These polymers are semi-crystalline making 

them appropriate for 3D printing applications. Polymers are based on a specialized 

diphenol formed through the esterification of 2-(4-hydroxyphenyl)acetic acid with tyrosol, 

denoted as HTy. Subsequent polymerization with diacids using carbodiimide chemistry 

including DIC and DPTS was performed and molecular weights monitored by GPC. 

Polymers for this study looked at various molecular weights obtained through Carother’s 

equation. This equation provided various ratios of diacid:diphenol to predict the molecular 

weight of the polymers. 4 different rations: 0.92, 0.95, 0.965, and 0.98 were compared. 

Polymers comprised of HTy were chosen due to favorable lower melting temperatures, 

preventing degradation of polymer during the print process. Specifically, copolymers with 

glutaric acid (pHTy3), suberic acid (pHTy6), dodecanedioic acid (pHTy10), and 
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phenylenediacetic acid (pHTyPDA) were used to compare slight variations in the 

hydrophobicity, thermal, and mechanical properties of the polymers.  

  

5.3.2 Polymer Characterization  

Polymers were characterized using NMR for chemical structure confirmation. 

Number average molecular weights (Mn), and weight average molecular weight (Mw) were 

determined using gel permeation chromatography (GPC, Waters 717) equipped with a 

differential refractometer (Waters 410). Agilent PLGel 5 µm columns (7.5 x 300 mm) with 

pore sizes of 105 and 103 Å in tandem were used in chloroform + 0.1% trifluoroacetic acid 

as a solvent. Results were relative to polystyrene standards in the range of 580 to 920,000 

Daltons. Differential scanning calorimetry (DSC2520, Mettler Toledo) was used to 

evaluate melting temperatures (Tm), glass transition temperatures (Tg), and crystallization 

temperatures (Tc) for polymers. Briefly, samples were run in a 5-step program that 

including heating from 25 °C to 250 °C at a rate of 10 °C/min, followed by a hold at 250 

°C for 2 min, cooling to -50 °C at 10°C/min, a hold a -50 °C for 2 min, and then heating to 

250 °C at 10 °C/min. Tg and Tm are reported on the last heat unless otherwise noted.  

 

5.3.3 Print Design and Methodology 

Printability of the polymers was tested using an EnvisionTEC 3D Bioplotter 

Manufacturer Series printer (EnvisionTEC, Inc., Dearborn, MI). Models were designed in 

Sketchup (Google, Inc., Mountain View, CA) and exported as STL files to the Computer 

Aided Manufacturing (CAM) software, Perfactory Rapid Prototype (RP) (EnvisionTEC, 

Inc., Dearborn, MI) which translates the STL files into g-code files. The g-code was 
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exported to the 3D Bioplotter where it was assigned to the material file for a specific 

polymer. To show printability of the polymers, a 3D scaffold 10 cm W x 10 cm L x 2 cm 

H, was fabricated and assigned with 1 mm continuous strand distance with a z-offset of 

0.32 mm and no contour. Polymers were loaded into a high temperature cartridge fitted 

with a stainless steel luer lock 22 G needle, 2 mm in length. The starting print temperature 

of the polymers was determined as 20 °C above their respective melting temperatures (Tm). 

At a pressure of 8 bar, the print temperature was increased at every 30 min by 5 °C until 

adequate extrusion was obtained. After determination of the optimum temperature for 

printing, a clean cartridge was used to load fresh polymer, eliminating any thermal 

degradation during method optimization. Printing pressure (bar) and speed (mm/s) were 

optimized using a built-in program on the EnvisionTec called `Manual Parameter Tuning`. 

Printability of the polymers was evaluated using the previously mentioned model.  

 

5.3.4 Printhead Degradation Studies 

Polymer degradation due to prolonged thermal exposure was characterized. 

Polymer was loaded in the printing cartridge and brought to the temperature defined by 

printability studies. Samples were then taken at 5 different time points: 0.5, 1, 2, 3, and 4 

hours. This range was chosen to establish limitations to longer prints that may require 

several hours to complete. Samples were then prepared and run on GPC using the 

previously defined method. Results are reported based on molecular weight retention over 

time. Specifically, Mn was used to understand chemical degradation of the material while 

Mw was used to understand loss of material properties. Additionally, discoloration and 

physical changes to the polymers were noted.  
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5.3.5 Printed Strut Mechanical Properties 

Polymer struts were printed at preestablished pressure, temperature, and speeds to form 

fiber-like architecture for mechanical testing. Three replicates were printed for each 

polymer and condition. Polymer fiber mechanical properties were characterized using a 

Mechanical Testing System (MTS). Tensile properties including Young’s Modulus (E), 

yield stress (σy), and yield strain (εy) were reported. Samples were normalized to thickness, 

width, and length of the specimen. A 100 N load cell and a draw rate of 10 mm/min were 

used.  

 

5.3.5 Polymer Modification and Characterization 

One of the key contributions of this paper is the design of new materials with functionality 

to improve polymer properties post printing. Low molecular weight oligomers were 

synthesized with excess diphenol to have phenol groups on the ends of the polymer chains. 

Using the same carbodiimide chemistry, a 10x molar excess of 4-pentenoic acid was added 

to the reaction with 0.5 equivalents DPTS to the acid and the reaction stirred for 15 minutes 

until the mixture looked homogenous. DIC (2.7 equivalents to the acid) was added slowly 

and the reaction allowed to proceed overnight. Workup followed reported procedures using 

DCM and IPA. One main difference with low molecular weight polymers is the need to 

chill the solution to prevent clogging during filtration. Polymers were characterized by 

GPC for reaction completion and absolute molecular weight determination using end-

group analysis in 1H NMR. Similar ratios of alcohol to diacid were used to maintain 

printability from low molecular weight materials. The reaction was allowed to proceed 
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overnight and then worked up similarly to all other materials. Alkene incorporation was 

confirmed through 1H NMR.  

 

5.3.5.1 Alkene capped pHTy6.  

1H NMR (500 MHz, Chloroform-d) δ 7.25 (d, J = 8.6 Hz, 51H), 7.15 (d, J = 8.6 Hz, 46H), 

7.03 (d, J = 8.6 Hz, 47H), 6.99 (dd, J = 8.6 Hz, 47H), 5.91 (s, 2H), 5.14 (d, J = 18.7 Hz, 

2H), 5.07 (d, J = 10.2 Hz, 2H), 4.28 (t, J = 7.0 Hz, 50H), 3.58 (s, 49H), 2.90 (t, J = 6.9 Hz, 

50H), 2.66 (t, J = 7.4 Hz, 5H), 2.57 (t, J = 7.5 Hz, 94H), 1.89 – 1.70 (m, 95H), 1.49 (t, J = 

7.1 Hz, 95H). 

 

 

Scheme 5.1. Synthetic schematic of alkene capped pHTy6. 

 

5.3.6 Formulation and UV Curing (Thiol-Ene click chemistry) 

Polymer formulations for printing were completed by combining alkene containing 

polymer, thiol chain extender or crosslinker, and Irgacure 2959 in DCM and solvent casting 

a film for further processing. This process ensures molecular mixing of the components 

and improves post printing reactivity. Three variables were explored briefly to establish a 

proof of concept and processing considerations: (i) chain extension vs. crosslinking from 

thiol type, (ii) thiol:alkene ratio and (iii) cure time. A linear aliphatic dithiol was used, 

hexanedithiol, for chain extension and a degradable tetrathiol, pentaerythritol(3-

mercaptopropionate), for crosslinking. Ratio of 2:1, 1.5:1, and 1:1 thiol to alkene, were 

used to ensure reactivity with the polymer. Cure times of 5 minutes, 15 minutes, 30 
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minutes, and 60 minutes were used to optimize the potential for curing in between print 

layers.  

 

5.4 Results and Discussions 

5.4.1 Polymer Synthesis and Molecular Weight Control 

Tyrosol derived poly(ester-arylate)s are synthesized using carbodiimide chemistry 

between a diphenol and diacid. Specifically, HTy was chosen as the diphenol in printable 

inks due to their lower melt temperatures. Four diacids: glutaric, suberic, dodecanedioic, 

and phenylenediacetic acid were used to establish impacts of chemical structure on 

printability. Additionally, the ability to tune these materials in their degradation and 

resorption time have been reported previously.  A main focus of this project was to establish 

the impact of molecular weight on the polymer’s printability. Often polymers require low 

molecular weight materials to ensure flow in the melt at processing temperature. These can 

often have a negative effect on mechanical properties and resorption rates.  

