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ABSTRACT 

Due to the refractory nature of the central nervous system (CNS), injuries such as spinal cord injury 

(SCI) trigger a complex injury cascade. Currently, no effective therapeutics exist to reverse the 

outcomes of progressive secondary injuries caused by SCI. The debilitating, long-term effects of 

SCI have created the need for a controlled extended-release drug delivery platform. 17b-Estradiol 

(E2) is known to have neuroprotective, neurotrophic, and immunosuppressive properties making 

it a promising therapeutic for CNS injuries. The central motivation of this work is to examine 

structure-property relationships in polymerized estrogen materials to create tunable material 

properties and release kinetics. The design, testing, and characterization of poly(pro-E2) 

biomaterial scaffolds is reported and presents a promising drug delivery platform to target CNS 

injuries.   The strategies employed in the synthesis of the library of poly(ester) and poly(carbonate) 

E2 prodrugs with varying chain modifiers presented is highly applicable to other polymer classes 

leaving limitless possibilities to tailor material properties and control drug release kinetics. 
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1. INTRODUCTION 
1.1 Motivation 

The central nervous system (CNS) is comprised of the brain and spinal cord and acts as the control 

center for our bodies. Due to the refractory nature of the CNS, injuries such as traumatic brain 

injury (TBI) and spinal cord injury (SCI) result in a myriad of secondary complications, lifelong 

functional impairments, and death. Only limited self-repair, regeneration, and healing is seen 

within the body. Currently, no effective therapeutics exist to reverse the outcomes of these injuries. 

In the United States, there are nearly 18,000 new SCI cases per year with less than 1% experiencing 

complete neurological recovery by the time of hospital discharge1.  

 

When the spinal cord in injured, neuronal death occurs at the injury site followed by a cascade of 

biochemical and cellular events triggering an inflammatory immune response. Many mechanisms 

contribute to progressive secondary injury. Changes in blood flow can cause worsening 

compression on the cord because of swelling. An excessive release of neurotransmitters can lead 

to excitotoxicity killing or damaging nerve cells. Additionally, the production of free radicals also 

known as reactive oxygen species (ROS) can result in oxidative stress related neuronal apoptosis2–

4. Following SCI, glial scarring occurs forming a barrier for axonal regeneration and 

connectivity5,6. Much of the research into SCI focuses on developing therapeutics to mitigate the 

cascade of secondary complications that occurs post-injury to improve functional recovery.  

 

Some comparative studies suggest that a gender bias exists in neurological and functional 

outcomes of patients with SCI. Gender differences were seen where women tend to have more 

natural neurologic recovery than men. The gender bias that exists is believed to be attributed to 

the steroid sex hormone estrogen2,7–9. Although controversy surrounds the effect of gender, many 
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studies have looked at the effects of estrogen on promoting CNS regeneration and mediating SCI10–

12.  

 

17b-Estradiol (E2) is the most common and potent form of estrogen in humans. E2 is known to 

have broad neuroprotective, neurotrophic, and immunosuppressive properties when administered 

to the CNS3,10–15. E2 has also been seen to promote functional and neurological recovery in animal 

models of SCI5,16–18. These properties make E2 a promising therapeutic to mitigate and improve 

the outcomes of the progressive secondary injuries. The protective roles of E2 have been well 

reported to inhibit axonal degeneration and demyelination13,15,19. E2 has been shown to have high 

anti-inflammatory potential by helping regulate inflammasomes released post-injury. It has also 

been shown to promote immune regulation decreasing inflammatory cytokines and microglial 

activation11,20. E2 treatment can help ameliorate tissue sparring and regressive changes in 

motoneuron and muscle morphology3.  Furthermore, E2 can promote antioxidant defense systems 

to eliminate reactive oxygen species21.  

 

CNS drug development is highly complex which has resulted in an extremely low number of 

potential therapeutics. Therefore, methods to enhance drug delivery are of great interest22. 

Biomaterial scaffolds have long been studied in tissue regeneration and recently, numerous cell 

therapies have been reported with favorable outcomes23,24. However, a disconnect still lies between 

the ability to promote robust regrowth and regeneration especially for larger lesions where cell 

therapies alone become ineffective25,26. Due to the debilitating and long-term effects of CNS 

injuries on the timescale of years, there is a strong need for extended drug release to mitigate 

progressive secondary injuries27. Currently, researchers have seen considerable potential in using 
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polymeric nanoparticles to deliver E2, often for hormone therapy replacement (HRT) to combat 

osteoporosis28–30. However, many of these materials can only sustain delivery on the timescale of 

days to weeks or may lead to adverse effects due to high estrogen doses. Additionally, many 

marketed E2 therapies require multiple dosages/injections to maintain therapeutic levels of E2 

within the body. 

 

To circumvent these problems, a poly(prodrug) platform through the polymerization of E2 prodrug 

monomers was developed with a goal of stably releasing E2 on an extended timescale (months to 

years). The first-generation of poly(pro-E2) biomaterials was reported by D’Amato, A. R. et al. 

(2019), where E2 was released at nanomolar concentrations on the timescale of 1-10 years via 

hydrolytic degradation in vitro. E2 prodrug monomers were synthesized by functionalization of 

E2 with reactive allyl groups followed by photo-initiated thiol-ene reaction with an oligo(ethylene 

glycol) dithiol to produce a high molecular weight (MW) poly(pro-E2) biomaterials. The 

biomaterial scaffolds were seen to promote and guide neurite extension ex vivo and promote in 

vitro neurotrophism and neuroprotection by protecting neurons from oxidative stress.31 The 

poly(pro-E2) biomaterials were also seen to improve neuroprotection without changes to the 

inflammatory response in a mouse model of SCI32. These studies show the applicability of the 

poly(prodrug) platform to synthesize implantable biomaterials with extended drug release profiles 

and regenerative potential for SCI. The goal of this research was to create tunable drug release 

kinetics and material properties through the systematic synthesis of a library of poly(pro-E2) 

biomaterials to target CNS injuries.   
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1.2 Prodrugs 

Prodrugs are biologically inactive precursors of drug that are converted post-administration via 

enzymatic, chemical, or metabolic pathways to release active parent drug. Prodrug formulations 

are developed to address drug adsorption, distribution, metabolism, excretion, and toxicity 

(ADMET). These criteria greatly influence the pharmacological activity of therapeutics. Nearly 

50% of drug candidates fail due to poor ADME properties, while nearly 40% of drug candidates 

fail due to toxicity alone33. Exploration of the chemical and property space has led to expanding 

efforts in the design and development of prodrugs. A prodrug contains structural modifications to 

improve pharmacokinetic, pharmacodynamic, and targeting properties of active parent drug34–36. 

Pharmacokinetic barriers include poor solubility, absorption, and distribution as well as fast 

metabolism and excretion. Pharmacodynamic barriers include toxicity, adverse effects, and 

potency. 

 

Figure 1.1: Prodrug design. Active drug has limited pharmacokinetics due to the ADME process. A moiety is 
attached to enhance ADME properties (left). Inactive prodrug is then enzymatically, chemically, or 

metabolically activated to release active drug (right)34. 

