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ABSTRACT 
 

DEVIN G. BARRETT: DESIGN, SYNTHESIS, AND APPLICATIONS OF NOVEL 
POLYESTERS BASED ON NATURAL METABOLITES 

 
(Under the direction of Dr. Muhammad N. Yousaf) 

 
As the biomedical and biotechnological fields expand, the design of novel materials 

will be essential in order to meet new requirements.  Specifically, the field of tissue 

engineering continuously evolves as new materials and medical information are gathered.  

Scaffolds for tissue engineering need to be strong and flexible so that they can accommodate 

the body’s natural movements.  A class of potential soft tissue scaffolds – biodegradable 

polyester elastomers – has become a very popular option for these applications.  Although 

useful, the ability to chemically tailor these materials for application-specific needs is 

challenging.  Being able to easily append biologically relevant molecules onto tissue 

scaffolds would add a new and critical level of control over the interactions of cells and 

tissues with the materials.  We have focused on the design of polyketoesters based on natural 

monomers, many of which are FDA approved for use in humans. The presence of ketones 

allows for facile and efficient chemical modifications that enable one polyester backbone to 

accommodate multiple functions. Because thermal polycondensation was used to synthesize 

these polyesters, the macromolecular properties of the final polymers can be tailored to fit the 

needs of a particular application by varying the starting materials and the curing conditions. 
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1.1 Introduction 

The field of tissue engineering has emerged in order to offer a method to repair and/or 

replace injured tissue.1-3  Synthetic polymer/tissue systems have the potential to offer an 

alternative to organ transplantation when the tissues are damaged and cannot be healed.1-3  

Recent research has suggested that tissue scaffolds should closely mimic the mechanical 

profiles of the corresponding natural tissues.  Throughout the human body, many diverse 

biological materials exist, all demonstrating unique sets of mechanical characteristics.4-8  Not 

only do heart valves, bladder, smooth muscle, collagen fibers, and elastin all exhibit different 

mechanical properties, but their strengths and flexibilities vary over several orders of 

magnitude.  Therefore, significant research has been aimed at designing biocompatible 

scaffolds that offer mechanical versatility.  Polyester elastomers are one such class of 

materials that has demonstrated this mechanical diversity.  These polymers are hydrolytically 

degradable, and have thus gained popularity for use in the field of tissue engineering.9, 10  

Additionally, polyester elastomers frequently exhibit degradation rates that can be tuned for a 

particular application.11-13 

 In the last decade, as synthetic polyester elastomers have become popular options for 

soft tissue engineering, research has investigated a wide range of biomaterials with 

mechanical properties that recreate those of the natural tissue.5,6,14-17  The flexibility and 

strength of a tissue scaffold have been shown to enhance cellular behavior and/or tissue 

proliferation.18-21  Of the previously synthesized polyester scaffolds, examples of both 

thermosets and thermoplastics have been described.9,10,13,22  When compared to thermoplastic 

materials, thermosets offer several advantages that are critical for biomedical applications.  

For example, thermoset polyester elastomers can be designed to be completely amorphous, 
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Table 1.1 Mechanical Properties of Some Polyester Biomaterials 

Material Young’s Modulus 
(MPa) UTS (MPa) Rupture Strain 

(%) 
Biological 

Testing Reference 

PGSa 0.282 > 0.5 > 267 yes 23,27,28 
PPSb 0.37 – 378.0 0.57 – 17.64 11 – 205 yes 29,30 

PAPSc 2.45 – 4.24 1.33 – 1.69 64 – 92 yes 31-33 
PDCd 1.60 – 13.98 2.93 – 11.15 117 – 502 yes 35,36 

POCDAe 5.91 – 32.64 1.47 – 10.71 200 – 260 yes 52 
PECf 0.25 – 1.91 0.51 – 1.51 140 – 1506 no 53 
PGDg 136.55p (1.08)q 7p (0.45)q 225p (123)q yes 54 
PDMh 0.98 – 4.04 0.21 – 4.16 25 – 737 yes 59 
PGSCi 0.61 – 3.26 0.63 – 1.46 51 – 170 no 60,61 

PGSC-CNTj 6.6 – 9.2 2.8 – 4.4 40 – 44 yes 65 
PPSCk 0.60 – 1.23 0.87 – 2.12 225 – 431 no 66 

PPSC-nHApl 0.29 – 3.60 0.89 – 8.21 256 – 320 yes 67 
POCOSm 0.19 – 1.10 0.24 – 0.63 127 – 231 no 68 
PGSAn 0.048 – 1.375 0.054 – 0.498 47.4 - 170 yes 71-73 
PBMo 12 – 930 4.5 – 37 12 – 47 no 85 

a poly(glycerol sebacate); b poly(polyol sebacate); c poly(1,3-diamino-2-hydroxypropane–co–
polyol sebacate); d poly(diol citrate); e diamine-containing poly(1,8-octanediol citrate); f 
poly(PEG citrate); g poly(glycerol dodecanedioate); h poly(1,12-dodecanediol malate); i 
poly[(glycerol sebacate) citrate]; j composites of poly[(glycerol sebacate) citrate] and carbon 
nanotubes; k poly[(1,2-propanediol sebacate) citrate]; l composites of poly[(1,2-propanediol 
sebacate) citrate] and nanocrystalline hydroxyapatite; m poly(1,8-octanediol citrate -co- 1,8-
octanediol sebacate); n poly(glycerol sebacate acrylate); o poly(but-2-ene-1,4-diyl malonate); 
p tested at room temperature; q tested at 37 °C. 
 

allowing for consistent degradation rates and a linear loss of mechanical properties.9,23  

Additionally, polyester thermosets often degrade in a manner that allows for the retention of 

the three-dimensional (3D) structure throughout hydrolysis.23  On the contrary, thermoplastic 

elastomers often contain crystalline regions, which can cause heterogeneous hydrolytic 

degradation and a non-linear loss of mechanical strength.24,25  As a result, thermoplastic 

materials often suffer a loss of their 3D geometry.23,26 

1.2 Thermal Polycondensation of Biodegradable Polyesters 
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 Recently, thermal polycondensation has evolved into a popular strategy for designing 

versatile polyester biomaterials.10,13,22  By starting with monomers of average functionality 

greater than 2, polymer chains cross-link and create thermosets.  This technique has 

experienced an increase in use due to several factors: its ease, its flexibility, and the resulting 

materials.  The ease of this polymerization strategy is difficult to match; monomers are 

heated in a partial vacuum in order to form esters.  Due to variations in monomer choice, the 

length of the curing period will vary.  However, the final product is always a cross-linked 

polyester.  No organic chemistry training is necessary to perform these reactions as no 

complex synthetic transformations are required.  Due to the simplicity of this method, a wide 

range of scientists can develop biomaterials.  Additionally, thermal polyesterification is a 

very flexible synthetic strategy.  Application-specific properties can be imparted on the final 

material through the choice of polyol or polyacid.10,13,22  The main limitations of this strategy 

are the melting and boiling points of the monomers.  The monomers should remain in the 

liquid state during the synthetic procedure (often between 100 °C and 150 °C and under 

partial vacuum).  However, an incredibly large number of polyols and polyacids satisfy this 

single criterion.  Finally, the polyesters elastomers that have been designed with thermal 

polycondensation are simple and effective.  These polyester biomaterials are excellent 

candidates for future biomedical and biotechnological applications. 