 

𝐷𝑃 =	 %&'
%&'()'*

     𝐷𝑃 =	 %&'
%('

	 , 𝑤ℎ𝑒𝑛	𝑝 = 1                                                         (Eq. 1) 
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Table 5.1. Molecular Weights of Polymeric Inks for Printing Using Carothers Equation.  

 pHTy3 pHTy6 

r-value 0.92 0.95 0.965 0.98 0.92 0.95 0.965 0.98 

Mn (kDa) 9.2 13.0 32.0 65.6 11.4 18.5 34.0 64.1 

Mw (kDa) 17.3 30.3 56.5 119.9 20.5 35.2 64.6 124.8 

PDI 1.9 2.3 1.8 1.8 1.8 1.9 1.9 1.9 

DP 24 34 87 170 27 43 83 150 

 pHTy10 pHTyPDA 

r-value 0.92 0.95 0.965 0.98 0.92 0.95 0.965 0.98 

Mn (kDa) 15.1 19.7 29.8 62.9 7.1 9.9 19.1 32.4 

Mw (kDa) 25.5 38.2 57.4 120.5 16.8 28.5 41.3 79.9 

PDI 1.7 1.9 1.9 1.9 2.4 2.9 2.2 2.5 

DP 28 37 59 116 16 22 44 72 

aDP values are calculated based on the Mn 

 

Carothers established a correlation between the ratio of diacid and dialcohol in a 

polymer synthesis in order to predict molecular weight growth. The relationship, known as 

Carothers equation shows that the degree of polymerization (DP) is related to r, the ratio 

of diphenol to diacid and p, the conversion factor for the reaction (Equation 1). When 

assuming the conversion to be 1, indicating complete reactivity, the relationship is easier 

defined. Four r-values were chosen to represent both low and high molecular weight 

polymers. For each synthesis, the reactions were allowed to go overnight to ensure 

complete reactivity. As r values approach 1, the molecular weight grows exponentially. 
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Resulting polymer molecular weights were reported and indicated increases in DP as r 

increased (Table 5.1 and Figure 5.2).  

 

Figure 5.2. GPC curves of 3D printing polymers with varied molecular weights.  

 

5.4.2 Print Optimization 

Models created by Sketchup program were transferred as .stl files, converted into g-code 

using Perfactory software and transferred to Visual Machines software for computer 

control printing. A high temperature dispense head was used and print temperature was 

optimized, starting at 20 °C above the melting point until melt flow was appropriate for 

10
3

10
4

10
5

10
6

0

Molecular Weight (Daltons)

R
ef

ra
ct

iv
e 

In
de

x 
U

ni
ts

 

pHTy3

0.92 0.95 0.965 0.98

10
3

10
4

10
5

10
6

0

Molecular Weight (Daltons)

R
ef

ra
ct

iv
e 

In
de

x 
U

ni
ts

 

pHTy6

0.92 0.95 0.965 0.98

10
3

10
4

10
5

10
6

0

pHTy10

Molecular Weight (Daltons)

R
ef

ra
ct

iv
e 

In
de

x 
U

ni
ts

 0.92 0.95 0.965 0.98

10
3

10
4

10
5

10
6

0

pHTyPDA

Molecular Weight (Daltons)

R
ef

ra
ct

iv
e 

In
de

x 
U

ni
ts

 0.92 0.95 0.965 0.98



 

 

104 

printing. The starting temperature for all of the polymers with r= 0.92 value was enough to 

obtain an adequate extrusion for printing. Fiber diameters and distance between the strands 

were easily optimized and controlled using built-in program of the Visual Machines 

software called `Manual parameter tuning`. This program allows to optimize the speed of 

printing (mm/s) under constant pressure (bar) and vice versa. Optimized conditions were 

used to print the model created by Sketchup (Figure 5.3). Increase in Mw with r= 0.95 did 

not affect the print temperature except for HTyPDA where a 10 °C increase is needed to 

obtain suitable extrusion for printing. Polymers with an r-value of 0.965 and 0.98 needed 

a higher printing temperature compared to polymers with an R-value of 0.92 or 0.95, 

indicating that the viscosity of the polymers increased, affecting extrusion. The melt 

viscosity of polymers with an R-value of 0.98 was so high that it prevented printing at the 

highest pressure (8 bar) and lowest speed (0.1 mm/s). Among the polymers, only pHTy10 

with r=0.98 was printable, but additional data indicated thermal degradation led to lower 

viscosity. 

The polymers have remarkable phase changing features due to their glass transition 

temperatures and crystalline properties. For example, scaffolds obtained from pHTy6 print 

were transparent and sticky upon printing indicating an amorphous form of the polymer. 

This sticky state remains for approximately 15 min and then the material crystallizes and 

turns to opaque white. This could allow for macroscale geometric configurations through 

manual manipulation of the scaffold post printing. pHTy3 is another polymer with 

remarkable phase changing feature which has a Tg in between room temperature and 

physiological temperature, making it pliable while handling but not during storage.  
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All printed scaffolds, regardless of the molecular weight of the polymer, maintained their 

appearance as a white opaque solid, except for pHTyPDA which appeared yellow and more 

translucent after printing. This is expected due to increases in conjugation from additional 

aromatic rings and a glass transition over 10 °C above room temperature, keeping it in the 

amorphous phase throughout printing. pHTy3 (r = 0.965) and pHTy10 (r = 0.98) appeared 

slightly yellow which most likely is a result of degradation.  

 

 

Figure 5.3. Printability of the polymers and respective printing parameters. Scale bar is 1 

mm. 

 

5.4.3 Printhead Thermal Degradation  

One of the main concerns during any prolonged thermal process step is the exposure 

to heat over long periods of time. Give the degradable nature of these polymers, retention 

of polymer structure and properties is crucial to their success. Since 3D printing can require 



 

 

106 

long print times, reproducibility of the print over the entire process time is required. In 

order to investigate the implications of printing for extended periods of time, polymer was 

placed in the printhead cartridge, brought to the proper print temperature, and allowed to 

sit at temperature for up to 4 hours, with the assumption that most prints would be able to 

finish by then. At 5 predetermined time points, 0.5, 1, 2, 3, and 4 hours, polymer sample 

was collected and molecular weight was determined (Figure 5.4). Polymers at most 

molecular weights were printable with little to no degradation observed over 4 hours. The 

one exception to this was the high molecular weight polymers which were difficult to print 

until later in the print time. This was characterized by free-flowing polymer at the 3- and 

4-hour time points, which data confirms is due to the degradation of the polymer to a lower 

molecular weight. In all, polymers synthesized at an r value of 0.92 and 0.95 did not have 

excessive thermal degradation. pHTy6 was able to print at the r value of 0.965 without 

degradation, while all other polymers experienced slight degrees of degradation. This is 

most likely a result of low processing temperatures required for this polymer. 
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Figure 5.4.  Thermal degradation of polymers in the print cartridge. pHTy3 and pHTyPDA 

do not have data points past T0 due to inability to print.   

 

5.4.4 Polymeric Modifications to Improve Print 

Polymers require high enough molecular weights to possess the mechanical 

properties required for structural integrity. Unfortunately increases in molecular weight 

result in higher melt viscosities and difficulty in printing, especially when direct ink writing 

is used. As such, there is a need for polymers that are as printable as low molecular weight 

polymers with the material properties of higher molecular weight ones. One approach to 

address this is to cure the polymer post printing resulting in higher molecular weights. 

Click chemistries provide the ability to perform simple, quantitative chemistries with 

minimal side reaction potential and non-harsh conditions. Specifically, thiol-alkene click 

chemistry is radical initiated through UV irradiation to form a thioether bond.140-143  
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Through alkene end-capping of oligomers, multifunctional thiols can be used to 

either chain extend or crosslink the polymer chains. pHTy6 was chosen at an R-value at 

0.92 due to its ease in printing requiring low temperatures and pressures. A second 

synthetic step was used to introduce the alkene using 4-pentenoic acid. The acid was 

reacted through the same carbodiimide chemistry used in the polymerization to form an 

arylate bond. 1H NMR was used to identify the incorporation of alkene peaks (~5-6 ppm) 

and a slight shift in the end capped phenol functionalities. As evidenced by the peaks at 

5.91, 5.14, and 5.07 ppm correlating to the alkene protons, end capping of the polymer was 

achieved (Figure 5.4). Additionally, no peaks around 6.5 ppm indicates no aromatic 

protons next to a phenol which would be expected if the polymer was not capped 

completely.  

 

 

Figure 5.4. Proton NMR of alkene end-capped pHTy6.  
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5.4.5 UV Curing Printed Constructs 

Table 5.2. Formulations for UV curable polymeric inks.  