In addition to the ADMET process, prodrug strategies are often employed to overcome the 

physiological and biological barriers that result from administration routes. For example, the most 

common enteral route of medication is oral administration (PO). PO is often preferred because it 
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is convenient and cost-effective. However, medications are often limited by solubility, 

permeability, and metabolism. Poor drug absorption within the intestinal lumen followed by 

significant first-pass metabolism within the liver result in poor bioavailability. To reach the 

minimum therapeutically effective dose, large or more frequent dosing is required. In the case of 

parenteral routes such as intravenous (IV), intramuscular (IM), or subcutaneous injection (SQ), 

poor drug solubility and high rates of clearance within the blood must be combated34,37.  

 

Contemporary molecules often have poor physical and chemical properties that can significantly 

limit their delivery to biological targets. The prodrug approach allows for tailorable structural 

modifications to influence physical and chemical properties. Various prodrug strategies have been 

developed with the most common being a carrier-based prodrug approach. Carrier-based prodrugs 

utilize an inactive moiety (or promoiety) linker. The parent drug is functionalized with a group 

that can be cleaved to yield an active metabolite. Common functional groups on parent drugs 

include hydroxyl, carboxyl or amine groups, phosphate or phosphonate groups, and amidine or 

guanine groups36. Another common prodrug approach is to utilize natural structural 

rearrangements that occur in vivo. These bioprecursor drugs have no moiety or leaving group and 

undergo biotransformation to active drug via metabolic or chemical pathways such as oxidation, 

reduction, and phosphorylation. 

 

In the past decade, there has been a significant increase in the design and development of prodrugs 

with over 30 prodrugs approved by the US Food and Drug Administration (FDA).  Prodrugs 

accounted for roughly 20% of all small-molecule drugs approved between 2000 and 2008 and 

account for more than 10% of all marketed drugs worldwide36,38. Although many of the currently 
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approved prodrugs fall under small-molecule new chemical entities, there has been growing 

interest in the development of polymeric prodrugs or poly(prodrugs). Currently, many 

pharmacologically inert polymers are used to aid in the delivery of small-molecule and 

macromolecule drugs. Pharmacologically active polymers provide many advantages in drug 

delivery approaches to control drug release, tailor pharmacokinetics, and biodistribution. 

Biologically active synthetic and natural polymers as polymeric drugs date back to the 1960s when 

the first polymeric drug entered clinical trials34,39. 

1.3 Polymeric drugs 

Polymeric drugs also known as poly(prodrugs) represent a controlled drug delivery technology. 

Controlled release systems provide numerous advantages over conventional drug delivery systems 

such as improved efficacy by enhancing ADMET property limitations, reducing toxicity through 

stable release of therapeutics over time, and improving patient compliance by decreasing the 

number/frequency of dosages/injections. One of the first polymeric drugs to reach clinical trials 

dates to the early 1960s but failed due to severe toxicity. The polymeric anticancer drug was 

developed by copolymerization of divinyl ether and maleic anhydride (DIVEMA). Since then, no 

polymeric anticancer drugs have seen clinical applications. However, the growing versatility of 

synthetic chemistry has yielded many opportunities to develop biomimetic macromolecular 

therapeutics40,41. 

 

Although the concept of polymer therapeutics was regarded with skepticism due to theoretical as 

well as practical reasons such as the failure of DIVEMA, the field has grown exponentially since 

the early 1960-1970s. Some notable researchers include Ringsdorf, Vogl, and Uhrich. In 1975, 

Ringdorf proposed a new model for the development of pharmacologically active macromolecules 
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as drugs. He devised a simplistic model for incorporating pharmacologically active polymers to 

produce continuous variation in a) solubility and toxicity b) fixation and metabolism c) 

distribution39. His model directly addresses ADMET property limitations. From the model, 

predictions about key properties can be made about polymeric drugs in comparison to low 

molecular weight analogs. Five key elements can be seen in the Ringsdorf model below (Fig. 1.2): 

1) the drug or pharmacon 2) the targeting moiety or transport system 3) the polymer backbone 4) 

the solubilizing agent 5) the cleavable spacer/linker to release active drug39,42. 

 
Figure 1.2: Ringsdorf model for pharmacologically active polymers. 

In 1979, Vogl, O. et al. outlined strategies for drug incorporation into polymeric structures and 

polymers. They highlighted the advantages and disadvantages of biologically active polymeric 

materials over low molecular weight materials. However, much was not well understood about 

retention of synthetic polymers in tissues, mechanisms of action, and the metabolic fate of 

polymers43,44.  

 

Two decades after Vogl’s review, Uhrich, K. et al. reviewed polymeric systems for controlled drug 

release noting how controlled drug delivery technology had rapidly advanced and diversified45. 

The review focused on the range of new polymer systems, the mechanisms, and applications in 
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controlled drug delivery. An important distinction they make with regards to the methods of 

controlled release is the difference between temporal and distribution control. Temporal-controlled 

(Fig. 1.3) drug delivery systems aim to deliver extended release of drug at a specific time of 

treatment.  This would require the protection of drug molecules to delay the dissolution drug until 

the preprogrammed period of time or environment.45 On the other hand, distribution-controlled 

(Fig. 1.4), a simpler method, requires implantation of the drug delivery system at the intended site 

of action. This type of system has seen success in delivery of chemotherapeutics for treatment of 

tumors using polymer disks46. 

 
Figure 1.3: Drug concentrations of temporal-controlled drug release system (bold line) v. conventional 

injection (thin line) drug delivery45. 



 

9 

 

 
Figure 1.4: Ideal distribution-controlled release system. Drug concentration at therapeutic site (bold line) and 

systemic drug concentration (thin line)45. 

Early work by Uhrich proved that poly(prodrugs) could significantly increase drug circulation time 

via hydrolytic degradation pathways of the polymer47,48. Since then, there have been tremendous 

advances in the chemical synthesis of new polymeric prodrugs. Currently, polymeric drug delivery 

systems still maintain niche status, yet they provide many promising strategies and potential 

benefits for new drug development.  

 

More recently, Xu, X. et al. developed a more sophisticated poly(prodrug) platforms to target 

cancer therapy49. The system relies on five key elements: 1) chemical incorporation of drug into 

polymer backbone 2) stimuli-responsive bond to tumor micro-environment 3) hyper-fast chain 

breakage for drug release 4) hydrophilic moiety to increase solubility and circulation 5) targeting 

ligand. These types of poly(prodrugs) can result in high drug loading through incorporation of 

drug into the repeat unit of the polymer backbone. The increased stability of the drug through 

functionalization can also increase circulation time. Additionally, hydrolytic chain breakage or 

stimuli-responsive chain breakage can lead to sustained drug release or targeted drug delivery to 

combat toxicity. This type of stimuli-responsive or triggered controlled release system is becoming 
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widely employed to combat nonspecific distribution and toxicity. Polymer design is becoming 

more complex to further control site-specificity and kinetics creating growing interest in the 

addition of biologically responsive elements50. 