 Synthetic and elastomeric polyesters have been designed with thermal 

polycondensation to incorporate a wide variety of monomers.  Some polymers have been 

based on starting materials that are endogenous to the human metabolism.22  The choice of 

molecules that are naturally present in the human metabolism offers a route to minimize 
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toxicity.  Some materials have also been thermally polymerized so as to comprise starting 

materials from other successful biomaterials.13,22 

1.2.1 Poly(Glycerol Sebacate) 

Current interest in thermally cross-linked polyester networks is largely due to the 

pioneering work of Dr. Robert Langer.  In 2002, poly(glycerol sebacate) (PGS), a polyester 

that is analogous to vulcanized rubber, was introduced (Figure 1.1).27  By heating glycerol 

and sebacic acid for several days, esterification led to the formation of a pre-polymer, which 

can be melted or dissolved for further fabrication processes.  The design of PGS was 

motivated by the need for biodegradable materials that are robust in terms of their 

mechanical properties.  A strong and biocompatible polyester elastomer was hypothesized to 

be potentially useful in a wide range of biomedical applications.  Glycerol and sebacic acid 

are endogenous to the human metabolism, minimizing potential cytotoxic effects after 

degradation.22  PGS achieved a Young’s modulus (YM), an ultimate tensile stress (UTS), and 

a rupture strain (RS) of 0.282 MPa, > 0.5 MPa, and > 267 %, respectively.  In vitro 

biocompatibility was also explored by seeding fibroblasts onto PGS-coated glass petri dishes.  

When compared to a positive control of poly(lactide–co–glycolide) (PLGA), cells displayed 

normal morphologies and proliferated well.  In vivo testing was then performed by 

subcutaneously implanting PGS films in rats.  Based on the formation of fibrous capsules and 

the general inflammatory response, PGS implants exhibit less negative physiological 

consequences than similar PLGA implants.  Also, subcutaneous PGS implants were 

undetectable after 60 days, indicating that they were completely resorbed by the rats with no 

scarring or permanent deformation to the histological structure. 
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Figure 1.1. Synthesis of poly(glycerol sebacate). 

 

 The ways in which the mechanical properties and geometry of the material change 

during hydrolysis are important characteristics of implanted biodegradable materials.  PGS 

was studied throughout the course of in vivo degradation in order to determine the timescale 

during which its mechanical and geometrical characteristics were maintained.23  Throughout 

the 35-day study, PGS samples maintained their overall geometry.  Conversely, PLGA 

implants were distorted significantly within 14 days.  This observation was further 

characterized with scanning electron microscopy in order to visualize the surfaces of PGS 

and PLGA after implantation.  PGS films had similar surface topologies during the course of 

the study, while holes and cracks were often observed in PLGA elastomers.  The rate of mass 

loss is also important because it is intimately linked to mechanical integrity.  PGS 

demonstrated a linear rate of mass loss and mechanical strength loss with respect to time.  

PLGA samples experienced a dramatic loss in mechanical strength by day 7 and in mass by 

day 21.  These findings are most likely explained by different mechanisms of degradation for 
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PGS (surface erosion) and PLGA (bulk degradation).  The preliminary results indicate that 

PGS should be a successful biomaterial with many in vivo applications. 

 Recently, PGS was used to create myocardial tissue scaffolds.28  Designing grafts for 

myocardial repair has been difficult due to the need to recreate cardiac anisotropy.  The 

majority of previous candidates have been incompatible with the fabrication of a truly 

biomimetic system.  Taking inspiration from natural collagen fibers that form a honeycomb-

like scaffold for cardiac muscle fibers, Engelmayr et al. fabricated similar structures 

composed of PGS.  Upon mechanical testing, the relationship between stress and strain in the 

preferred and the cross-preferred directions demonstrated anisotropic behavior.  Further 

studies were conducted by comparing the rigidity and flexibility of PGS to those of an adult 

rat’s right ventricular myocardium to explore whether PGS honeycomb scaffolds could be 

used in vivo.  Both the microfabricated PGS and the natural rat tissue showed anisotropic 

behavior with similar stress-strain relationships.  After simulating physiological loading in a 

fatigue bath and determining the effect of in vitro cell culturing on the anisotropy, PGS 

honeycomb-like scaffolds were found to be promising, but not yet ideal, materials for 

myocardial repair.  Additionally, after seeding, neonatal rat heart cells oriented in the 

preferred direction without any external stimuli; this phenomenon is not often observed in 

isotropic scaffolds.  Finally, heart cell contractility could be induced by electrical stimulation 

with directionally dependent electrical excitation.  After these preliminary studies, the Langer 

research group believes that PGS honeycomb-like scaffolds offer a potential route to 

functional myocardium repair through tissue engineering. 

1.2.2 Poly(Polyol Sebacate) 
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Sebacic acid has also been combined with several sugar alcohols, generating a wider 

range of sebacate-based biomaterials with distinct properties.29,30  All of the sugar alcohols – 

xylitol, sorbitol, mannitol, and maltitol – are non-toxic and mostly used as sugar substitutes 

in foods.  Sugar alcohols are ideal monomers for thermal polymerization because they do not 

discolor and degrade upon melting the way that sugars can.  By combining these sugar 

alcohols with sebacic acid, seven different poly(polyol sebacate) (PPS) materials were 

synthesized (Figure 1.2).  By altering the equivalents of the diacid, the mechanical and 

physical properties of the resulting polyesters could be tuned.  The PSS series of biomaterials 

were able to achieve a wide range of YM (0.37 – 378.0 MPa), UTS (0.57 – 17.64 MPa), and 

RS values (205.16 – 10.90 %).  Additionally, despite the large number of hydroxyl groups in 

the monomers, the water swelling of these polymers could be controlled, with values ranging 

from 1.40 % to 6.28 %.  Interestingly, the different PPS materials were able to elicit very 

different cellular morphologies upon adhesion.  When cells were seeded to two of the 

materials synthesized from sorbitol or mannitol, few were able to attach; of those that did, the 

morphologies were limited to round, spherical geometries.  In order to assess the potential of 

PPS in biomedical applications, polymer samples were subcutaneously implanted in rats.  