Formulation Polymer Thiol 
Thiol:Alkene 

Ratio 
Initiator 

1 pHTy6 dialkene hexanedithiol 1:1 Irgacure® 2959 

2 pHTy6 dialkene hexanedithiol 1.5:1 Irgacure® 2959 

3 pHTy6 dialkene hexanedithiol 2:1 Irgacure® 2959 

4 pHTy6 dialkene PETMP 1:1 Irgacure® 2959 

5 pHTy6 dialkene PETMP 1.5:1 Irgacure® 2959 

6 pHTy6 dialkene PETMP 2:1 Irgacure® 2959 

 

Formulations of UV curable polymers for printing include the dialkene capped 

polymer, a multifunctional thiol, and a radical initiator, in this case Irgacure 2959 which 

activates at a wavelength of 365 nm (Table 5.2). The formulation allows for curing post 

print but also introduces a plasticizer into the polymer matrix which facilitates melt flow, 

improving printability. Two variables in curable polymers: (i) cure time, and (ii) ratio of 

thiol to alkene can be investigated for each polymer, chain extender pairing. For the 

purposes of this paper, cure times of 5, 15, and 30 minutes were explored to optimize the 

ability to either cure between print layers or post entire print. 6 formulations were made 

looking at two thiols: hexanedithiol for chain extension and PETMP for crosslinking. The 

PETMP has been explored previously in polymeric constructs by Bowman et al.144 PETMP 

specifically contains esters which are hydrolytically labile allowing for degradation of the 

device despite crosslinking. Additionally, the ratio of thiol to alkene can be used to further 
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optimize final molecular weight. Three ratios of thiol to alkene, 1:1, 1.5:1, and 2:1 were 

tested. All polymer formulations were able to print at a lower pressure due to the presence 

of the crosslinker which acts like a plasticizer.  

All polymers were printed in strips for mechanical testing requiring two layers due 

to the percentage of polymer in the formulation. The main goal of incorporating chain 

extension or crosslinking into the polymer network was for improved mechanical 

properties. All polymers were tougher post cross linking (Figure 5.5). Tensile moduli were 

minimally impacted by cure time but were less stiff overall compared to the low molecular 

base polymer. The main trend observed was high elongation to break and increased break 

stress. These correlate to increases in overall toughness of the material. Overall tunability 

of mechanical properties through changes in thiol:alkene ratio was determined with cure 

times of 30 min providing the best results.  
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Figure 5.5. Mechanical properties of printed formulations containing HDT (left) or 

PETMP (right) with varied curing times and thiol:alkene ratios. All samples have an n = 3.  
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5.5 Conclusion 

 A library of 3D polymers was established with processing parameters, and tunable 

properties established. All polymers exhibited levels of printability using direct ink writing. 

High molecular weight polymers were not printable due to high melt viscosities and 

therefore required chemical modifications to improve the properties of a printed scaffold. 

Pressure and print speed were optimized to obtain precise geometries with little to no 

running of polymer observed. Additionally, thermal degradation in the print head was 

characterized and showed that high molecular weight polymers, which required higher 

processing temperatures had higher degrees of thermal degradation, ultimately changing 

the polymer properties. Chemical modification of the polymer was established by capping 

oligomers with an alkene to form a curable polymer. When formulated with multifunctional 

thiols, UV curing resulted in chain extension or crosslinking and in turn, improved 

mechanical properties. Cure time, while explored, did not have as great of an impact 

although 60-minute cure times caused degradation of the polymers due to thermal exposure 

for extended periods of time. Additionally, there were no significant differences found in 

chain extended or crosslinked polymers but an excess of thiol of 1.5:1 thiol:alkene did 

greatly improve mechanical properties. 1.5-fold increase in tensile moduli. This established 

library helps expand on the limited biodegradable polymeric materials available and 

established processing tunability to attain expansive material properties.  
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CHAPTER 6: DRUG-POLYMER RELATIONSHIPS TO ENABLE 

CONTROLLED RELEASE IN IMPLANTABLE DEPOT SYSTEMS  

6.1 Abstract 

Patient compliance, poor bioavailability, and negative systemic side effects have 

led to increased attention towards the development of drug-loaded long acting 

implantables. Developments in bioresorbable polymers have extended to the field of drug 

delivery, controlling release based on chemical structure. Tyrosol-derived polymers 

specifically, have shown promise due to their tunable properties and resorbability. 

Incorporation of hydrophobic domains to induce phase separation and hydrogen bonding 

sites within the polymer backbone led to advancements in functional materials specially 

designed for drug delivery applications. Progesterone and acyclovir were chosen as models 

to represent both hydrophobic and hydrophilic drugs, respectively. As expected, 

progesterone-loaded devices were more consistent due to better matches in hydrophobicity 

between the polymer and drug compared to acyclovir. Incorporation of PEG into the 

polymer backbone also facilitated the release of hydrophobic drugs from the hydrophobic 

polymer matrix through phase separation when introduced to water. Correlations were also 

found between processing temperature and release rate due to changes in the drug form. 

For acyclovir, processing temperatures resided well below the drugs melt and therefore, 

relied on interactions between the drug and polymer to control release. Hydrogen bonding 

sites within the polymer backbone reduced burst release at in devices processed at higher 

temperatures while increased release in devices processed at lower temperatures. Overall 

polymer structure, processing, and drug hydrophobicity defined the release profiles.   
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6.2 Introduction 

Conventional delivery of drugs has included oral and intravenous applications, but 

disadvantages in both, including low bioavailability, degradation of the API in harsh acidic 

environments, and poor patient compliance have led to increased interest into alternative 

treatment approaches.145, 146 One potential solution to this is through the use of long acting 

implantable depot systems. These systems allow for sustained low dosage release over 

weeks or months, ability to deliver drugs locally to a specific tissue, and bypassing of the 

harsh environments present through oral administration.147-151 Another benefit to 

implantable systems is the ability to remove a device should there be any negative side 

effects or complications. Long acting implantable systems are mostly used in 

contraceptives such as Nuvaring® and cancer treatment such as Vantas®.147 Commonly 

employed reservoir-based systems use a hollow cavity loaded with a specific API and rely 

on diffusion across the polymer membrane to sustain release.152, 153 These systems are 

mostly made from non-degradable polymers, requiring device removal after their use. 

Reports of difficulty in device location and extraction after months of use have limited their 

potential.154, 155 Polymer drug matrices have aimed to address these problems, controlling 

release through diffusion of the drug and degradation of the polymer. Specifically, the use 

of biodegradable polymers that are able to release drug and then degrade and resorb in vivo 

have gained a substantial amount of attention. 

While polymers have been used within the pharmaceutical industry for over 50 

years, the shift towards biodegradable materials has been more recent. Approaches to 

control delivery through both chemical modifications and engineering processes have led 

to a better understanding and design of polymeric drug delivery devices. Poly(lactide-co-
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glycolide)s (PLGAs) have been extensively used in drug delivery due to their tunability, 

processability, and reproducibility.156, 157 While PLGAs have been effective in systemic 

drug delivery systems and short acting systems, their use in long acting systems can be 

problematic due to their acidic degradation products and have been reported to cause late 

stage acidosis and inflammation in tissue sites. Over the past 20 years, investigation of 

naturally derived polymers that are tunable with non-acidic degradation products have been 

completed. Specifically, the Kohn lab’s use of amino acid derived poly(ester-arylate)s have 

exhibited excellent tunability and thermal processability.97 Prior experience using tyrosine 

derived biomaterials have been successful for the delivery of hydrophobic and hydrophilic 

API’s loaded in a polymeric coating for hernia meshes and pacemaker pouches. These 

devices have been commercialized by Medtronic, formally TYRX™, and are attributed to 

saving thousands of lives. Extensive work looked at compression molded devices loaded 

with Voclosporin for the treatment of dry eye syndrome by Khan et al.97 One major 

disadvantage to these polymers is their limited resorption profile due to a non-

hydrolytically labile amide.  

Recently, the development of tyrosol-based polyarylates has introduced a 

bioresorbable polymer library that is thermally processable and has tunable degradation, 

resorption, and mechanics. Herein, we report the use of tyrosol polyarylates to formulate 

extrudable implantable depot systems for long acting release of APIs. Tyrosol is a naturally 

occurring compound found in olive oil and has been proven to have antioxidant and 

cardioprotective properties.91 These polymers have been explored and their structure-

property relationships defined. With tunable degradative, thermal and mechanical 

properties, these polymers have utility in a wide range of biomedical applications including 
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drug delivery. We hypothesize that tunability in the polymer properties, specifically 

processing temperatures and chemical composition, will impact the release of drug from 

the polymer matrix. As semi-crystalline polymers, they exhibit melt temperatures which 

facilitate thermal processing techniques including extrusion and injection molding. 

Additionally, we investigate the polymer-drug interactions to identify trends in polymer 

composition, processing parameters, and drug hydrophobicity on release profiles. This 

work looks to establish design information for future development in implantable depots. 

Novel  materials with unique functionality were designed to facilitate controlled release of 

APIs. For the release of hydrophobic drugs, phase separation through the incorporation of 

PEG was used while hydrophilic APIs benefited from hydrogen bonding sites to increase 

molecular interactions between the drug and polymer.  