 

Well established safety with respect to toxicity, immunogenicity, and metabolic fate is a reason 

why many polymers are now being studied for various applications. One of the most successfully 

used polymers for drug conjugation is polyethylene glycol (PEG). PEG is an FDA approved water-

soluble amphiphilic polymer and over ten types of PEG-based poly(prodrugs) have been approved 

by the FDA51. PEGylation is often used to improve physicochemical properties of 

macromolecules. PEGylation of small-molecule drugs like E2 with high molecular weight PEG 

(~30-60 kDa) can help increase size of the prodrug resulting in increased circulation. On the other 

hand. PEGylation with low molecular weight PEG (<5000 Da) can increase solubility and 

permeation. A significant limitation of PEG as a polymer for prodrugs is the limited number of 

functional groups resulting in limited drug loading capacity49,52. Many clinically used polymers 

such as PEG are linear. To increase drug loading, hyperbranched polymers, dendrimers, and 

dendritic polymer structures are now being employed41. 

 

Polymeric drugs are now emerging steadily as our understanding of polymer toxicology and 

structure-property relations advances creating stronger biological rationale for polymeric drug 

design. Recently, much research has been focused on the development of poly(prodrug) 

nanoparticles53–56. Oftentimes, self-assembling polymeric micelles are formed by synthesis of a 

bi-block copolymer with a hydrophilic segment and hydrophobic (usually drug) core. These types 
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of poly(prodrugs) can result in high drug loading, enhanced targeting, and significant permeation 

making them an effective cancer therapy.  

1.4  Poly(pro-17b-Estradiol) design 

Prodrug design strategy is highly dependent on the ADMET process and administration routes 

which can each lead to specific property limitations or a combination. There are many clinical uses 

of E2, and it is commonly administered orally as a prodrug. In the case of PO, E2 has good oral 

absorption due to the high lipophilicity of the molecule but poor bioavailability (~10%)28,29. Due 

to the significant first-pass metabolism that drastically reduces the bioavailability, many marketed 

forms of estrogen are estrogen esters, or ester prodrugs of estrogen. Ester prodrugs are often 

prepared by using carboxylic acids to increase drug permeability and solubility. Some common 

marketed estradiol ester prodrugs include, estradiol acetate (Femring®), estradiol cypionate 

(Depofemin®), estradiol valerate (Delestrogen®), and estradiol dipropionate (Angofollin ®), with 

many in clinical trials (Fig. 1.5)57. Many of these drugs are taken for extended periods of time and 

with high frequency. Creating a slow extended-release drug would be beneficial in many ways by 

decreasing frequency and increasing patient compliance. 
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Figure 1.5: Common estradiol ester prodrug structures. 

One of the first marketed polymeric forms of estradiol was polyestradiol phosphate (PEP) 

(Estradurin®) (Fig. 1.6). The medication was primarily used to treat prostate cancer but also saw 

applications in treating breast cancer and HRT58,59. PEP administration resulted in stable E2 levels 

with a mean half-life of 70 days60. This type of low dose extended drug release by polyprodrugs if 

highly applicable to CNS injuries where drug levels need to be maintained for extended periods of 

time. 

 

Figure 1.6: Polyestradiol phosphate (PEP) (Estradurin®). 
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17b-Estradiol is considered the prototypical steroidal form of the major endogenous estrogens 

(Fig. 1.7): estrone (E1), estradiol (E2), estriol (E3), and estetrol (E4). E2 is a bifunctional molecule 

and can be distinguished from the structurally related estrogens by the number of hydroxyl groups 

or functional groups. 

 
Figure 1.7: Endogenous estrogens. 

Due to the bifunctionality of E2, it can be incorporated into the polymer main chain by a 

polymerization reaction. One approach is to prepare drug molecules with polymerizable functional 

groups for subsequent polymerization. Much of the research presented in this thesis uses this 

approach to create a functional E2 monomer with polymerizable allyl end groups. A significant 

advantage is the ability to synthesize highly purified monomers that can be copolymerized with 

other desirable comonomers yielding high MW polymers. The E2 monomers synthesized in this 

research contain either an ester or carbonate linkage with reactive allyl end groups. These 

functional monomers are then polymerized with varying chain modifier segments giving poly(pro-

E2) materials (Fig. 1.8, Appendix A - Supplementary Fig. 10-13). Upon hydrolytic degradation, 

active parent drug (E2) and carbon dioxide are released along with other chain modifier 

byproducts. 
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Figure 1.8: Model of poly(pro-E2) variants. Consists of three main segments: E2 parent drug (red), cleavable 
ester/carbonate linker (green), and alkyl/oEG chain modifier (blue). 
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2. METHODS 
2.1 Materials 

All chemical reagents and organic solvents for polymer synthesis and characterization were 

purchased from Sigma-Aldrich. These include, 17b-estradiol (E2), bisphenol A (BPA), 2,2’-

(ethylenedioxy)diethanethiol (2EG), tetra(ethylene glycol) dithiol (3EG), hexa(ethylene glycol) 

dithiol (5EG), 1,3-propanedithiol (3C), 1,6-hexanedithiol (6C), 1,9-nonanedithiol (9C), 

chloroform (CHCl3), dichloromethane (DCM), tetrahydrofuran (THF), methanol (MeOH), 4-

pentenoic acid, allyl chloroformate, N,N′-diisopropylcarbodiimide (DIC), 4-

dimethlyaminopyridine (DMPA), 2,2-dimethoxy-2-phenylacetophenone (DMPA), pyridine, 

hexane, ethyl acetate, hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium sulfate, 

deuterated chloroform, and 0.1 M phosphate buffered saline (PBS). 

2.2 Synthesis of poly(pro-17b-Estradiol) materials 

2.2.1 Synthesis of diester pro-E2 monomer 

In a nitrogen glovebox, 17b-estradiol (1 eq.), 4-pentenoic acid (2.2 eq.), and DMAP (0.01 eq.) 

were dissolved in minimal anhydrous THF in a Schlenk flask with a magnetic stir bar. DIC (3 eq.) 

was added to an addition funnel and secured to the Schlenk flask and capped with a rubber septum. 

The apparatus was removed from the glovebox and transferred to a nitrogen Schlenk line, and the 

flask was cooled to 0°C over an ice bath with stirring ~15min. Under a nitrogen atmosphere, DIC 

was added dropwise to the cooled solution flask. Upon complete addition, the solution flask was 

allowed to warm to room temperature overnight with stirring. The resulting mixture was filtrated 

and diluted with roughly twice the volume with ethyl acetate and transferred to a separatory funnel 

and extracted sequentially with 0.1 M HCl, deionized water, 0.1 M NaOH, deionized water, and 

brine. The organic phase was dried over anhydrous sodium sulfate and concentrated by rotary 
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evaporation. The crude oil was purified by silica gel column chromatography with a mobile phase 

of hexane and ethyl acetate at 4:1 (v/v) and vacuum dried overnight to obtain a yellow viscous oil. 