After 10 days in vivo, the observed inflammatory response was mild for all of the polyester 

samples, which were surrounded by thin fibrous capsules.  After 12 weeks in vivo, a thicker 

fibrous capsule was observed around all of the samples.  However, the capsule formation was 

determined to be comparable to or less than that of PLGA, the commonly used FDA-

approved polyester.  In general, these materials appear to offer incredible potential for use in 

the biomedical fields.  The ability to tune the mechanical strength, flexibility, 
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hydrophobicity, and non-fouling behavior of PPS will allow access to large spectrum of 

future applications.  

 

 
Figure 1.2. Synthesis of poly(polyol sebacate). 
 

1.2.3 Poly(Amino Alcohol Sebacate) 

After designing PGS, the Langer research group focused on synthesizing a similar 

material that exhibited longer in vivo degradation rates.  This goal was accomplished by 

including amines in the starting materials to install hydrolytically stable amide bonds 

throughout the polyester matrix.31-33  The thermal polymerization of sebacic acid, 1,3-

diamino-2-hydroxypropane, and either glycerol or D,L-threitol led to the synthesis of 

poly(1,3-diamino-2-hydroxypropane–co–polyol sebacate) (PAPS) composed of non-toxic 

monomers (Figure 1.3).34  The YM, UTS, and RS range from 1.45 – 4.34 MPa, 0.24 – 1.69 

MPa, and 21 – 92 %, respectively.  Additionally, in vitro degradation studies were conducted 

in a sodium acetate buffer with a pH of 5.2 for 6 weeks.  PAPS materials experienced 42.8 % 

- 97.0 % hydrolytic degradation.  Post-polymerization modifications are also possible 

through conjugation reactions aimed at the unreacted, free amines.  Overall, PAPS materials 

were non-toxic in in vitro and in vivo settings, with projected in vivo degradation half-lives of 
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up to 20 months.  In terms of inflammatory response, macrophage concentration, and fibrous 

capsule formation observed in subcutaneous implants, PAPS demonstrated milder foreign 

body response than FDA-approved PLGA implants. 

 

 
Figure 1.3. Synthesis of poly(1,3-diamino-2-hydroxypropane–co–polyol sebacate). 
 

1.2.4 Poly(Diol Citrate) 

In order to create elastomeric polyester thermosets, the research group of Dr. 

Guillermo Ameer found an ideal tri-functional monomer in the Citric Acid Cycle (CAC).  

The cardinal publications from Dr. Ameer’s group described polyester elastomers based on 

citric acid, which includes three acid groups and one alcohol.35,36  These biomaterials were 

synthesized by polycondensation with aliphatic diols: 1,6-hexanediol, 1,8-octanediol, 1,10-

decanediol, and 1,12-dodecanediol (Figure 1.4).  While several polyols were tested, the 

majority of the research focused on poly(1,8-octanediol citrate) (POC).  Using a simple 

fabrication process, non-toxic monomers, and curing conditions that allow for facile tuning 

of physical and mechanical properties, inexpensive polyesters that have exceptional potential 

in soft tissue engineering were produced.  Similar to PGS, the curing process involves 
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heating the pre-polymer solution.  However, POC was able to form elastomeric thermosets at 

significantly milder temperatures (37 °C).  By adjusting the curing temperature and duration, 

POC obtained YM of 0.92 MPa to 16.4 MPa, UTS up to 6.1 MPa, and a maximum strain of 

502 % at rupture.  The YM and UTS compare well to those of elastin from bovine ligaments 

(1.1 MPa and 2 MPa, respectively).  

 

 
Figure 1.4. Synthesis of poly(diol citrate). 
 

 The applications of POC have primarily been directed towards the design of 

cardiovascular tissue scaffolds.37,38  Accordingly, the toxicity of these materials was explored 

with human aortic smooth muscle cells (HASMCs) and human aortic endothelial cells 

(HAECs).  When compared to a positive control of poly(L-lactide) (PLL), POC films are 

biocompatible with both HASMCs and HAECs.  Finally, the in vivo response of Sprague-

Dawley rats to implanted POC films was monitored, with no chronic inflammatory response 

observed.  Additionally, several different types of scaffolds were designed to explore the 

fabrication potential of POC.  These constructs were soft and able to fully recover from 

deformation.  One example of these scaffolds, a biphasic and tubular device with a non-

porous, skin-like interior and a porous exterior, has been used in blood vessel engineering. 
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 In order to determine if biphasic tubular POC scaffolds would be acceptable for in 

vivo applications, several characteristics were studied, including biocompatibility and 

mechanical properties.39  After observing implanted poly(diol citrate) (PDC) scaffolds in 

vitro and in vivo, potential surgical problems (compliance mismatch and thrombosis) could 

be identified and avoided.  Because the mechanical properties of PDC could easily be tuned 

over a wide range, the mechanical characteristics of the PDC scaffolds could be well 

matched to those of native blood vessels.40  These tubular devices achieved YM of ~ 1.5 

MPa, UTS of ~ 3 MPa, and rupture elongation of ~ 350 %. Testing also determined the 

biphasic scaffolds to have a compressive modulus of 0.152 MPa, indicating that the materials 

are soft and able to fully recover from deformation.  Compliance values and burst pressure 

(12.7 % and > 120 mmHg, respectively) also imply that PDC hybrid scaffolds could excel as 

potential synthetic blood vessels. 

 In vitro biocompatibility testing determined that these materials do not affect cells 

negatively when compared to a positive control of PLL.  Additionally, various cell types 

could be seeded on different segments of the scaffold.  HASMCs were seeded to the porous 

exterior phase, while HAECs were cultured on the skin-like, non-porous interior of the 

artificial blood vessel.  This compartmentalization of cells may further the efforts to design 

blood vessel scaffolds that closely mimic the local environment of natural vessels.41  In vivo 

biocompatibility was also studied to fully comprehend the biomedical potential of biphasic 

PDC constructs.  Subcutaneous implantation of these devices demonstrated a foreign body 

response similar to that of PLL and allowed for significant tissue ingrowth. 

 The Ameer group continued their research in vascular tissue engineering by 

fabricating hybrid materials of POC and expanded polytetrafluoroethylene (ePTFE).37  The 
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standard-of-care for current vascular grafts involves either ePTFE or surface-modified 

ePTFE tubes.  While these options have been effective for large-diameter blood vessel 

applications (> 6 mm diameter), ePTFE small-diameter blood vessels have been less 

successful due to complications, including graft occlusion due to blood clots.42,43  The ePTFE 

surface is inherently thrombogenic and its hydrophobicity can reduce the efficiency with 

which a layer of endothelial cells can form.43-45  Efforts to minimize graft failure by 

enhancing endothelialization currently focus on the immobilization of non-degradable 

polymers, graft coatings, and the conjugation of biomolecules.  However, this process can 

introduce potential coating-based problems due to cost, long-term efficacy, compliance, and 

biological response.  

 Based on the previous success of biphasic tubular POC scaffolds, the Ameer group 

explored their polyesters as a suitable coating for ePTFE vascular grafts.  Without negatively 

affecting compliance, the biocompatibility was improved in hybrid polyester-ePTFE devices.  