6.3 Materials and Methods 

6.3.1 Materials.  

2-(4-hydroxyphenyl)ethanol,  2-(4-hydroxyphenyl)acetic acid, suberic acid, and 

dodecanedioic acid were purchased from TCI America (Portland, OR). Glutaric acid, 

glycine, succinic anhydride, and poly(ethylene glycol) were purchased from Sigma Aldrich 

(St. Louis, MO). Diisopropylcarbodiimide (DIC) was purchased from Oakwood Chemical 

(Estill, SC), catalysts including p-toluenesulfonic acid, dimethylaminopyridine, and 

phosphoric acid were purchased from Sigma Aldrich (St. Louis, MO), and solvents were 

purchased from Fisher Scientific (Houston, TX). APIs were provided by Lubrizol Life 

Sciences and purchased from Spectrum Chemicals (New Brunswick, NJ). Sodium lauryl 
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sulfate was purchased from VWR (Radnor, PA) while Dulbecco’s PBS packets and 

hydrochloric acid were purchased from Sigma Aldrich (St. Louis, MO).  

 

6.3.2 Polymer Synthesis and Selection.  

Tyrosol-derived polymers were chosen as the base polymer library due to their 

tunable resorption rates and hydrophobicity. They also contain aromatic rings which can 

provide a source for π-π interactions with the drug and polymer, favoring drug-polymer 

miscibility. These polymers are based on a specialized diphenol formed through the 

esterification of 2-(4-hydroxyphenyl)acetic acid or 2-(4-hydroxyphenyl)propionic acid 

with tyrosol, denoted as HTy and DTy respectively. Subsequent polymerization with 

diacids using carbodiimide chemistry including DIC and DPTS was performed and 

molecular weights monitored by GPC. All polymers chosen for this study had molecular 

weights larger than 100 kDa as compared to polystyrene standards in chloroform + 0.1% 

TFA. Polymers comprised of HTy were chosen due to favorable lower melting 

temperatures, preventing degradation of polymer and drug during the formulation process. 

Specifically, copolymers with glutaric acid (HGl), suberic acid (HS), and dodecanedioic 

acid (HD) were compared due to slight variations in the hydrophobicity and logP of the 

polymers.  

For functional polymers, poly(ethylene glycol) or glycine succinamide diacid 

(GSD) were incorporated into the polymer at 5 mol %. GSD was synthesized through a 

condensation reaction between glycine and succinic anhydride. The resulting diacid 

contains an amide bond that acts as a hydrogen bonding site. Subsequent polymerization 

can proceed through previously described carbodiimide chemistry. One important 
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synthetic note is that the amide-containing diacid is not able to be incorporated at high 

percentages using the standard carbodiimide coupling method in dichloromethane due to 

limited solubility.  

 

6.3.2.1 Poly(HTy glutarate) (HGl).  

GPC (Chloroform + 0.1% TFA): Mn = 90.9 kDa, Mw = 157.6 kDa, PDI = 1.73. 1H NMR 

(500 MHz, Chloroform-d) δ 7.25 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 

8.5 Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H), 4.29 (t, J = 6.9 Hz, 2H), 3.58 (s, 2H), 2.90 (t, J = 6.9 

Hz, 2H), 2.71 (t, J = 7.3 Hz, 4H), 2.18 (p, J = 7.3 Hz, 2H). 

 

 

Scheme 6.1. Reaction schematic  for the synthesis of  poly(HTy glutarate). 

 

6.3.2.2 Poly(HTy suberate) (HS). 

GPC (Chloroform + 0.1% TFA): Mn = 85.4 kDa, Mw = 152.0 kDa, PDI = 1.78. 1H NMR 

(500 MHz, Chloroform-d) δ 7.25 (d, J = 8.6 Hz, 2H), 7.15 (d, J = 8.6 Hz, 2H), 7.03 (d, J = 

8.6 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 4.29 (t, J = 6.9 Hz, 2H), 3.58 (s, 2H), 2.90 (t, J = 6.9 

Hz, 2H), 2.57 (t, J = 7.4 Hz, 4H), 1.84 – 1.73 (m, 4H), 1.50-1.47 (m, 4H). 

 

 

Scheme 6.2. Reaction schematic for the synthesis of poly(HTy suberate). 
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6.3.2.3 Poly(HTy dodecanedioate) (HD). 

GPC (Chloroform + 0.1% TFA): Mn = 104.9 kDa, Mw = 191.0 kDa, PDI = 1.82. 1H NMR 

(500 MHz, Chloroform-d) δ 7.24 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.03 (d, J = 

8.5 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 4.28 (t, J = 7.0 Hz, 2H), 3.58 (s, 2H), 2.90 (t, J = 7.0 

Hz, 2H), 2.54 (t, J = 7.5 Hz, 4H), 1.75 (p, J = 7.5 Hz, 4H), 1.45 – 1.30 (m, 12H). 

 

 

Scheme 6.3. Reaction schematic for the  synthesis of poly(HTy dodecanedioate). 

 

6.3.2.4 Poly(HTy suberate-co-5% HTy glycinesuccinamidedioate) (HS5HG). 

GPC (Chloroform + 0.1% TFA): Mn = 56.6 kDa, Mw = 122.0 kDa, PDI = 2.16. 1H NMR 

(500 MHz, Chloroform-d) δ 7.39 (d, J = 8.0 Hz, 0.1H), 7.25 (d, J = 8.4 Hz, 2H), 7.15 (d, J 

= 8.4 Hz, 2H), 7.03 (d, J = 8.4 Hz, 2H), 6.99 (d, J = 8.4 Hz, 2H), 4.29 (t, J = 7.0 Hz, 2H), 

3.83 (d, J = 6.4 Hz, 0H), 3.58 (s, 2H), 2.90 (t, J = 6.9 Hz, 2H), 2.66 (s, 0H), 2.57 (t, J = 7.4 

Hz, 4H), 1.85 – 1.74 (m, 4H), 1.49 (t, J = 6.8 Hz, 4H). Tg = 11.7 °C, Tm = 54.2 °C, 69.3 

°C. 

 

 

Scheme 6.4 Reaction schematic for the synthesis of poly(HTy suberate-co-5%HTy 

glycinesuccinamide diaote) 
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6.3.2.5 Poly(HTy suberate-co-5% PEG1K suberate) (HS5PS). 

GPC (Chloroform + 0.1% TFA): Mn = 59.9 kDa, Mw = 187.1 kDa, PDI = 3.12. 1H NMR 

(500 MHz, Chloroform-d) δ 7.25 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.03 (d, J = 

8.5 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 4.28 (t, J = 7.0 Hz, 2H), 3.65 (s, 3H), 3.58 (s, 2H), 

2.90 (t, J = 6.9 Hz, 2H), 2.57 (t, J = 7.5 Hz, 4H), 1.84 – 1.74 (m, 5H), 1.49 (t, J = 7.0 Hz, 

4H). Tg = -2.6 °C, Tm = 70.3 °C. 

 

 

Scheme 6.5 Reaction schematic for the synthesis of poly(HTy suberate-co-5%PEG1K 

suberate) 

 

For the purposes of this thesis, the nomenclature will follow short names outlined in Table 

6.1.  

 

Table 6.1. Polymer nomenclature reference table.  

Polymer Short Name 

Poly(HTy glutarate) HGl 

Poly(HTy suberate) HS 

Poly(HTy dodecanedioate) HD 

Poly(HTy suberate-co-5% HTy glycinesuccinamidedioate) HS5HG 

Poly(HTy suberate-co-5% PEG1K suberate) HS5PS 
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6.3.3 Model Drug Choices.  

Progesterone and Acyclovir were chosen as model drugs for this study (Figure 6.6). Both 

drugs have utility in long acting implantable formulations, while having significantly 

different hydrophobicity. Progesterone is an organic steroid lipid molecule and is 

considered practically insoluble in aqueous media, with a logP of 3.87. It is used for 

menstrual cycle regulation and hormone replacement therapy among others. Progesterone 

implants specifically can be used in hormonal contraceptives. Progesterone’s chemical 

structure includes fused rings commonly observed in steroid molecules with two ketones. 

Conversely, Acyclovir is a nucleoside analogue and antiviral agent that is hydrophilic, with 

a logP of -1.76, and considered slightly soluble in water. Acyclovir, is commonly used in 

the treatment of herpes simplex viruses’ types 1 and 2 among other viruses within the 

herpesvirus family. It has also been shown to be effective in treating herpes related eczema 

and encephalitis. Structurally, Acyclovir is identified by its conjugated fused rings 

containing amides and amines, along with an ether tail and a free alcohol group.   

 

 

Figure 6.6 Chemical structures for model APIs: progesterone (left) and acyclovir (right).  
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6.3.4 Rod Implant Formulation.  

Implant devices were made by extrusion of a solid mixture of polymer and drug. First, 

rheology was carried out on the base polymers to define processing temperatures and to 

understand polymer flow. Shear viscosity was measured at varying shear rates and 

increasing temperatures, starting at 20 °C above their melting temperature. Formulations 

were conducted with admixed polymer and drug powders in the rheometer for scaling 

purposes and collected through a 3 mm diameter die at different temperatures. This was 

done to evaluate the effect of processing temperature on drug release. Polymer rods were 

then kept at ambient conditions overnight to allow for any phase changes that may occur 

to ensure reproducibility between samples.  