1H NMR (500 MHz, CDCl3) δ 7.27 (d, J = 7.3 Hz, 7H), 6.86 – 6.75 (m, 7H), 5.93 – 5.81 (m, 6H), 

5.19 – 4.97 (m, 14H), 4.70 (t, J = 8.4 Hz, 4H), 3.75 (t, J = 6.3 Hz, 5H), 3.01 – 2.81 (m, 8H), 2.64 

(t, J = 7.4 Hz, 7H), 2.50 (t, J = 7.0 Hz, 7H), 2.46 – 2.28 (m, 16H), 2.28 – 2.15 (m, 11H), 2.01 – 

1.79 (m, 12H), 1.58 – 1.34 (m, 27H), 1.29 (dd, J = 11.5, 6.9 Hz, 5H), 0.83 (s, 11H). (Appendix A 

- Supplementary Fig. 10) 

2.2.2 Synthesis of dicarbonate pro-E2 monomer 

In a nitrogen glovebox, 17b-estradiol (1 eq.) and pyridine (excess 10 eq.) were dissolved in 

minimal anhydrous THF in a Schlenk flask with a magnetic stir bar. Allyl chloroformate (6 eq.) 

was dissolved in an anhydrous THF (allyl chloroformate: THF 1:1 v/v) in an addition funnel and 

secured to the Schlenk flask and capped with a rubber septum. The apparatus was removed from 

the glovebox and transferred to a nitrogen Schlenk line, and the flask was cooled to 0°C over an 

ice bath with stirring ~15 min. Under a nitrogen atmosphere, the allyl chloroformate solution was 

added dropwise to the cooled solution flask. Upon complete addition, the solution flask was 

allowed to warm to room temperature overnight with stirring. The resulting mixture was filtrated 

and diluted with roughly twice the volume with ethyl acetate and transferred to a separatory funnel 

and extracted sequentially with 0.1 M HCl, deionized water, 0.1 M NaOH, deionized water, and 

brine. The organic phase was dried over anhydrous sodium sulfate and concentrated by rotary 

evaporation. The crude oil was purified by silica gel column chromatography with a mobile phase 

of hexane and ethyl acetate at 3:2 (v/v) and vacuum dried overnight to obtain a yellow viscous oil. 

1H NMR (500 MHz, CDCl3) δ 7.27 (d, J = 10.9 Hz, 5H), 6.99 – 6.84 (m, 5H), 6.02 – 5.91 (m, 4H), 

5.35 (dddd, J = 23.3, 13.8, 11.7, 1.3 Hz, 9H), 4.75 – 4.68 (m, 4H), 4.68 – 4.47 (m, 8H), 4.12 (d, J 
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= 7.1 Hz, 2H), 2.94 – 2.72 (m, 6H), 2.55 – 2.15 (m, 49H), 2.07 – 1.87 (m, 7H), 1.87 (s, 9H), 1.59 

(s, 4H), 1.53 – 1.34 (m, 12H), 1.26 (dd, J = 15.6, 8.5 Hz, 6H), 0.83 (d, J = 16.0 Hz, 7H). (Appendix 

A - Supplementary Fig. 12) 

2.2.3 Synthesis of PE2EG 

In a nitrogen glovebox, diester pro-E2 monomer (1 eq.), 2EG (1 eq.), and DMPA (0.01 eq.) were 

dissolved in minimal anhydrous THF in a glass scintillation vial with a magnetic stir bar. The 

solution was deoxygenated by nitrogen gas for ~10 min and stirred at room temperature under 

long-wave (365 nm) UV lamp for 2 hours. The resulting mixture was dissolved in DCM and 

precipitated into cold methanol. The precipitate was concentrated by centrifugation (4500 rpm for 

15 min) and the supernatant was decanted. The precipitate was vacuum dried overnight to obtain 

final product PE2EG, a yellowish sticky gum (88.6%). 1H NMR (500 MHz, CDCl3) δ 6.87 – 6.74 

(m, 5H), 4.69 (t, J = 8.2 Hz, 3H), 3.64 (dd, J = 12.4, 6.1 Hz, 18H), 2.85 (s, 6H), 2.72 (dd, J = 13.3, 

6.6 Hz, 9H), 2.65 – 2.47 (m, 14H), 2.37 – 2.14 (m, 12H), 1.93 – 1.19 (m, 48H), 0.82 (s, 7H). 

(Appendix A - Supplementary Fig. 10) 

2.2.4 Synthesis of PE6C 

In a nitrogen glovebox, diester pro-E2 monomer (1 eq.), 6C (1 eq.), and DMPA (0.01 eq.) were 

dissolved in minimal anhydrous THF in a glass scintillation vial with a magnetic stir bar. The 

solution was deoxygenated by nitrogen gas for ~10 min and stirred at room temperature under 

long-wave (365 nm) UV lamp for 2 hours. The resulting mixture was dissolved in DCM and 

precipitated into cold methanol. The precipitate was concentrated by centrifugation (4500 rpm for 

15 min) and the supernatant was decanted. The precipitate was vacuum dried overnight to obtain 

final product PE6C, a yellowish sticky gum (89.9%). 1H NMR (500 MHz, CDCl3) δ 6.78 (s, 5H), 

4.77 – 4.64 (m, 2H), 3.48 (d, J = 7.0 Hz, 4H), 2.86 (s, 5H), 2.53 (ddd, J = 24.1, 13.9, 6.8 Hz, 28H), 
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2.34 (t, J = 7.5 Hz, 14H), 1.97 – 1.13 (m, 132H), 0.82 (s, 16H). (Appendix A - Supplementary Fig. 

11) 

2.2.5 Synthesis of PC2EG 

In a nitrogen glovebox, dicarbonate pro-E2 monomer (1 eq.), 2EG (1 eq.), and DMPA (0.01 eq.) 

were dissolved in minimal anhydrous THF in a glass scintillation vial with a magnetic stir bar. The 

solution was deoxygenated by nitrogen gas for ~10 min and stirred at room temperature under 

long-wave (365 nm) UV lamp for 2 hours. The resulting mixture was dissolved in DCM and 

precipitated into cold methanol. The precipitate was concentrated by centrifugation (4500 rpm for 

15 min) and the supernatant was decanted. The precipitate was vacuum dried overnight to obtain 

final product PC2EG, an off-white sticky gum (84.4%). 1H NMR (500 MHz, CDCl3) δ 6.97 – 6.83 

(m, 13H), 4.60 (t, J = 8.2 Hz, 7H), 4.33 (t, J = 5.9 Hz, 11H), 4.22 (t, J = 5.9 Hz, 10H), 3.66 (dd, J 

= 15.7, 9.0 Hz, 44H), 2.86 (d, J = 4.9 Hz, 12H), 2.77 – 2.50 (m, 44H), 2.39 – 1.15 (m, 126H), 0.85 

(s, 15H). (Appendix A - Supplementary Fig. 12) 

2.2.6 Synthesis of PC6C 

In a nitrogen glovebox, dicarbonate pro-E2 monomer (1 eq.), 6C (1 eq.), and DMPA (0.01 eq.) 

were dissolved in minimal anhydrous THF in a glass scintillation vial with a magnetic stir bar. The 

solution was deoxygenated by nitrogen gas for ~10 min and stirred at room temperature under 

long-wave (365 nm) UV lamp for 2 hours. The resulting mixture was dissolved in DCM and 

precipitated into cold methanol. The precipitate was concentrated by centrifugation (4500 rpm for 

15 min) and the supernatant was decanted. The precipitate was vacuum dried overnight to obtain 

final product PC2EG, an off-white solid (73.9%). 1H NMR (500 MHz, CDCl3) δ 6.96 – 6.82 (m, 

5H), 4.61 (t, J = 8.5 Hz, 3H), 4.33 (d, J = 6.3 Hz, 4H), 4.22 (t, J = 6.3 Hz, 4H), 2.90 – 2.80 (m, 
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5H), 2.70 – 2.42 (m, 19H), 2.26 (dd, J = 15.0, 9.6 Hz, 8H), 2.07 – 1.20 (m, 59H), 0.85 (s, 6H). 