Additionally, the presence of POC coating reduced platelet adhesion, aggregation, and 

activation, when compared to control ePTFE grafts. In vivo testing was performed so that 

surgically relevant, live-animal data could be gathered.  When compared to ePTFE controls, 

the amount of macrophages present and the thickness of the fibrin coagulum were both 

significantly reduced for the hybrid grafts.  

 In order to observe the full potential of POC in vascular surgery, biodegradable 

vascular scaffolds were prepared.46  Unlike the POC-ePTFE hybrid grafts, completely 

degradable devices were designed by replacing ePTFE with a non-porous POC tube.  In 

order to compare POC to other biomaterials, platelet adhesion and activation was first studied 

on glass, ePFTE, PLGA, and POC.  While fewer platelets attach to POC than any of the other 
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materials, the platelets also display very spherical morphologies.  Extended and spread 

platelet morphologies are associated with aggregation and activation, which leads to 

clotting.47,48  The anti-thrombogenic properties of the biodegradable POC graft make it a 

good candidate for blood vessel engineering.  Additionally, plasma recalcification kinetics 

are significantly lower for POC, relative to PLGA, glass, and ePTFE.  POC also displays 

coagulative properties that are much more suitable for contact with blood than PLGA and 

tissue culture plastic.  The inflammatory response was monitored in vitro by assessing the 

activation of human THP-1 cells based on changes in the level of IL-1β and TNF-α.49,50  

When compared to a positive control, lipopolysaccharide, these materials, including POC, all 

caused THP-1 cells to produce low levels of activation markers.  POC also achieved 

satisfactory protein adsorption and hemolysis values, comparable to PLGA, ePTFE, and 

tissue culture plastic.  Finally, HAECs were seeded while flowing onto POC scaffolds.  

Although nearly 100 % of cells attached to glass surfaces, only 69 % were remained on POC 

constructs.  While cell adhesion values were non-ideal, over half of HAECs were able to 

remain on POC surfaces under physiological shear stress conditions, a result that indicates 

excellent promise for future vascular engineering. 

 The extreme versatility of PDC polyesters has recently been demonstrated in two 

unique manuscripts.  First, the ability of POC to successfully deliver DNA to cells was 

described.51  Porous POC films were prepared using NaCl as a porogen in order to create 

scaffolds that aided nutrient transport and cell infiltration.  The polyester thermosets were 

then incubated with DNA by the addition of naked plasmid DNA (pDNA) or polyplexes of 

polyethyleneimine (PEI) and DNA.  Scaffolds were able to incorporate 0.70 µg of naked 
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pDNA (35.1 % efficiency) or 1.56 µg of PEI/DNA polyplexes (77.8 % efficiency).  

Additionally, surface-immobilized pDNA was susceptible to subsequent washing procedures.  

 The in vitro release of both forms of DNA from POC scaffolds was also studied.  

Naked pDNA displayed a burst release, with over 70 % release observed after 8 h. After 2 d, 

over 90 % of the pDNA had dissociated from the polyester scaffolds.  Contrastingly, 

PEI/DNA polyplexes demonstrated sustained release that occurred gradually over the course 

of the 5-week study.  Approximately 50 % of the polyplexes released by day 6; from day 6 to 

day 36, ~ 25 % of the PEI/DNA polyplexes dissociated in a liner manner.  Although pDNA 

released with higher efficiency than the polyplexes, the absolute amount of DNA that 

released was larger for the PEI/DNA particles due to the difference in loading capacities. 

 In vitro transfection was also demonstrated with HEK293 and porcine aortic smooth 

muscle (PASM) cells.  PEI/DNA polyplexes dramatically outperformed pDNA.  Sustained 

transgene expression was observed for surface-associated polyplexes in PASM and HEK293 

cells until day 9 and day 12, respectively.  In order to fully validate POC as a gene delivery 

vehicle, in vivo tests were conducted in live mice.  All scaffolds seemed to integrate well 

with the surrounding tissue.  However, unexpectedly, PEI/DNA polyplexes, which 

demonstrated sustained in vitro transfection, did not induce transgene expression.  Scaffolds 

that were functionalized with naked pDNA were able to cause cells to express EGFP, which 

was visualized by immunohistochemical staining.  Further research is needed in order to 

better understand the complicated relationship between in vitro and in vivo transgene 

expression. 
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Figure 1.5. Synthesis of poly(1,3-diamino-2-hydroxypropane–co–polyol sebacate). 
 

 The second unique demonstration of the versatility of PDC describes the design of 

scaffolds capable of releasing nitric oxide (NO).52  NO has been shown to play a critical role 

in neural transmission, vasodilatation, and cardiovascular homeostasis.  Biomedical implants 

that are able to release NO are attractive due to their ability to reduce the risk of thrombosis.  

In order to create PDC-based NO donors, N,N’-bis(2-hydroxyethyl)ethylenediamine (BHED) 

was used as a diol, in addition to 1,8-octanediol.  The resulting polymers contained 

secondary amines, which are able to react with NO to form diazeniumdiolates.  Under 

physiological conditions (pH = 7.4, 37 °C), diazeniumdiolates release two equivalents of NO.  

 Diamine-containing POC (POCDA) was synthesized by the standard thermal 

polycondensation route, with the addition of 5, 10, or 15 % BHED (Figure 1.5).  Initially, 

these thermosets were characterized without the formation of diazeniumdiolates.  The 

mechanical properties of these poly(ester amine)s indicated that POCDA was stronger than 

the original POC.  The YM, UTS, and RS were 5.91 – 32.64 MPa, 1.47 – 10.71 MPa, and 

200 – 260 %, respectively.  The non-functionalized polymers demonstrated mass loss of 5 – 
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7 % after 2 weeks, 7 – 12 % after 4 weeks, and ~ 20 % after 6 weeks.  Additionally, PASM 

cells were able to attach to POCDA films, spreading and proliferating well. 

 NO-release was observed indirectly by monitoring the nitrite concentration in the 

polymer-containing supernatants.  Although all of the materials contained secondary amines 

capable of forming diazeniumdiolates, the POCDA that contained 5 % BHED was unable to 

produce any NO.  The 10 % and 15 % formulations, however, were able to release NO. 

ePTFE vascular grafts were also coated with POCDA containing 10 % BHED.  The 

polymeric coatings minimally altered the compliance of the grafts, when using 6.3 wt % 

coated grafts; a lesser amount of 4.5 wt % did not affect the grafts’ compliance at all.  While 

these grafts were able to release NO for 2 or 3 days, the total NO that was released was 

significantly less than expected, based on the results of the bulk films.  Further research is 

continuing to determine ways to improve the efficiency of NO-release and to improve the 

mechanical properties of the final grafts. 