 

Table 6.2. Processing temperatures for various formulations of progesterone loaded rods.  

Progesterone (Tm 128 °C) – Loaded Polymeric Implants 

Polymer 
Polymer Glass 

Transition 
Temperature 

Polymer 
Melting 

Temperature 

Low Processing 
Temperature 

High 
Processing 

Temperature 

HGl 32.5 °C 137.8 °C 125 °C 145 °C 

HS 8.5 °C 70.3 °C 90 °C 125 °C 

HD 4.1 °C 89.7 °C 100 °C 125 °C 

HS5PS -2.6 °C 70.8 °C 90 °C 110 °C 

HS5HG 11.7 °C 69.3 °C 90 °C 125 °C 
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Table 6.3. Processing temperatures for various formulations of acyclovir loaded rods.  

Acyclovir (Tm 265 °C) – Loaded Polymeric Implants 

Polymer 
Polymer Glass 

Transition 
Temperature 

Polymer 
Melting 

Temperature 

Low Processing 
Temperature 

High 
Processing 

Temperature 
HGl 32.5 °C 137.8 °C 140 °C 160 °C 

HS 8.5 °C 70.3 °C 100 °C 140 °C 

HD 4.1 °C 89.7 °C 100 °C 140 °C 

HS5PS -2.6 °C 70.8 °C 90 °C 140 °C 

HS5HG 11.7 °C 69.3 °C 100 °C 140 °C 

 

6.3.5 Drug-Polymer Miscibility Studies.  

Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry 

(DSC) were used to understand drug-polymer interactions. FTIR was conducted, using a 

Thermo Fisher Scientific Nicolet iS10 with attenuated total resonance and a diamond tip 

(ATR) and analyzed using OMNIC specta software, on raw polymer and drug and 

compared to formulations on the surface and core of the rod.  Spectra contained 32 scans 

from 400-4000 cm-1 wavenumber and looking at % transmission. Additionally, DSC 

(Mettler Toledo, DSC2620) was used to evaluate melting temperatures (Tm) and glass 

transition temperatures (Tg) for drug, polymer, and formulations. Briefly, samples were 

heated from -20 °C to 160 °C or 275 °C, at a rate of 10 °C/min, for progesterone and 

acyclovir formulations respectively.  
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6.3.6 HPLC Methodology for In Vitro Analysis.  

Samples were run on a Water Alliance 2695 HPLC equipped with a Waters 410 UV 

absorbance detector and a Waters Atlantis T3 Column 100Å, 5µm, 4.6 mm x 150 mm 

column. A gradient system composed of Solvent A: Water + 0.05% phosphoric acid, 

Solvent B: Acetonitrile + 0.05% phosphoric acid, and Solvent C: Methanol + 0.05% 

phosphoric acid was used with a flow rate of 1.0 mL/min. The column temperature was 

kept at 35 °C while the autosampler was kept ambient. UV wavelengths and mobile phase 

gradients are also drug dependent and specified in Table 6.4.  

 

Table 6.4. HPLC Method for Progesterone and Acyclovir. 

Parameter Progesterone (PRO) Acyclovir (ACV) 

Gradient System 

Time (min) %A %B Time (min) %A %C 
0 50 50 0 100 0 
6 0 100 1 100 0 

6.01 50 50 6 0 100 
10 50 50 6.01 100 0 

 10 100 0 
UV Wavelength 240 nm 252 nm 

 

6.3.7 Drug Solubility and Stability Studies.  

Drug solubility and stability was evaluated to ensure sink conditions within the IVE study 

were maintained. For solubility, a saturated solution of drug in 10 mL of PBS with and 

without 1 % SLS was tested for both drugs. Samples were then spun down and supernatant 

collected and diluted 1:10 to ensure quantitative results. Stability studies were run to ensure 

that drug was stable in solution over longer periods of time. This allows time points to be 

stretched out assuming sink conditions are met.  



 

 

125 

6.3.8 Drug Loading Efficiency.  

Drug loading efficiency was determined for each polymeric rod sample. Generally, rod 

samples approximately 5-10 mg in mass were collected and the drug extracted. The 

extraction was analyzed on HPLC to determine the appropriate loading efficiency. For 

progesterone, samples were dissolved in extraction media at a concentration of 1 mg/mL. 

The media consisted of a 1:1:18 DCM:DMSO:ACN mixture. The solvents were added 

individually in the order presented to the sample with at least 30 minutes of mixing between 

additions. The resulting mixture was then diluted 1:10 using the same mixture of solvents 

into the theoretical working range drug concentration of 50 µg/mL. For acyclovir 

containing devices, the same procedure was carried out with the one major change being a 

switch from ACN to MeOH due to the HPLC mobile phases used. When using HPLC to 

evaluate the loading efficiency, a separate calibration curve was made in the identical 

extraction media with 10 samples serially diluted 2-fold from 1 mg/mL. Drug loading 

efficiency was characterized by Equation 6.1: 

 

𝑙𝑜𝑎𝑑𝑖𝑛𝑔	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	(%) = 	>?@@	AB	C'DE	FG	CHIFJH	
>?@@	AB	CHIFJH

	               (Eq. 6.1) 

 

6.3.9 In-Vitro Elution Studies.  

Samples of formulated rod were placed in a 20 mL vial and numbered for reference. Rods 

were cut approximately 1 cm in length and weighed to normalize data in later calculations. 

5 mL phosphate buffered saline (PBS) solution with 1% w/v sodium lauryl sulfate (SLS) 

at a pH 6.8 was used. At each time point, media was removed and diluted 1:10 or 1:1 with 

fresh media for HPLC to ensure values fell within the working range of the calibration 
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curve. Fresh media was placed in the vial and the samples incubated at 37 °C. On 

weekends, media volume was doubled or tripled to maintain sink conditions. Daily release 

and cumulative release were calculated as raw amount and percent release for each polymer 

sample. 

6.4 Results and Discussions 

6.4.1 Polymer Selection and Modification 

 Polymers with minor chemical changes were used to investigate the effect of 

polymer properties on the release kinetics of a drug. Polymers based on HTy were chosen 

due to the lower processing temperatures. Diacid chain length impact was investigated due 

to tunability in degradation/resorption, thermal properties, and hydrophobicity. Increasing 

carbon chain length in the diacid from glutarate (3), to suberate (6), to dodecanedioate (10), 

resulted in increased hydrophobicity (Figure 6.7A). The increase in chain length led to 

slower degradation and resorption rates (Figure 6.7C-D). HS was determined to be the lead 

candidate due to it having the lowest melt temperature (Figure 6.7B). 
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Figure 6.7. HTy based poly(ester-arylate)s with tunable properties including (A) 

hydrophobicity, (B) melting temperature, (C) degradation, and (D) resorption.  

 

 Another trend to investigate was the incorporation of PEG into the polymer 

backbone. Incorporating a hydrophilic block into the backbone of a hydrophobic polymer 

induces phase separation which can facilitate the release of a hydrophobic drug. PEG 

incorporation plays a role in the thermal properties along with the chemical properties of 

the polymers. Several amounts of PEG incorporation were investigated including 1%, 5%, 

and 10%. Addition of larger percentages of PEG resulted in lower amounts of the HTy 

component. This is expected to decrease crystallinity in addition to the other material 

properties. One initial synthetic observation was the change in molecular weight growth 

kinetics. Larger amounts of PEG resulted in lower molecular weights. This is most likely 
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a result of more water present in the reaction, quenching catalyst. Overall increasing PEG 

incorporation led to a more hydrophilic material and lower glass transition and melt 

temperatures (Figure 6.8). For the purpose of this work, modifications to HS were used and 

5% PEG addition was explored as a balance between synthetic complexity and 

hydrophobicity.  

 

 

Figure 6.8. Impact of PEG incorporation in HS on material properties including (A) 

hydrophobicity and (B-C) thermal properties.  
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dermatological purposes.158 That being said, it is to the best of our knowledge that no one 

has used these functionalities in polyesters. To maintain crystallinity, it was decided to 

design a diacid that did not have any pendant chain. Based off of glycine and succinic 

anhydride, the diacid was similar in length to suberic acid with an incorporation of the 

amide. Synthetically, incorporation of the amide-containing diacid was limited to 5 mol% 

due to poor molecular weight growth at higher amounts. As expected, the incorporation of 

the amide into the polymer backbone, resulted in an increase in the glass transition 

temperature from 8.5 °C to 11.7 °C due to hydrogen bonding and the melting point 

increased from ~70 °C to 80 °C (Figure 6.9).  

 

 

Figure 6.9. DSC of HS (left) and HS5HG (right) with both the initial heat (top) and reheat 

(bottom) show a slight shift in glass transition temperature.  