(Appendix A - Supplementary Fig. 13) 

2.2.7 Synthesis of PEoEG/PCoEG (o: 2, 3, 5) & PEnC/PCnC (n: 3,6,9) variants 

Poly(pro-E2) variants were synthesized following the established protocols above with minor 

variations with an average yield of 80.5 ± 9.2%. (Appendix A - Supplementary Fig. 10-13) 

2.3 Materials characterization 

2.3.1 Nuclear magnetic resonance (NMR) 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded using a 500 MHz Agilent 

NMR spectrometer at 25°C. NMR chemical shifts were reported in parts per million (ppm, d) and 

the NMR solvent used was CDCl3. Residual solvent signal for 1H NMR: CDCl3 (d 7.26). 

2.3.2 Gas permeation chromatography (GPC) 

Molecular weight distributions (MWD) were determined using GPC. GPC was carried out using 

an EcoSEC Elite HLC-8420 with THF as the mobile phase (10 µL injection volume, 0.350 mL/min 

flow rate. MWD was determined using monodisperse polystyrene standards. 

2.3.3 Differential scanning calorimetry (DSC) 

Thermal analysis was conducted using a DSC-Q2000 (TA Instruments). The instrument was 

calibrated against an indium standard. The samples (3-8 mg) were hermetically sealed into 

aluminum sample pans (TA Instruments). Empty pans were used as a reference. The samples were 

subjected to a heat/cool/heat cycle to erase previous thermal history. The samples were first 

equilibrated to -70°C then heated at a rate of 10°C/min from -70°C to 250°C, cooled at a rate of 

5°C/min to -70°C, and heated at a rate of 10°C/min to 250°C under N2 flow (40.00 mL/min). 
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2.4 Polymer film casting 

Poly(pro-E2) variants were dissolved separately in chloroform to produce 5-10% w/w (w 

polymer/w solvent) solutions depending on desired film thickness and mass. 50-150 µL of solution 

was drop-cast onto 15 mm glass cover slips, allowed to dry in air overnight, then vacuum dried 

overnight. Higher w/w solutions and larger drop-cast solution volumes were used to obtain desired 

thickness and mass over the same area. From each polymer solution, films were cast in technical 

triplicate at minimum. 

2.5 Polymer film degradation kinetics 

2.5.1 Drug release via fluorescence quantification 

To characterize degradation kinetics of poly(pro-E2) variants, 3-5 films (~3 mg polymer/film) 

prepared by solution drop-casting were analyzed. Films were submerged in 20 mL of PBS (0.1 M, 

pH 7.4) in a 50 mL conical centrifuge tube and incubated at 37°C to mimic physiological 

temperature. PBS was collected every two weeks, then replaced with 20 mL of fresh PBS. All 

samples were stored at -20°C until quantification of E2 concentrations. Due to slow rates of 

degradation observed, a modified accelerated degradation at 60°C was also employed with PBS 

collected and replaced weekly.  

 

At each timepoint, PBS solutions were lyophilized, then desalinated by extraction in acetone. 

Methanol and acetonitrile extraction was also employed but resulted in greater salt solubility while 

maintaining similar, high E2 solubility. Acetone was removed by rotary evaporation, then samples 

were concentrated in 1-octanol to give higher fluorescent signals within the chosen calibration 

range. 1-octanol was chosen as a solvent which produced the highest fluorescent quantum yield61. 

Prior to fluorescence quantification, 2-fold serial dilutions of E2 concentrations in 1-octanol 
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ranging from 1 µM to 16 µM were prepared to create a standard curve. E2 concentrations were 

measured using a Fluorolog Tau-3 fluorescence spectrometer (Horiba Scientific) in steady state 

mode with an excitation wavelength of 280 nm. Emission spectra were integrated, and the value 

of each sample was then converted to the corresponding E2 concentration using the standard curve 

(Appendix C). 

2.5.2 Degradation kinetics via mass loss and molecular weight analysis 

To characterize degradation kinetics of poly(pro-E2) variants, 4 films (~18 mg polymer/film), 

prepared by solution drop-casting were analyzed. Prior to analysis, films were cooled to below 

their respective glass transition temperature (Tg), biopsy punched to 12mm circular disk, and 

peeled off the glass slides to maintain uniform surface area. Films were then transferred to 20 mL 

scintillation vials and weighed on an analytical balance with a resolution of 0.00001 g. Films were 

submerged in 20 mL of PBS (0.1 M, pH 7.4) and incubated under accelerated conditions at 60°C 

due to the increased mass and slow degradation rates. Every week, one sample was removed for 

analysis. PBS was collected, then replaced with 20 mL of fresh PBS for the remaining samples to 

maintain sink conditions. At each timepoint, PBS solutions were stored at -20°C until 

quantification of E2 concentrations.  

 

For the sample under analysis, films were rinsed with 10 mL of millQ water to remove residual 

salt which was subsequently added to the corresponding PBS sample. Following the milli Q rinse, 

10 mL of methanol was added, and the polymer was soaked for 1 hr. Methanol was added as it is 

a nonsolvent for the polymer while being a good solvent for E2 and potential oligomeric 

byproducts. The sample was then divided into a methanol soluble and methanol insoluble fraction. 
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The methanol was transferred to a new vial herein defined as the methanol soluble fraction and 

remaining polymer film is defined as the methanol insoluble fraction. 

 

For the methanol soluble fraction, methanol was removed by rotary evaporation and vacuum dried 

till constant mass (48 hr, 30 mTorr). The fraction was then weighed on an analytical balance with 

a resolution of 0.00001 g. The fraction was then taken for GPC analysis to observe changes in the 

MWD and the presence of E2. 

 

The methanol insoluble fraction was vacuum dried till constant mass (48 hr, 30 mTorr). The 

fraction was then weighed on an analytical balance with a resolution of 0.00001 g to track mass 

loss and weight retention. The fraction was then taken for GPC analysis to observe changes in the 

MWD over time. 

2.6 Material degradation & erosion mechanism 

The degradation and erosion mechanism of polymer films was examined by scanning electron 

microscopy (SEM) and optical microscopy to observe changes in turbidity, surface topography, 

surface area, and surface pitting as evidence of bulk or surface erosion. 
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3. RESULTS & DISCUSSION 
3.1 Polymer synthesis 

Polymer synthesis and characterization are described in detail in the 2.2 Methods and Appendix 

A. The poly(pro-E2) materials synthesized were designed as a distribution-controlled drug release 

systems for SCI. Previous work has been done in vivo32 and ex vivo31 using E2 films showing 

stable release of therapeutic doses of E2. Poly(pro-E2) variants were synthesized by changing the 

chain modifier lengths to study structure-property relationships to systematically tune material 

properties, release kinetics, and ultimately cell response. 

 

In brief, the bifunctionality of E2 was exploited to create linear poly(pro-E2) biomaterial scaffolds. 