Similar to materials described by the Ameer lab, Ding et al. focused on polymerizing 

citric acid with a short oligomer of ethylene glycol (Mn = 200 g/mol).53  Curing the resulting 

pre-polymer at several different conditions led to poly(PEG citrate) (PEC), a series of rapidly 

degrading polyesters (Figure 1.6).  PEC was cured at 120 °C for a period of time ranging 

from 15 – 36 h.  Compared to other materials described in this chapter, the final elastomers 

were soft and flexible due to relatively short curing durations.  YM, UTS, and RS varied 

between 0.25 – 1.91 MPa, 0.51 – 1.51 MPa, and 139.5 – 1505.5 %, respectively.  The unique 

quality of the PEC polyesters that differentiates it from other materials is its rapid 

degradation rate.  All PEC polymers exhibited more than 60 % mass loss after 96 h.  As a 

comparison, most of the other materials described herein experience hydrolysis on the course 
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of weeks, if not months.  Future applications will concentrate on soft tissue engineering due 

to the mechanical properties of these materials.  

 
Figure 1.6. Synthesis of poly(PEG citrate). 
 

1.2.5 Poly(Glycerol Dodecanedioate) 

Similar to the previously mentioned PGS, another polyester thermoset was developed 

by combining glycerol and dodecanedioic acid (Figure 1.7).54  The resulting poly(glycerol 

dodecanedioate) (PGD) has one main characteristic that makes it unique, relative to PGS.  

The glass transition temperature of PGD is ~ 32 °C – above room temperature but below 

physiological temperature.  If deformation was induced above the Tg, the material 

immediately recovered to its original dimensions.  However, if PGD was elongated at 

temperatures that are less than the Tg, the material was able to hold the new shape resulting 

from the strain.  After this cold deformation, the original shape could be recovered by heating 

the sample above 32.0 °C.  Accordingly, the mechanical properties varied greatly based on 

the temperature.  At room temperature, PGD achieved a YM, UTS, and RS of 136.55 MPa, 7 

MPa, and 225 %, respectively.  However, above the Tg (37 °C), PGD displays a vastly 

different mechanical profile: a YM of 1.08 MPa, an UTS of 0.45 MPa, and a RS of 123 %.  

In addition to shape memory properties, PGD displays many beneficial characteristics of 

potential biomaterials for future in vivo applications.  As previously mentioned, glycerol is 

naturally occurring, with roles in lipid biosynthesis, gluconeogenesis, and glycolysis.  
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Dodecanedioic acid is also endogenous to human metabolism, resulting from the ω-oxidation 

of lauric acid.55-58  Cytotoxic properties were therefore expected to be minimal, as these 

monomers are compatible with biological systems.  In order to explore this hypothesis, 

human aortic fibroblasts (HAFs) were seeded on PGS-coated glass slides and polystyrene 

plates.  The cell density on polystyrene plates was higher than that of cells on PGS-coated 

slides for approximately 2.5 weeks.  However, at that time point, the cell density on PGS 

surpassed the density of HAFs on polystyrene.  Cell viability and growth were monitored 

with the WST-1 assay.  HAFs were viable throughout the course of the study, with similar 

trends on PGD and polystyrene.  In order to further understand the applications that would be 

suitable for PGD, the in vitro degradation rates were explored.  By immersing polyester 

samples in phosphate buffered saline (PBS) at 37 °C for 20, 40, and 90 day, the mass loss 

due to hydrolysis was calculated.  A negligible change in mass was observed after 20 days; 

only 6 % mass loss occurred after 40 days.  Over the course of the entire study (90 days), a 

total of 13 % mass loss was noted.  This result was considered ideal, as the longer hydrolytic 

lifetime would allow more time for natural tissue to populate a PGD device. 

 

 
Figure 1.7. Synthesis of poly(glycerol dodecanedioate). 
 

1.2.6 Poly(1,12-Dodecanediol Malate) 
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In 2009, a novel polyester was described in literature that introduced a new monomer 

to thermal polycondensation – malic acid (Figure 1.8).59  An intermediate in the CAC, malic 

acid is naturally present in the human metabolism.  With ideal melting properties for thermal 

polycondensation, malic acid is a diacid that can act as a cross-linking agent due to the 

presence of a secondary alcohol.  By combining this monomer with 1,12-dodecanediol at 

several different curing conditions, a series of poly(1,12-dodecanediol malate) (PDM) 

polyester thermosets were designed.  Similar to other materials described in this chapter, a 

viscous pre-polymer was obtained that could be added to molds in order to create 3-

dimensional scaffolds.  Focusing on future applications of soft tissue engineering, PDM was 

designed to be flexible and elastic.  These expectations were realized when mechanical 

evaluation revealed a range of YM (0.98 – 4.04 MPa), UTS (0.21 – 4.16 MPa), and RS 

(25.27 – 737.48 %). 

 

 
Figure 1.8. Synthesis of poly(1,12-dodecanediol malate). 
 

 The fact that malic acid naturally occurs in mammalian cells was thought to minimize 

the potential for cytotoxic effects of the PDM series of biomaterials.  In order to test this 

hypothesis, L929 mouse fibroblasts were seeded onto PDM films that were cured at different 

temperatures and for different lengths of time.  Cell proliferation was observed to be similar 
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on all materials, including an unspecified positive control.  Also, over the course of a 4-week 

study in PBS, the PDM polyesters lost between 1 % and 9% of their mass due to degradation.  

In consideration of future applications in the biomedical fields, scaffolds were designed that 

have relevance to tissue engineering.  Using a supercritical CO2 foaming method, a porous 

PDM scaffold was fabricated.  The resulting films were able to achieve up to 65 % porosity.  

To date, the in vitro characterization of the PDM series of polyester thermosets indicates that 

they have potential as soft tissue scaffolds.  Further in vivo studies will be required in order to 

determine future success of these materials. 

1.2.7 Poly[(Glycerol Sebacate) Citrate] 

In an effort to improve upon their thermoplastic poly(glycerol sebacate) (TMPGS), 

the research group of Dr. Li Liu looked to incorporate citric acid.60,61  In order to improve 

mechanical strength and geometric stability during degradation, PGS pre-polymers were 

combined with citric acid, which acted as a cross-linker (Figure 1.9).  The resulting 

poly[(glycerol sebacate) citrate] (PGSC) demonstrated macromolecular properties that made 

it more suitable as a tissue scaffolding material, relative to TMPGS.62-64  PGSC differs from 

the majority of the other materials created by thermal polycondensation because it requires 

two synthetic steps.  However, the ease of this polymerization methodology is not lost on 

PGSC; the process is still efficient and catalyst-free. 