 

6.4.2 Melt Processability of Polymers  

 Implantable rods are fabricated using extrusion techniques. In order to determine 

the potential for extrusion of the polymers, capillary rheometry was completed. At a 

minimum of three temperatures, starting at ~20 °C above the polymer’s melting 

temperature, shear viscosities were measured at 5 stages of shear rate from 10 to 1000 s-1 
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(Figure 6.6). All polymers were processable at temperatures well below their 

decomposition temperatures, which are above 300 °C. HS5PS was processable at the 

lowest temperature of 90 °C. HGl on the other hand had the highest temperature to process 

which was expected due to its higher melting point. Additionally, the incorporation of 

amide in the polymer backbone did not inhibit the processability of the polymer which can 

be a concern due to hydrogen bonding. It is expected that processing temperatures may be 

slightly lower than rheometry suggests due to plasticization from the API, especially at 50 

% w/w loading.  

 

 

Figure 6.6. Melt capillary rheometry of polymers at various temepratures.  

 

6.4.3 Formulation and Drug Loading Efficiency 

Implantable rods with a defined diameter of 3 mm long were formulated at 50% 
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of diseases like HIV and contraceptives for birth control. Two model drugs were chosen to 

represent hydrophobic and hydrophilic APIs as a way to identify interactions between 

hydrophobic polymers and various drug types. A capillary rheometer was used to extrude 

rods, using a die to define the diameter of the rod. One important note is the ability for the 

drug to act as a plasticizer during melt processing, enabling lower temperatures to 

formulate the device. Two processing temperatures were tested for each polymer to identify 

implications in processing temperature.  

 

Table 6.5. Drug loading of progesterone in extruded polymeric rods.  

Polymer 
Processing 

Temperature 
(°C) 

Attempted 
Loading (%) 

Loading 
Content (%) 

Loading 
Efficiency (%) 

HGl 
125 50 45 ± 2 89 ± 4 
145 50 47 ± 1 93 ± 2 

HS 
90 50 45 ± 1 91 ± 2 

125 50 49 ± 2 97 ± 3 

HD 
100 50 41 ± 3 82 ± 6 
125 50 44 ± 2 87 ± 6 

HS5PS 
90 50 48 ± 3 97 ± 6 

110 50 48 ± 2 96 ± 5 

HS5HG 
90 50 44 ± 0.1 88 ± 0.1 

125 50 43 ± 2 87 ± 4 
 

For progesterone loaded rods, all of them had high loading efficiencies (Table 6.5). 

This is expected as the both the drug and polymer are considered hydrophobic. The most 

hydrophilic polymer, which was PEG containing, had the lowest loading efficiency of the 

batch. Overall, all polymers were able to load drug at over 40 % w/w out of an attempted 

50 % w/w loading and efficiencies were all above 80 %, most over 90 %. It is important to 

note for progesterone-loaded rods that the melting temperature of the drug itself is 125 - 
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130 °C. This means that drug was partially melted for samples processed above 125 °C 

while ones below were not. For those where the polymer and drug melted, the rods were 

clear with a slightly yellow tinge. All polymers were tacky upon extrusion, most likely due 

to melted drug. One exception to this was HS, which exhibited stickiness from the polymer 

itself. Despite translucency during processing, after 24 hours at ambient conditions, the 

polymer and drug crystalized and an opaque white rod was formed (Figure 6.7).   

 

 

Figure 6.7. Images of progesterone-loaded polymeric rods post extrusion.  

 

Table 6.6. Drug loading of acyclovir in extruded polymeric rods.  

Polymer 
Processing 

Temperature 
(°C) 

Attempted 
Loading (%) 

Loading 
Content (%) 

Loading 
Efficiency (%) 

HGl 
125 50 39 ± 6 78 ± 12 
140 50 37 ± 3 74 ± 6 

HS 
100 50 32  ± 2 64 ± 4 
140 50 38 ± 4 76 ± 7 

HD 
100 50 35 ± 2 69 ± 5 
140 50 34 ± 6 68 ± 12 

HS5PS 140 50 44 ± 7 88 ± 15 

HS5HG 
100 50 39 ± 1 77 ± 3 
140 50 42 ± 4 83 ± 7 

Progesterone

Temperature HGl HS HD HS5PS HS5HG

LT

HT



 

 

133 

As expected, the acyclovir-loaded rods were less successful with loading 

efficiencies (Table 6.6). This is most likely due to inherent phase separation from a 

hydrophilic drug contrasting with the hydrophobic polymer. PEG-containing polymers and 

amide-containing polymers had better drug loading then pure HS which is most likely due 

to the functionalities facilitating the drug-polymer interactions. The most hydrophobic 

polymer, HD, was also the least efficient in loading, with only ~ 35 % w/w loading out of 

the 50 % attempted, a 69 % loading efficiency. Processing temperature also played a role 

in the sample appearance. For all polymers, higher processing temperatures resulted in a 

barbed like appearance for the rods (Figure 6.8). This is most likely the outcome of phase 

separation and the drug coming to the surface of the polymeric rod. While the drug stayed 

within the polymer matrix, it is expected that higher processing temperatures will exhibit 

a higher burst release in vitro. This adds another handle to control drug release, which is 

affected by the processing temperature of the rod.  

 

 

Figure 6.8. Images of acyclovir-loaded polymeric rods post extrusion. 
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6.4.4 Device Characterization 

  Formulations were characterized by FTIR for polymer drug interactions and DSC 

for thermal analysis. Both were used to qualitatively confirm the presence of drug. FTIR 

provided a spatial and qualitative look at where drug resides in the rod. Using a micro-ATR 

tip for the FTIR enabled us to look at the difference in spectra for the surface of the rod 

versus the core of the rod. Micro-ATR has a depth of penetration around 0.5-3 µm so 

differences can be expected based on portions of the rod that are exposed to the laser. 

Qualitatively, all samples including both core and side of the rod contained polymer and 

drug peaks.  

For progesterone-loaded rods (Figure 6.9 and 6.10), processing temperatures lower 

than 125 °C resulted in higher amounts of  drug on the surface relative to the polymer. The 

exception to this was HS5HG which showed similar spectra regardless of location. At 

higher processing temperatures, differences in the spectra were minimal. Comparatively, 

greater discrepancies were noticed in the acyclovir-loaded rods (Figure 6.11 and 6.12). 

This was expected due to a larger mismatch between the polymer and drug hydrophobicity. 

Higher processing temperatures had more prominent drug-related peaks on the surface of 

the rods compared to lower processing temperatures. This is hypothesized to be due to 

phase separation during processing, “pushing” drug to the surface. HS5PS had the most 

spectral consistency at a higher processing temperature, which would be expected given 

the hydrophilic oligomers.  
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Figure 6.9. FTIR spectra investigating diacid length trends of polymer only, polymer-

progesterone formulation core, polymer-progesterone formulation side, progesterone only 

(bottom to top) at different processing temperatures.  
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Figure 6.10. FTIR spectra investigating functionality trends of polymer only, polymer-

progesterone formulation core, polymer-progesterone formulation side, progesterone only 

(bottom to top) at different processing temperatures.  
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Figure 6.11. FTIR spectra investigating diacid length trends of polymer only, polymer-

acyclovir formulation core, polymer-acyclovir formulation side, acyclovir only (bottom to 

top) at different processing temperatures.  
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Figure 6.12. FTIR spectra investigating functionality trends of polymer only, polymer-

acyclovir formulation core, polymer-acyclovir formulation side, acyclovir only (bottom to 

top) at different processing temperatures.  

 

 Additionally, DSC was used to understand the impact thermal processing had on 
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proximity of the processing temperature to the drug’s melting temperature (125 – 130 °C). 

Form I of progesterone has a melting temperature of ~ 128 °C while form II has a melting 

point of ~ 122 °C. These have implications on solubility, with form II exhibiting greater 

solubility in PBS.159 All formulations containing progesterone, had broadening of the 
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extreme broadening of the drug’s melting endotherm. This indicates polymer-drug 

interactions that can facilitate release during implantation. Overall, all progesterone-

containing formulations showed drug incorporation into the polymer matrix.  

 

 

Figure 6.13. DSC curves for formulations of progesterone with various polymers. All 

curves shown are the first heat only with the exception of the drug reheat, denoted PRO 

reheat.  
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Comparatively, all acyclovir-containing formulations were processed below the 

drug melt temperature, which is reported at ~ 255 - 260 °C. Acyclovir is unique in its ability 

to hydrogen bond at multiple domains within the molecule (Figure 6.14). In the presence 

of polymers, acyclovir has been reported to reside in forms I or VI. Polymers including 

PET, PVC, PVS, PP produced form VI while nylon 6,12 produced a mixture of forms VI 

and II.160 The one distinction is form VI of acyclovir, which has reportedly formed in the 

presence of nylon 6,12, a polyamide, and contains a melting point that is sharp and in 

between form I’s broad melting point and form II’s sharp melting point. When heated to 

the drug melting point, all formulations exhibited broadening of the melting endotherm for 

the drug, switching from form V to form I.  (Figure 6.15). This confirms polymer-drug 

interactions and incorporation in the polymer matrix. While all melting endotherms looked 

the same, the one exception to this was HS5HG formulated at 140 °C. The melting point 

for the drug in this curve showed two overlapping peaks. This could be due to hydrogen 

bonding between the polymer and drug resulting in a slight increase in melting temperature, 

albeit lower than the melting temperature of the drug with no polymer interaction.  