First, the hydroxyl and phenoxy groups of E2 were functionalized with 4-pentenoic acid or allyl 

chloroformate to yield an ester or carbonate prodrug of E2, respectively.  The small molecule E2 

prodrug containing a hydrolytically labile ester or carbonate linkage along with reactive allyl end 

groups was then copolymerized with thiols. Step-growth copolymerization was carried out with 

aliphatic dithiols or oligo(ethylene glycol) (oEG) dithiols via photo-initiated thiol-ene click (TEC) 

reaction (Fig. 1.8, 3.1). Characterization by GPC confirmed the formation of high MW polymer 

(Mn: 24 – 43 kDa, Ð: 2.6-4.0) and 1H NMR are consistent with the proposed chemical structures. 
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Figure 3.1: Representative reaction schema for poly(pro-E2) variants. 

Poly(pro-E2) variants synthesized via step-growth polymerization afforded polymers of similar 

MWD with high yields. However, batch to batch reproducibility difficult to control on a small 

scale (<1 g). Polymer solution concentration, photo-initiator concentration, ultraviolet (UV) 

exposure time, and oxygen inhibition of DMPA photo-initiator may result in differences in MWD 

from batch to batch. Interestingly, diester pro-E2 monomers copolymerized with alkyl dithiol 

monomers yielded cross-linked polymer gels. The gels were highly swellable in organic solvent 

(> 4x the original volume) (Appendix B - Supplementary Fig. 15). Polymer gel formation may be 

a result of disulfide bond formation in alkyl dithiols. However, gel formation was not observed for 

copolymerization with dicarbonate pro-E2 monomers. Gel formation seems to be encouraged by 
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high polymer solution and photo-initiator concentrations along with increased UV exposure time. 

Conversely, TEC reaction under dilute conditions with shorter UV exposure times can hinder gel 

formation.  

3.2 Material properties 

Thermal analysis of polymers by DSC resulted in an extensive range of glass transition 

temperatures from -26.05°C to 57.64°C (Fig. 3.2). The results are consistent with the soft, gummy, 

and rubbery properties of low Tg polymers at room temperature and the hard, brittle, and glassy 

properties of high Tg polymers at room temperature (Appendix B - Supplementary Fig. 14). 

Polycarbonates and alkyl chain modifiers yielded higher Tg in comparison to polyesters and oEG 

chain modifiers which is consistent with backbone rigidity (Fig. 3.3). Additionally, the longer 

flexible linkers which increase free volume suppress Tg. Conversely, the cross-linked gels 

increased Tg in comparison to the polymer of the same chemical structure (Fig. 3.4). No melting 

or crystallization peaks were observed which are consistent with the amorphous nature of the 

polymers. 

 

Through systematic elongation of chain modifier unit, Tg can be selectively tuned. As a result, the 

mechanical properties, chemical properties, and degradation kinetics can be influenced allowing 

for highly tailorable drug delivery system.  
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Figure 3.2: Poly(pro-E2) DSC curves and glass transition temperatures. 

Table 3.1: Poly(pro-E2) variant glass transition temperatures. 

Polymer Tg (°C) 
PC3C 57.64 
PC6C 43.55 
PC9C 31.30 

PC2EG 24.00 
PC3EG 3.67 
PC5EG -13.13 
PE2EG 3.26 
PE3EG -8.69 
PE5EG -26.05 
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Figure 3.3: Poly(pro-E2) DSC curves and glass transition temperatures. 
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Figure 3.4: Poly(pro-E2) gels v. polymer DSC curves. 

Table 3.2 Poly(pro-E2) gels v. polymer glass transition temperatures. 

Polymer Tg (°C) 
PE3C gel 36.56 
PE6C gel 25.25 
PE9C gel 13.23 

PE6C poly 10.30 

3.3 Degradation kinetics 

3.3.1 Drug release 

The poly(pro-E2) materials synthesized were designed as a distribution-controlled drug release 

systems for SCI with the goal of stable, sustained, therapeutic levels of E2 release on the time scale 

of months to years. Only four poly(pro-E2) variants (PE2EG, PE6C, PC2EG, and PC6C) were 

analyzed to observe differences between polyester v. polycarbonate linkages as well as hydrophilic 

oEG chain modifiers v. hydrophobic alkyl chain modifiers. Drug release kinetics from the four 

polymers was monitored in vitro and quantified by fluorescence spectroscopy (Appendix C). Film 
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degradation was studied at 37°C to mimic physiological temperature. Zero-order release profiles 

were observed with statistical differences between polymers. All appear to be releasing ~7 µg of 

E2 weekly corresponding to ~0.4% E2 release weekly. Under zero-order release, it would require 

nearly 5 years to fully degrade the entire film. 

 

Based on the optical and SEM images, visible differences can be seen between polymer variants. 

However, the release data suggest that all are releasing at the same rate. Based on the structure and 

material properties, the ester linked polymers should be degrading faster than the carbonate linked 

polymers while the polymers containing an oEG chain modifier should be degrading faster than 

the polymers containing an alkyl chain modifier. 

 

In addition to degradation, drug transport, must be considered in the overall kinetics of drug 

release. Drug transport encompasses both drug dissolution and diffusion. While autocatalytic 

degradation mechanisms such as ester hydrolysis can accelerate degradation, size-dependent drug 

transport may also strongly influence drug release kinetics62. In the case of the poly(pro-E2) 

variants, E2 is strongly hydrophobic with poor water solubility. As a result, drug transport and 

release rely on diffusion through the polymer matrix rather than water solubility. This could result 

in a partitioning effect or phase separation of hydrophilic and hydrophobic degradation products. 

This could be cause of the similar drug release rates observed via fluorescence spectroscopy. The 

hydrophobic aromatic molecules such as E2 would rather “stick” to the film and remain within the 

bulk of the material rather than release into solution. 
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To test the reproducibility of the fluorescence technique, complete accelerated degradation of each 

polymer was carried out in 6M NaOH at 80°C. The strongly basic conditions should promote rapid 

hydrolytic degradation and complete degradation was observed after 3 days63. Samples were then 

neutralized with 6M HCl, lyophilized, and desalinated following the same procedure as the film 

degradation at 37°C. Due to the large, expected mass of E2, samples were diluted in 1-octanol into 

the range of the standard curve prior to measuring fluorescence. The emission spectra that resulted 

(Appendix C – Supplementary Fig. 22) yielded an irregular curve shape. Multiple emission 

wavelengths of longer lifetimes were observed. Additionally, the percent recovery of E2 was 

relatively low ~65-75% (Appendix C – Supplementary Table 1).  

 

The similar drug release kinetics from polymer to polymer along with the irregular curve shape 

could be a result of solubility limitations by phase separation in water. The partitioning of 

hydrophobic and aromatic molecules cleaved during degradation could cause E2 and other 

hydrophobic byproducts to remain stuck to the film rather than release into water. As a result, a 

new method was devised to further investigate drug release kinetics. 

3.3.2 Mass loss 

To combat the potential limited drug release into water, mass loss tracking was conducted to 

measure weight retention v. time which could then potentially be converted to drug release v. time 

after characterization and identification of degradation by products. To accurately track mass loss, 

films of thicker and larger mass (~18 mg) were solution drop-cast onto glass slides and biopsy 

punched to 12 mm round disks. This would also combat effects of surface area initially which 

could also affect the degradation rates. Due to the larger mass and slow hydrolysis rates, films 
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were studied under accelerated degradation conditions at 60°C to produce more detectable mass 

loss changes over time.  