 The transition from a thermoplastic material to a thermoset was accompanied by 

several changes in polymer characteristics of PGSC.  Compared to the earlier TMPGS, both 

the sol fraction and the degree of swelling decreased due to cross-linking between polyester 

chains.62-64  Also, the TMPGS series of polyesters were able to achieve YM and UTS of 0.05 

– 0.70 MPa and 0.10 – 0.70 MPa, respectively.  Novel PGSC thermosets displayed a YM 
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range of 0.61 – 3.26 MPA and exhibited 0.63 – 1.46 MPa UTS; RS for these elastomers 

varied between 51 – 170 %.  As all materials were completely amorphous at room 

temperature, all deformations in the PGSC materials were completely reversible.  Because 

these materials were designed with biomedical applications in mind, hydrolytic degradation 

was also monitored.  By adjusting the duration of the curing period, the degradation rates 

could be controlled.  However, by incorporating sebacic acid, hydrolysis would proceed 

slower than other materials discussed in the chapter due to the hydrophobic nature of that 

monomer.  During a 4-week study, PGSC materials displayed 12 – 23 % mass loss.  A 

notable difference when compared to TMPGS, the 3-dimensional geometry of the PGSC 

samples was maintained throughout degradation. 

 

 
Figure 1.9. Synthesis of poly[(glycerol sebacate) citrate]. 

 

 PGSC was also utilized in a series of composites containing carbon nanotubes 

(CNTs).65 After synthesizing pre-polymers, CNTs were added to the polyester reaction and 

stirred to evenly distribute them.  Four different composites were designed: 0.5, 1, 2, and 3 

wt % CNTs, with a control of pure PGSC.  Mechanically, these composites outperformed the 
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polyester control (YM = 6.9 MPa; UTS = 2.7 MPa).  The addition of CNTs resulted in 

significant increases in the YM (6.6 – 9.2 MPa) and the UTS (2.8 – 4.4 MPa).  In addition, 

the composites displayed similar RS (40 – 44 %), compared to PGSC (40 %).  Also, the 

presence of the CNTs had dramatic effects on the degradation profiles of the hybrid 

materials.  All four composites (0.5, 1, 2, 3 wt % CNTs) experienced hydrolysis at 

approximately the same rate, which was slower than that of PGSC.  After 46 d of degradation 

the PGSC-CNT materials had lost ~ 40 – 50 % of their initial masses; pure PGSC lost ~ 90 % 

of it mass in the same amount of time.  

 In vitro cytotoxicity was also studied in order to determine the practicality of utilizing 

PGSC composites as a biomaterial in future applications.  Cells were cultured in composite 

extracts.  Interestingly, the pure polyester (no CNTs) was the most cytotoxic material, by far, 

at the 7 d time point.  The addition of the CNTs into the polymeric matrix dramatically 

increased the biocompatibilities of the resulting composites.  One hypothesis regarding this 

trend is that the CNTs are able to absorb the acidic sol fraction.  However, this explanation 

may not be entirely accurate, as the presence of the CNTs did not significantly affect the sol 

fraction of the composites, relative to pure PGSC. 

1.2.8 Poly[(1,2-Propanediol Sebacate) Citrate] 

A series of manuscripts have recently been prepared that describe the synthesis of 

another two-step polyester elastomer simlar to PGSC.  Sebacic acid and 1,2-propanediol 

were combined in the initial step, resulting in oligomers (Figure 1.10).66  To form pre-

polymers, citric acid was again used as the cross-linking agent due to its prevalence in 

biology and its propensity to impart mechanical strength to resulting materials.  The final 

materials were named poly[(1,2-propanediol sebacate) citrate] (PPSC).  The curing step was 
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consistently short (12 – 36 h), leading to soft and flexible polyester elastomers.  In addition to 

the duration of the post-polymerization period, the ratio of monomers was also altered in 

order to gain further control of the macromolecular properties of PPSC.  Considering all 

versions of these materials based on the different cross-linking conditions, the YM ranged 

between 0.60 – 1.23 MPa, the UTS spanned between 0.87 – 2.12 MPa, and the RS varied 

between 225 – 431 %.  Although the different curing conditions imparted large effects on the 

mechanical properties, the hydrophobicity did not change significantly between the different 

polymers.  The many versions of PPSC only achieved a range of contact angle measurements 

of approximately 5 ° (64 – 69 °).  Despite the fact that hydrophobicity is one factor in 

determining the rate of degradation, the PPSC thermosets were still able to achieve a broad 

distribution of hydrolysis rates.  By varying the curing conditions, mass loss of ~ 85 % can 

be tuned to occur after 2, 2.5, or 3 weeks.  Further control over hydrolytic degradation should 

be possible by creating new temperatures and lengths of time for post-polymerization.  

 

 

Figure 1.10. Synthesis of poly[(1,2-propanediol sebacate) citrate]. 
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 In addition to characterizing the bulk PPSC materials, a series of composites were 

also studied.67  By incorporating nanocrystals of hydroxyapatite (nHAp) into the polyester 

matrix, the mechanical characteristics of the thermosets were dramatically altered.  By 

controlling the amount of nHAp in the polymers (5 – 20 wt %), PPSC achieved YM, UTS, 

and RS of 0.29 – 3.60 MPa, 0.89 – 8.21 MPa, and 256 – 320 %, respectively.  The 

hydrophobicity of these materials was also affected by the composition, with contact angles 

varying between 96 ° and 112 °.  Additionally, the in vitro degradation rates of these 

materials were shown to decrease when incorporating larger amounts of nHAp into the 

polyester matrix; the mass loss varied between 60 % in 11 days (5 wt % nHAp) and 40 % in 

26 days (20 wt % nHAp).    

 These materials were expected to be biologically benign as all of the monomers have 

been successfully incorporated into other biomaterials.22  In order to determine whether 

PPSC-nHAp would follow the same pattern, L929 mouse fibroblasts were cultured with 

medium that contained extracts from the different composites.  Comparing cell proliferation 

and morphology, composites with 10, 15, and 10 wt % nHAp were determined to be non-

cytotoxic.  Results also indicated that inclusion of larger amounts of nHAp in the polyesters 

seemed to increase the biocompatibility of these PPSC hybrid materials. 

1.2.9 Poly(1,8-Octanediol Citrate -co- 1,8-Octanediol Sebacate) 

In another tangent to the work of Dr. Langer and Dr. Ameer, a unique combination of 

their monomers led to the design of a new polyester elastomer.68  Sebacic acid, citric acid, 

and 1,8-octanediol were co-polymerized, resulting in poly(1,8-octanediol citrate -co- 1,8-

octanediol sebacate) (POCOS) (Figure 1.11).  However, while PGSC was synthesized in a 

two-step process, POCOS only requires a single step; all of the monomers are combined and 
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randomly polymerized together.  These polyesters were also shown to be compatible with 

fabrication strategies, such as compression molding and particulate leaching, which have 

shown promise in the design of cell scaffolds.  Additionally, while only 3 materials were 

synthesized, their mechanical properties show a good variety between soft and moderate 

materials.  The range of YM, UTS, and RS for POCOS are 0.19 – 1.10 MPa, 0.24 – 0.63 

MPa, and 127 – 231 %, respectively.  Uniquely, the material resulting from 2 parts 1,8-

octanediol, 1 part citric acid, and 1 part sebacic acid was both the strongest and most flexible 

material.  This ratio allows for the material to be flexible without sacrificing mechanical 

strength.  In addition, the inclusion of sebacic acid in the starting materials increases the in 

vitro hydrolytic degradation due to the hydrophobic characteristics of this monomer.  While a 

host of POCOS thermosets can be prepared by altering monomer feed ratios and curing 

conditions, to date, no subsequent manuscripts have described the design of other POCOS 

materials or their biocompatibilities. 