 

 

Figure 6.14. Polymorphs of acyclovir.160  
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Figure 6.15. DSC curves for formulations of acyclovir with various polymers. All curves 

shown are the first heat only.  
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spectral comparison, acyclovir as is resides in Form V. Thermal processing and polymer 

drug interactions cause changes in form, mostly to form I or II depending on the polymer. 

This confirms that incorporation of amides into the polymer backbone can facilitate 

hydrogen bonding between the drug and polymer matrix.   

 

 

 

Figure 6.16. FTIR of (A) HS5HG and (B) HS formulations comparing polymer (top), 

polymer-drug (middle), and drug (bottom) with focuses on the amine/alcohol region and 

carbonyl/alkene region. (C) DSC of HS + acyclovir, HS5HG + acyclovir, and acyclovir 

alone (top to bottom), with a focus on the melting point at 260 °C.  
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Overall both hydrophobic and hydrophilic model drugs showed interactions with 

the polymer matrix, regardless of the diacid present with the most notable differences being 

progesterone’s interaction with PEG-containing polymer and acyclovir’s interaction with 

GSD-containing polymer. Characterization confirmed the presence of multiple forms of 

acyclovir in the formulation, primarily forms I, II, and VI depending on the polymer. 

Progesterone also had multiple forms, I and II. Polymer choice and processing temperature 

played a role in the forms of drug present. These are expected to impact release profiles.  

 

6.4.5 In Vitro Elution Studies 

 Release of drug from a polymeric device is controlled by a combination of diffusion 

of water into the polymer matrix and degradation of the polymer device. In-vitro elution 

was tested for 19 different samples in triplicate, varying 5 polymer, 2 processing 

temperatures per polymer, and 2 drugs. Extruded rods 3 mm in diameter and 1 cm long 

were used for this study. PBS at a pH of 6.8 with 1% w/w SDS was used as the elution 

media to increase progesterone’s solubility from 0.1 mg/mL in water to 2.45 mg/mL in the 

chosen media. It was important to keep the pH neutral to prevent any acid catalyzed 

degradation of the polymer. Acyclovir was less of a concern given its hydrophilicity. All 

samples were weighed and placed in 20 mL glass vials and 5 mL of media was used daily 

with the exception of weekends and one-week time points later in the study which used 10-

15 mL each. Aliquots were taken for HPLC at each time point to measure release and the 

entire media was exchanged. This ensured sink conditions throughout the study. For all 

samples, daily release curves and cumulative release curves were calculated. All samples 
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were plotted as both mass and percentage release. Samples were analyzed up to 46 days, 

at which point a linear release rate was established.  

 Rods loaded with progesterone released in two phases (Figure 6.17). Both polymer 

composition and processing temperature resulted in changes in the release.  Progesterone 

release was largely dictated by processing temperature. As mentioned, processing the 

implant by melting both the polymer and drug increased the release rate most likely as a 

result of increasing the drug’s solubility. Additionally, functional polymers played a role 

through increasing water uptake to the polymer. Phase separation is hypothesized to enable 

release of drug from an otherwise hydrophobic polymer. PEG can cause phase separation, 

promoting the release of even hydrophobic drugs.50 Increasing the diacid chain length, and 

as a result, the polymer hydrophobicity, had minimal effect on the release rates of the drug. 

Other than HS processed at 90 °C, all release rates had similar results.  
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Figure 6.17.  Progesterone release rates for functional polymers (left) and tunable diacid 

length polymers (right). Data is plotted as cumulative release (top) and daily release 

(bottom).  

 

 For acyclovir loaded rods, one clear impact on the release rates was the processing 
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temperatures, at 140 °C and above, resulted in a higher release of drug. This is most likely 

due to the change in form the drug had. As hypothesized, incorporating the amide into the 

backbone, slowed down the burst release from the polymer matrix compared to the addition 

of PEG. At lower temperatures, larger error bars were observed due to poor mixing of drug 
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temperatures but at the lower temperatures, the more hydrophobic polymer, HD, had the 
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polymer controlling the release of drug. Daily release rates at early time points had a 

dependence on the polymer chain length and processing temperature. Overall, this indicates 

that processing temperature plays a role on release rates, as expected due to changes in the 

drug form.   

 

 

Figure 6.18.  Acyclovir release rates for functional polymers (left) and tunable diacid 

length polymers (right). Data is plotted as cumulative release (top) and daily release 

(bottom).  
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6.5 Conclusion 

 Drug release tunability was demonstrated by altering polymer composition, 

processing temperatures, and drug-polymer hydrophobicity. Polymer composition played 

a larger role in processability and drug form post loading than it did on the release rates. 

For progesterone, diacid length was not a factor in the loading efficiency or release rate. 

Polymers processed at 125 °C resulted in form II of the drug while lower processing 

temperatures maintained form I. Higher release was exhibited in the higher processing 

temperature samples and the addition of PEG to the polymer backbone further increased 

the release rate. For acyclovir, there was less polymer-drug interactions due to the 

hydrophilic nature of the drug. Similarly, to progesterone, the drug form played a large role 

on the release. Higher temperature processing resulted in faster release while lower 

temperatures slowed the release but introduced more variability most likely as a result of 

poor mixing. In all, functional materials with indications towards controlling release by 

device design were established and application focused research can benefit from this 

fundamental study.  
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 

 

“All our dreams can come true, if we have the courage to pursue them.” 

-Walt Disney 

 

In this thesis, we took a wholistic approach to new biomaterial design, starting from 

the design phase through to the application. Throughout the work, we optimized synthetic 

protocols, characterized polymer properties, established structure-property relationships, 

and used those to select lead polymers for use in applications. This fundamental work can 

continue with more applications over the next several decades, exploring both fundamental 

science and application specific research.  

Synthetically, the design of a polymer library that is based on the concept of 

resorbable diphenols was achieved. Tyrosol-based polymers exhibited faster resorption 

rates than their tyrosine counterparts. This is in large part to the compositional switch from 

amide to ester in the diphenol unit. Subsequent polymers investigated symmetry in the 

diphenol and carbon chain length or bond rigidity in the diacid. Collectively over 30 

polymers were explored across multiple disciplines of science but the work translates to 

over 100 polymers as part of this library.  

Chemical, physical, thermal, mechanical, and biological properties were all 

explored. Diphenols played a large role in melting points, resorption, and processing. HTy-

containing polymers were lower melting and easier to thermally process. They also had 

increased solubility and therefore resorbed faster. Diacids played a much larger role in all 

polymer properties. Carbon chain length in the diacid was fundamental in the polymer 
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hydrophobicity and as a result degradation of the polymers. Short chain diacids showed 

significant mass loss in a solid polymer disc in less than a year. This is expected to further 

increase with increasing porosity and surface area.  

Bond rigidity in the diacid has some unique properties associated with them. 

Double bond-containing polymers had the lowest cell adhesion of any polymer and were 

the faster resorbing, despite not being more hydrophilic. Aromatic rings were printable and 

maintained their amorphous nature due to glass transition temperatures above 

physiological temperatures. They also required some of the highest processing 

temperatures. The semicrystalline polymers were capable of improving mechanical 

properties through drawing and annealing fibers. All polymers had increases in mechanical 

properties with some of the films matching reported PLA mechanical properties. The 

versatility of this polymer library is expected to contribute significantly to the biomaterials 

field.  

Moving towards translation of a material to a device, application focus research 

was carried out. Nerve regeneration, additive manufacturing, and drug delivery were all 

explored and modifications made to the polymer library to improve their efficacy. Two 

lead candidates for nerve guidance braided conduits were chosen from over 100 polymers 

through structure-property analysis focusing on mechanical strength, biocompatibility, and 

resorption profiles. Those two materials were fundamental in securing funding for in vivo 

studies which are planning to be carried out as a follow up to this work.  

3D printing is a fast-growing area of biomaterials research and there is a clear need 

for new materials with tunable properties. Printability was established in HTy-containing 

polymers due to their low processing temperatures. Minor chemical modifications through 
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end capping of low molecular weight polymer chains with alkenes allowed for post printing 

thiol-ene chemistry to chain extend or crosslink the material. This increase polymer 

properties while still maintaining degradability and biocompatibility. This work also has 

potential to incorporate bioactive molecules into the polymer matrix. The presence of thiols 

in bioactive molecules such as peptides and protein allow for similar conjugation 

techniques which can further enhance the bioactivity of the polymers.  