 

Mass loss data shows that the polyesters degrade faster than the carbonates which is consistent 

with the increased hydrophilicity of the hydrolytically labile ester linkage (Fig. 3.5). However, the 

alkyl chain modified polymers are degrading faster than the oEG chain modified polymers. The 

poor correlation coefficients are related to the limited number of replicates (Appendix C). This 

study should be repeated in technical triplicate but provides proof of concept with clear discernable 

trends between polymer variants. 

 

Figure 3.5: Accelerated mass loss (60°c) – Methanol insoluble fraction. 
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3.3.3 Molecular weight analysis 

Molecular weight analysis was carried out to analyze methanol soluble and insoluble fractions for 

changes in MWD and the presence of E2. MWD of the methanol insoluble fraction show peak 

molecular weight shift toward lower MW over time with PC2EG exhibiting a slight increase (Fig. 

3.6, Table 3.3). All show broadening elution curves with increasing dispersity which would be 

consistent with the release of low MW oligomeric byproducts.  

 

The polyester variants also show larger differences in MW loss over time. PE6C, the fastest 

degrading polymer based on the mass loss data shows the most significant reduction in MW by 

~50% in 3 weeks. Polyester degradation results in acidic byproducts upon hydrolytic breakdown. 

The acidic byproducts may be of concern for an inflammatory response when considering these 

materials as an implantable device but that is beyond the scope of this research. The acidic 

byproducts formed have been shown to have an autocatalytic effect on degradation leading to 

significant decreases in MWD which is seen from the molecular weight analysis of MeOH 

insoluble fractions62,64. Conversely, PC2EG which showed a slight peak shift toward higher MW, 

showed a slight increase in MW loss over time. This could be attributed to selective degradation 

of shorter polymer chains relative to longer polymer chains which would skew the MWD toward 

higher MW.  

 

To develop an explanation for the contradictory faster degradation by the more hydrophobic alkyl 

linked polymers, optical and SEM images were taken into consideration to look at visual changes 

in erosion. 
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For methanol soluble fractions, the E2 elution peak is not observed (Fig. 3.7). Based on the 

fluorescence data, E2 concentrations are extremely low and would likely be undetectable by GPC. 

However, there are clear low MW peaks between elution times of 13.5 min to 15 min 

corresponding to oligomeric byproducts. These low MW byproducts may be cleaved chain 

modifiers or a partially cleaved functionalized E2. A key difference is a small high MW peak 

around an elution time of 12 min seen only in the polyester pro-E2 materials. This decreases over 

time but could be cause for faster degradation rate of polyesters v. polycarbonates. 

 

To fully understand the degradation kinetics, further time points are needed. Additionally, mass 

spectroscopy can be performed to identify low MW byproducts seen in the methanol soluble 

fractions.  
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Figure 3.6: GPC elution profiles over time of methanol insoluble fractions. 
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Table 3.3: Molecular weight analysis of methanol insoluble fractions over time for poly(pro-E2) variants. 

PE2EG (wk) Mn Mw D MW Loss (%) 
0 16.5 40.4 2.45 100.00 
1 15.2 37.3 2.45 92.33 
2 14.7 34.3 2.33 84.90 
3 13.7 33.5 2.45 82.92      

PE6C (wk) Mn Mw D MW Loss (%) 
0 17.1 30.0 1.75 100.00 
1 11.9 20.7 1.74 69.00 
2 5.49 22.9 4.17 76.33 
3 6.03 14.9 2.47 49.67      

PC2EG (wk) Mn Mw D MW Loss (%) 
0 14.5 43.6 3.01 100.00 
1 14.5 42.4 2.92 97.25 
2 14.6 44.7 3.06 102.52 
3 16.8 61.7 3.67 141.51      

PC6C (wk) Mn Mw D MW Loss(%) 
0 11.9 30.1 2.53 100.00 
1 9.58 27.5 2.87 91.36 
2 9.3 26.3 2.83 87.38 
3 8.28 29.4 3.55 97.67 
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Figure 3.7: GPC elution profiles over time of methanol soluble fractions with E2 elution peak. 

 

3.4 Material degradation & erosion mechanism 

From the initial visual observation and optical images, hydrophobic alkyl linked polymers 

displayed cloudiness and turbidity within a week of incubation at 37°C (Fig. 3.8).  For all polymers 

minimal changes in total areal coverage were observed during the 10 week incubation period. 

However, large visible pores were seen in the PE2EG polymer after roughly 2 weeks. Through 

visual observation, PE2EG seems to be degrading the fastest which would be consistent with the 

increased hydrophilicity of polymer through ester linkages and oEG chain modifiers.  
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Figure 3.8: Optical images of films from left to right: PE2EG, PC2EG, PE6C, and PC6C. From top to 
bottom: Row 1: As cast, Row 2: 1 week degradation, Row 3: 4 week degradation. 

Upon further inspection via SEM, nanoscale roughness was observed in hydrophobic alkyl linked 

polymers which is consistent with the observed cloudiness and turbidity (Fig. 3.9). The visual 

pitting corrosion observed is evidence of heterogenous surface erosion in comparison to the 

smooth homogenous surfaces seen bulk eroding oEG linked polymers. SEM micrographs also 

show slight differences in the roughness of PE6C v. PC6C. The more hydrophilic PE6C shows 

more rounded profiles in comparison to ridges and valleys seen in PC6C. This increased surface 

roughness can also improve the wettability of the polymers31. 
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Figure 3.9: SEM images of films from left to right: PE2EG, PC2EG, PE6C, and PC6C. From top to bottom: 
Row 1: As cast, Row 2: 1 week degradation, Row 3: 4 week degradation.  

Degradation (bond cleavage) of these polymers relies on hydrolytic cleavage of bonds, water 

permeation, and highly labile groups allow for rapid hydrolysis. Likewise, hydrophobic monomer 

units such as the aliphatic dithiol comonomers used can retard water permeation and hydrolysis45. 

The carbonyl bond in both the ester and carbonate linkages is the most hydrolytically susceptible. 

However, among the two linkages, the esters degrade faster than carbonates62,63,65. As a result, it 

would be expected that the polyesters would degrade faster than the polycarbonates and the oEG 

chain modifiers would degrade faster than the alkyl chain modifiers. 

 

In terms of erosion (depletion of material), two mechanisms will occur, either surface or bulk 

erosion. However, in most cases, there is a combination of the two mechanisms. Surface erosion 

dominates when the rate of erosion exceeds the rate or water permeation and vice-versa for bulk 

erosion. In the case of bulk erosion, water molecules can permeate through the bulk of the polymer 

matrix faster than erosion. This can allow for the bulk to be hydrolyzed resulting in more complex 

degradation/erosion kinetics. Many biodegradable polymers used in drug delivery undergo bulk 

erosion including polyester materials45. Interestingly, erosion profiles have been shown to be 
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dependent on erosion conditions and geometry as well. There is a critical dimension that separates 

bulk and surface eroding materials, with the critical thickness of polyesters being lower than 

polycarbonates by two orders of magnitude66.  