 

 

Figure 1.11. Synthesis of poly[(1,2-propanediol sebacate) citrate]. 
 

1.3 Photocurable Biodegradable Polyesters 

Although both photocurable and thermally cured thermosets continue to be the focus 

of a significant portion of biomaterial research, the ability to cross-link biodegradable 
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materials with light offers many benefits over thermal gelation.  Significantly faster curing 

periods (minutes vs. days) and lower curing temperatures (room temperature vs. 80 – 150 °C) 

are easily accessible through photocuring.  As such, photo-initiated cross-linking provides a 

route to a curing process that is less harsh when compared to thermal cross-linking 

procedures.  As such, fragile cargos, including therapeuticss and proteins, can be 

encapsulated in thermosets that are cured with light; this characteristic enables the design of 

drug releasing particles, stents, and sutures.69,70 

1.3.1 Poly(Glycerol Sebacate Acrylate) 

One limitation to the PGS system is that long-term thermal curing could limit 

encapsulation or application.  In an attempt to overcome this challenge, Nijst et al. described 

the design of a photocurable PGS with tunable mechanical properties and degradation 

rates.71,72  By deprotonating free hydroxyl groups and appending acrylate groups, irradiation 

with UV light yielded elastomeric networks (Figure 1.12).  Additionally, by varying the 

degree of acrylation relative to the molar equivalents of free alcohols in the PGS pre-

polymer, the mechanical characteristics and degradation rates of the resulting materials could 

be finely tuned.  The YM, UTS, and RS ranged from 0.05 to 1.38 MPa, 0.05 to 0.50 MPa, 

and 47 to 170 %, respectively.  Interestingly, the PGSA pre-polymer could be combined with 

other acrylated molecules, offering extended control of macromolecular properties.  The co-

polymerization of PEG-diacrylate with PGSA enabled further control of characteristics such 

as mechanical strength, water swelling, hydrophobicity, and degradation rates.  In vitro 

biocompatibility was determined by observing adhesion and proliferation of primary human 

foreskin fibroblasts on different PGSA films. 
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Figure 1.12. Synthesis of poly(glycerol sebacate acrylate). 

 

The Langer research group very quickly found a practical and inventive application 

for the photocurable PGSA.  There is a need for strong biodegradable adhesives that can 

remain attached to tissue while not undergoing permanent deformation when faced with 

stress.  Such a material could be used to replace sutures and staples or to aid in the treatment 

of ulcers and burns.  There seemed to be great potential for PGSA in this regard due to its 

biocompatibility and the ability to tune its macromolecular properties.  In order to design a 

biodegradable adhesive, Mahdavi et al. drew inspiration from the gecko’s ability to adhere to 

vertical and inverted surfaces.73  Research has observed that this phenomenon is based on the 

micro- and nano-textured feet of geckos, and many examples of gecko-based adhesives have 

been previously described for material purposes.74,75  However, by transferring micro- and 

nano-scale features to PGSA from etched silicon wafers, gecko-like adhesive tapes aimed at 

biomedical applications were fabricated.  In order to allow the embossed PGSA films to 

irreversibly bond to tissues in wet conditions (as would be needed in vivo), the PGSA surface 

was functionalized with a carbohydrate-based coating.  Oxidized dextran was chosen due to 

the presence of aldehydes, which serve two purposes: (1) free alcohols can react with 

oxidized dextran to form hemiacetals, creating a covalent anchor between the carbohydrate 

chains and PGSA and (2) aldehydes can also react with amines, ubiquitous in biological 

materials, to form imines, allowing for covalent linkages between the “glue” and tissues.  

The resulting adhesives combine the bonding forces of gecko feet and covalent bonds.  
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As a proof-of-concept, the covalent modification of amine-functionalized glass with 

oxidized dextran was tested.  X-ray photoelectron spectroscopy of the surfaces verified the 

formation of imine bonds.  Additionally, after allowing the carbohydrate derivative and the 

amine-modified glass to react, the oxidized dextran could not be removed by rinsing the 

surface.  Non-oxidized dextran could be completely removed from the surface in a similar 

experiment, demonstrating the role of the aldehydes groups in immobilization.  Furthermore, 

both in vitro and in vivo adhesion to tissue was studied.  In addition to being biocompatible, 

the embossed PGSA films that were coated in oxidized dextran demonstrated significantly 

more adhesion than flat surfaces and films that were not coated with oxidized dextran.  

Tissue adhesion could be optimized by varying the dimensions of the features on the 

embossed PGSA films, allowing for another level of control over interfacial adhesion.  

Aiming to surpass the initial success of this preliminary investigation, current research is 

attempting to design materials for organ-specific applications that may be able to deliver 

drugs in addition to acting as an adhesive. 

1.3.2 Methacrylated Poly[Oligo(Ethylene Glycol) Adipate] 

Similar to the technique used to convert PGS into the photoactive PGSA, terminal 

hydroxyl groups of linear polymers can be transformed into acrylates or methacrylates.  By 

controlling the stoichiometric ratio of the monomers, polycondensation can result in 

macrodiols that can eventually be acrylated or methacrylated (Figure 1.13).  Employing this 

strategy, Dr. Jinrong Liu designed photocurable biomaterials from three common, 

inexpensive, and well-studied monomers: adipic acid, di(ethylene glycol), and tetra(ethylene 

glycol).76  Catalyzed polycondensation was an attractive synthetic method due to the ease 

with which the molecular weights of the resulting polyesters can be controlled.  This aspect is 
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critical in that the most common strategy used to alter the mechanical properties of end-

capped polymers is to adjust the molecular weight.  As such, polycondensation offered a 

relatively simple route for controlling the mechanical profiles of these polyesters.  The 

oligo(ethylene glycol)-based polymer precursors were synthesized at 1,000, 2,000, 4,000, or 

7,000 g/mol.   

 

 
Figure 1.13. Synthesis of poly[oligo(ethylene glycol) adipate]. 
 

After methacrylation of the macrodiols, the resulting polymers were irradiated with 

UV light for 1 min in the presence of a photoinitiator. The ranges of YM, UTS, and RS for 

these polyester thermosets are 0.12 – 10.3 MPa, 0.6 – 1.5 MPa, and 15 – 165 %, respectively.  