Lastly drug delivery was explored as a result of previous success with tyrosine 

derived polymers. Long acting implantables require strong polymer-drug interactions with 

tunable degradation to control release of the drug. Tyrosol polymers, being more 

hydrophobic, were capable of loading high amounts of progesterone, a hydrophobic drug, 

while maintaining controlled release. Incorporating PEG into the polymer backbone 

improved the release of drug from the polymer. Likewise, hydrogen bonding was used to 

reduce burst release of hydrophilic drug in the polymer matrix. Through structural 

investigations, the polymers showed interactions with acyclovir, a hydrophilic drug, that 

has also been reported in the literature. This work has the ability to transform drug delivery 

in the market similarly to previous tyrosine derived polymers that impacted drug release as 

coatings a decade ago.  

While this concludes the work presented in this thesis, many additional research 

activities are being carried out past my thesis. Specifically, polymer-peptide conjugates for 

controlled degradation and resorption is continuing to be explored within the lab in an 

effort to make more cell-selective materials. Additionally, unique biological properties of 

these polymers will be further explored for potential cues into polymer design moving 

forward. Drug delivery also has other potential aside from the previously mentioned work. 
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Self-assembled nanospheres and microparticles have shown preliminary promise using 

these materials and further research is anticipated from this. In all this work didn’t just 

complete a degree but it provided a foundation for years of research to come. Establishing 

a new polymer library and characterizing it across the field is daunting but necessary to 

accelerate research on new materials for the future. It is my hope that my legacy within this 

research is not just in the data presented today but also the data and research to come over 

the next decade.  
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Appendix 1. Biological Evaluation of Tyrosol-Derived Poly(ester-

arylate)s.  

In this section, preliminary in vitro cell culture work was completed to evaluate the 

effect of polymer composition on cell adhesion and proliferation. These effects can be 

impacted by scaffold architecture and other external factors that were not explored in this 

work. It is the hope that this fundamental work will lead to the identification of unique 

biological properties in this polymer library that can advance specific areas of regenerative 

medicine. A prominent application for biodegradable materials is to support tissue 

regeneration. In this process, a degradable and resorbable polymeric scaffold replaces 

damaged or diseased tissue until newly formed tissue can form. This process involves many 

cell types, growth factors, and proteins. In order to better understand how the body will 

respond to a new material, cell-material interactions need to be evaluated.   

Different cells may sense and respond to their surrounding environment differently. 

In order to explore if chemical properties of polymers can influence cellular behaviors, the 

basic cellular behaviors such as adhesion and proliferation of multiple human primary cells 

on polymer surfaces were assessed in vitro. Fibroblasts and stem cells are the common cell 

types at any wound environment including at the site of material implantation. The 

responses of fibroblasts and stem cells on different polymer surfaces were compared in 

vitro. For potential bone regeneration and nerve repair applications, the adhesion and 

proliferation of human osteoblasts was also evaluated on various polymer surfaces.  
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A1. 1 Materials and Methods 

A1.1.1 Materials 

Human dermal fibroblasts (HDF, #PCS-201-012) were purchased from ATCC. Human 

mesenchymal stem cells (hMSC, #PT-2501) were purchased from Lonza. Human Schwann 

cells (HSC #1700) and culture medium were purchased from ScienCell Research 

Laboratory. Human osteoblasts-femoral (HO-f, #4610) and culture medium were 

purchased from ScienCell Research Laboratory. DMEM medium for HDF, MEM-alpha 

medium for hMSC and fetal bovine serum were purchased from Gibco. 

 

A1.1.2 Cell Adhesion Assay 

Cells (HDF, hMSC, HO-f or HSC) were cultured and maintained following the 

manufactures’ instructions. 10 mm/disc of polymer films were sterilized under UV for 1 h. 

Polymer films were placed in the wells of non-tissue culture treated 48-well plate and held 

in place by O-rings. Cells were trypsinized from an 80% confluent culture and counted.  

2x104 cells were added to each well containing polymer film and incubated at 37°C with 

5% CO2 and 95% humidity.  After 24 h, medium was removed from each well and cells 

were washed once with PBS.  0.2 mL of medium containing 10% alamarBlue was added 

to each well. After incubated at 37°C for 45 min, the fluorescent intensity was read using 

TECAN Spark plate reader with Ex/Em=540nm/590nm.  

 

A1.1.3 Cell proliferation Assay 

Polymer films were placed in the wells of non-tissue culture treated 48-well plate 

and held in place by O-rings. 2x104 cells were seeded onto each polymer film and incubated 
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at 37°C with 5% CO2 and 95% humidity for 24 h (Day 1). The viability of cells at Day 1 

was monitored using alamarBlue assay.  After the assay, cells were washed with PBS twice 

and continued to culture for 3 days. On Day 4, the viability of cells in each well was 

measured using alamarBlue assay. Repeat the viability measurement on Day 7. The 

proliferation of cells on Day 4 or Day 7 on each polymer surface was normalized to that of 

Day 1.  

 

A1.2 Fibroblasts 

One of the most abundant cell types found in the body are fibroblasts. These cells 

are found in connective tissue and are found in wound healing applications.161 When 

characterizing the cell-material interactions between tyrosol-based poly(ester-arylate)s and 

human dermal fibroblasts (HDF), the attachment (adhesion) of cells to different polymer 

surfaces were compared after 24 h.  All polymer surfaces supported cell adhesion, with 

most comparable to tissue culture treated polystyrene (Figure A1.1A). The exceptions to 

this were pHTyPDA and pHTy10 which supported less adhesion. Additionally, no 

significant differences were found between HTy and DTy polymers except for ones 

containing PDA in which HTy is more adherent. Another important cellular behavior may 

be influenced by material is proliferation. After the adhesion, the ability of adhered cells 

to proliferate over 7 days on different polymer surfaces was monitored using viability 

assays. As shown in Figure A1.1B-C, after initial attachment, adhered cells proliferate at 

similar rates on different polymer surfaces. This result suggested that HDF adhered to all 
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polymer surfaces with certain preference. On the other hand, all polymer surfaces 

supported the proliferation of HDF similarly.   

 

 

Figure A1.1. HDF adhesion (A) and proliferation rates for HTy (B) and DTy (C) polymers. 

All samples had an n = 4 and two-way ANOVA tests were run with post-hoc Tukey test 

where * = p<0.05 and *** = p<0.005.  

 

A1.3 Human Mesenchymal Stem Cells 

 Human mesenchymal stem cells (hMSC) are another common cell type 

biomaterials encounter in vivo. hMSCs can differentiate into myocytes (muscle), 

adipocytes (fat), osteoblasts (bone), neurons (nerve), or chondrocyte (cartilage) depending 

on the environment they are in.162-164 Through gene expression analysis, we can gain insight 

into a material’s ability to promote specific tissue regeneration in vivo. hMSCs adhere to 

all polymers with the exception of the tHex polymers which were non-adherent and did not 

support proliferation (Figure A1.2A). Another trend that was observed is that HTy 

polymers had higher proliferation rates compared to DTy ones (Figure A1.2B-C).  
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Figure A1.2. hMSC adhesion (A) and proliferation (B-C) on tyrosol polymers. Two-way 

ANOVA tests were run with post-hoc Tukey test where * = p< 0.05.  

 

A1.4 Osteoblasts 

Given the hydrophobic and rigid nature of these polymers, one of the potential 

applications of this library of polymers is to support bone regeneration. Previous work in 

our lab investigating tyrosine-derived polymers have shown great promise in the 

regeneration of bone.165-169 With a similar structure, it was hypothesized tyrosol polymers 

would also be good candidates. The interaction between osteoblasts and tyrosol polymers 

was also explored in this study.  Human Osteoblasts (femoral) (HO-f) adhered to all 

polymers but seemed to be more responsive to distinct chemical composition compared 

with that of HDFs (Figure A1.3A-C). More hydrophobic materials tended to be better 

substrates with pHTy10 and pDTy10 being comparable to TCPS. Surprisingly, pDTy6 was 

a poor substrate for osteoblasts. This observation warrants further investigation.  There is 

no clear reason as to why this would happen but it can be the source of further studies. 

Proliferation was evident in all polymers and ALP expression for all samples was similar. 

pDTy6 was the only polymer to have significantly lower DNA content compared to other 
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polymers. In all, it is evident that tyrosol polymers are a potential candidate for bone 

regenerative applications pending additional characterization.  

 

 

Figure A1.3. Adhesion (A-C), proliferation (D-E), for HO-f on tyrosol derived polymers. 

All samples had an n = 4 and two-way ANOVA tests were run with post-hoc Tukey test 

where * = p<0.05, ** = p< 0.01, *** = p<0.005, **** = p<0.0001.  
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A1.5 Conclusion 

 Results from these preliminary in vitro cell-material interaction assessments 

indicate that most tyrosol polymers, with the exception of tHex containing polymers, are 

good cell substrates and support adhesion and proliferation of various cell types 

participating in tissue regeneration. More interestingly, some cells such as osteoblasts 

seemed to be more responsive to chemical properties than other cells such as HDFs and 

HSCs.  These observations serve as a start pointing for a more focused and detailed study 

for biologists in the lab in a near future.  
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