 

Numerous material properties can influence degradation such as monomer structure, molecular 

weight, hydrophilicity, crystallinity, phase separation, and material processing67–70. The proximity 

of the Tg to the physiological temperature also contributes to degradation behavior71. As a result, 

there are many complexities to consider when predicting and understanding the degradation 

mechanism. 

 

Based on the mass loss data, the polyesters are degrading faster than the polycarbonates which is 

consistent with the optical and SEM images. However, the hydrophobic alkyl linked polymers are 

degrading faster based on the mass loss data which is contradictory to the images and knowledge 

of degradation/erosion kinetics. The reason for this could be attributed to the nanoscale roughness 

and pitting corrosion observed which could increase the surface area and access the hydrolytically 

labile bonds.  

 

The heterogenous erosion behavior seen in the alkyl linked polymers shows greater interior 

degradation in comparison to the surface. Heterogenous mass loss in bulk eroding polymers can 

be attributed to autocatalytic degradation and mass transport limitations72–74.  

 

Although, the molecular weights of the polymers are relatively similar, synthesis of PE6C tends 

to lead to lower molecular weights in comparison to the other polymer variants. The images also 
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seem to show that PE2EG is degrading the fastest while the mass loss data suggests the opposite 

as it is the slowest degrading. This could be attributed to the low Tg of 3.26°C in comparison to 

the 60°C accelerated degradation conditions the films were subjected to. As a result, it would be 

beneficial to conduct mass loss studies at 37°C to observe changes in degradation rates and the 

temperature influence on the degradation and erosion mechanism. 
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4. Conclusion 

The library of poly(pro-E2) variants synthesized illustrates the vast potential in the ability to 

systematically tune material properties and release kinetics using the polyprodrug platform. Step-

growth polymerization via a thiol-ene click reaction has been shown to be effective in producing 

high molecular weight polymers capable of extended drug release. The synthesis strategy utilizing 

ester and carbonate cleavable linkers could be extended to other polymer classes such as 

poly(anhydrides), poly(ketals), poly(amides), etc. Additionally, varying chain modifier chemistry 

was shown to significantly influence material properties allowing for highly tailorable systems in 

the future.  

 

The degradation studies conducted support the faster degradation and erosion kinetics of polyesters 

over polycarbonates which can be attributed to increased hydrophilicity and autocatalytic effects 

of acidic degradation byproducts. However, the unexpected faster degradation of more 

hydrophobic polymers in the case of the alkyl chain modified polymers requires further 

investigation. The results suggest that phase separation and morphology hold greater weight when 

considering the overall degradation kinetics of polymer variants. 

 

Additional studies are being conducted to further examine the structure-property relationships and 

the effect on degradation kinetics. Mass loss tracking is ongoing and similar trends are expected. 

Mass spectroscopy data will be collected for methanol soluble fractions to identify degradation 

products. Nanoindentation data will be collected to hopefully show decreasing modulus and 

hardness with decreasing Tg. Contact angle data will be collected to relate wettability with surface 

roughness and hydrophobicity/hydrophilicity. Ultimately, this data should provide greater insight 
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into the degradation kinetics to help select the best materials for future efforts in the development 

of animal and cell models for combatting the progressive secondary injury cascade of SCI.  
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APPENDICES 
A. Poly(pro-E2) materials reaction schema and NMR 

 
Supplementary Figure 1: Diester pro-E2 monomer. 
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Supplementary Figure 2: Dicarbonate pro-E2 monomer. 
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Supplementary Figure 3: PE2EG. 
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Supplementary Figure 4: PE6C. 
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Supplementary Figure 5: PC2EG. 
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Supplementary Figure 6: PC6C. 
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Supplementary Figure 7: PE2EG (red), PE3EG (green), PE5EG (blue). 
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Supplementary Figure 8: PC2EG (red), PC3EG (green), PC5EG (blue). 
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Supplementary Figure 9: PC3C (red), PC6C (green), PC9C (blue). 
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Supplementary Figure 10: PEoEG reaction schema. 

 
Supplementary Figure 11: PEnC reaction schema. 
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Supplementary Figure 12: PCoEG reaction schema. 

 
Supplementary Figure 13: PCnC reaction schema. 
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B. Poly(pro-E2) variants physical appearance 

 
Supplementary Figure 14: Physical appearance of poly(pro-E2) variants. 

 
Supplementary Figure 15: Representative sample of poly(pro-E2) gel. PC3C imaged above: Swelled in 

organic solvent (DCM) on left and dried sample on right. 
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C. Fluorescence spectroscopy sample data 

 
Supplementary Figure 16: Emission spectra of known E2 concentrations in 1-octanol. 

 
Supplementary Figure 17: Standard calibration curve. 
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Supplementary Figure 18: 5-week timepoint emission spectra. 

 
Supplementary Figure 19: 6-week timepoint emission spectra. 

0.00E+00

5.00E+04

1.00E+05

1.50E+05

2.00E+05

2.50E+05

3.00E+05

3.50E+05

4.00E+05

290 300 310 320 330 340 350 360 370 380 390

[I
] (

cp
s)

Wavelength (cps)

PEoEG PEHex PCoEG PCHex

0.00E+00

5.00E+04

1.00E+05

1.50E+05

2.00E+05

2.50E+05

3.00E+05

3.50E+05

4.00E+05

290 300 310 320 330 340 350 360 370 380 390

[I
] (

cp
s)

Wavelength (nm)

PEoEG PEHex PCoEG PCHex



 

61 

 

 
Supplementary Figure 20: PE6C emission spectra with increasing 1-octanol dilution volume (μL). 

 
Supplementary Figure 21: PE6C emission spectra integrated area v. 1-octanol dilution volume. 
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Supplementary Figure 22: Complete accelerated degradation emission spectra. 

 
Supplementary Table 1: Complete accelerated degradation data. 

 
m_E2 
initial 
(mg) 

Integrated 
Area 

Concentration 
(μM) 

V_octanol 
(mL) 

m_E2 
sample 
(mg) 

% recovery 

PEoEG 0.21 2.46E+07 10.02 13.5 0.13522 64.01 

PEHex 0.21 2.52E+07 10.29 13.5 0.13888 66.50 

PCoEG 0.18 2.76E+07 11.47 12 0.13766 77.73 

PCHex 0.19 2.76E+07 11.49 12 0.13793 72.53 
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D. Mass loss data 

Supplementary Table 2: Accelerated mass loss (60°C) – Combined methanol soluble and insoluble fractions. 

  Time (wk) Sample mass (%) Mass Recovered (%) 

PE
2E

G
 

0 100.00 n/a 
1 94.89 133.54 
1 92.62 94.91 
2 96.16 98.16 
2 92.94 95.21 
3 93.46 94.86 

PE
6C

 

0 100.00 n/a 
1 90.33 97.21 
1 88.99 92.45 
2 83.79 87.84 
2 89.48 92.75 
3 83.25 86.03 

PC
2E

G
 

0 100.00 n/a 
1 96.23 98.05 
1 91.14 92.74 
2 94.60 97.33 
2 92.89 95.31 
3 91.79 93.10 

PC
6C

 

0 100.00 n/a 
1 93.08 94.67 
1 91.93 94.49 
2 91.18 94.55 
2 90.49 93.63 
3 89.21 90.38 
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