These values encompass some mechanical properties of several soft tissues, including knee 

articular cartilage and the cerebral vein.  In vitro degradation was also studied.  Over the 

course of a 5-week study, these oligo(ethylene glycol)-based polymers experienced  6 – 14 % 

mass loss due to hydrolysis.  The mechanical properties were also studied over the course of 

the in vitro degradation study.  As expected due to degradation, the YM of the polyesters 

decreased over the course of the 5-week period. 

Because these materials were designed with biomedical applications in mind, the 

cytotoxicity and biocompatibility were monitored.  To determine how cells respond to these 
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samples in vitro, NIH 3T3 fibroblasts were seeded onto thin films.  Compared to films of 

PLGA, fibroblasts seemed healthy with normal and spread morphologies.  In vivo 

experiments were also conducted with these polyester elastomers through subcutaneous 

implantation.  Similar to the trend observed during in vitro trials, the mechanical properties 

of the polymer samples decreased with increasing time in vivo.  Again, this result was 

attributed to degradation of the polyester backbone, which led to a decrease in the cross-

linking density.  After 1 week of implantation, histological evaluation was performed in 

order to determine the response of the living system to the polymer.  The presence of a 

fibrous capsule was noted.  In general, the oligo(ethylene glycol)-based materials were 

determined to be suitable candidates for future biomedical studies involving polyester 

implants. 

1.3.3 Poly(Propylene Fumarate) 

Since its introduction, poly(propylene fumarate) (PPF) has been a commonly studied 

biomaterial (Figure 1.14).77  The degradation products are non-toxic because PPF was 

composed of two resorbable monomers.  Similar to several materials synthesized from 

thermal polycondensation, the polymer properties of PPF are dependant upon the methods 

used for synthesis, cross-linking, and fabrication.78-81  The in vitro degradation rates of bulk 

and porous (70 % and 80 %) samples were first studied so that the appropriate applications 

could be determined.  Logically, the biodegradation rate was dependent upon both the size of 

the pores and the overall porosity; the sample that degraded the fastest had more and larger 

pores.  Substantial hydrolysis was observed over a 32-week study.  The amount of PPF mass 

remaining after degradation ranged from 70 % - 85 %.  After observing these degradation 

rates, bone tissue engineering has been the most common application for PPF.  Bone was an 
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obvious tissue for this application due to the high degree of potential cross-linking (an alkene 

in each repeat unit) and the hydrophobicity of PPF. 

 

 
Figure 1.14. Synthesis of poly(propylene fumarate). 

 

Because bone exists in vivo near soft and hard tissues, PPF was monitored in animal 

models to determine biocompatibility when interacting with both types of tissue.82  For these 

studies, rabbits were used as the living system.  Samples were implanted subcutaneously so 

that PPF could be observed in an environment of soft tissue.  A fibrous capsule was observed 

surrounding the scaffolds.  However, the size of the cellular encapsulation decreased as a 

function of time, implying that the PPF samples were minimally toxic to the rabbit.  Due to 

surface degradation of the polyester backbone, the porosity of PPF implants increased with 

time throughout the study.  PPF was also studied in bone engineering so that it could be 

monitored in hard tissue.  Polyester samples were inserted into non-fatal cranial defects in the 

rabbits.  Response of hard tissue to PPF was similar to that of soft tissues.  While scaffolds 

contained some bone ingrowth, 40 % of the samples exhibited direct contact with bone.  
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Although other biomaterials have performed similarly, PPF is unique due to the slower 

degradation rate and the minimal thickness of the fibrous capsule.83-86  Based on these results, 

PPF has been considered a promising candidate for soft and hard tissue engineering. 

1.3.4 Poly(But-2-ene-1,4-diyl Malonate) 

Similar to the strategy employed with PPF, another system took advantage of an 

internal alkene as a photoactive motif.87  Malberg et al. recently described the synthesis of 

linear poly(but-2-ene-1,4-diyl malonate) (PBM) with a 2-step thermal polycondensation 

(Figure 1.15).  The first step (at 110 °C) involved obtaining oligomers of malonic acid and 2-

butene-1,4-diol and evacuating all observable water.  The temperature was then increased to 

210 °C for a second esterification step, allowing the molecular weight of the polymer to 

grow.  Similar to other syntheses described in this chapter, no catalysts were needed in order 

to obtain the final polyesters.  By varying the length of the second step, the molecular weight 

of the polyesters could be tuned (4750 – 12100 g/mol).  By controlling the stoichiometry in 

the monomer feed, the resulting polymers were macrodiols.  With hydroxyl groups at the 

termini of the polyester chains, PBM was combined with ε-caprolactone and L-lactide 

through ring-opening polymerization.  The resulting co-polymers achieved molecular 

weights of up to 80,000 g/mol.  The polydispersity indices (PDIs) of these co-polymers were 

very high (2.1 – 3.5) when compared to those of controlled ring-opening polymerization (< 

1.2) or polycondensation (< 2).  This characteristic most likely resulted from the high PDIs of 

the PBM macrodiols (2.6 – 4.1).   

Due to the presence of alkenes along the polymer backbone, PBM was able to form 

thermosets through radical cross-linking.  Malberg et al. chose benzophenone as the initiator 

for photocuring.  Upon UV irradiation for 10 min, benzophenone degraded homolytically, 
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allowing radicals to cure the alkene-containing PBM chains.  The co-polymers were also able 

to cross-link through this mechanism.  The ranges of YM, UTS, and RS for PBM-based 

polyester thermosets are 12 – 930 MPa, 4.5 – 37 MPa, and 12 – 47 %, respectively.  

Currently, the future applications are directed towards the biomedical field. 

 

 
Figure 1.15. Synthesis of poly(but-2-ene-1,4-diyl malonate). 
 

1.4 Conclusions 

The materials discussed here offer tremendous potential for use in biomedical 

applications.  A wide range of polyesters can be designed from thermal polycondensation and 

photocuring.  Resulting in minimal toxicity, many monomers endogenous to human 

metabolic pathways have been selected for these polymerization strategies.  The 

macromolecular properties of the resulting polyesters, including hydrophobicities, 

degradation rates, and mechanical profiles, span a range that encompasses properties 

displayed by a number of biological specimens.  A polymer characteristic that has recently 

been deemed important in scaffold design is the relationship between the mechanical 

properties of the original tissue and those of the synthetic polymer.  Finally, several of these 
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biomaterials have been characterized in in vitro and/or in vivo biological settings, with many 

being described as biocompatible. 

1.5 Dissertation Organization 

 This dissertation is organized into six chapters.  Chapter I is a general discussion of 

biodegradable polyesters and their biomedical applications.  Chapter II describes the 

synthesis of novel polyesters based on erythritol, a sugar alcohol.  Chapter III discusses a 

class of polyester thermosets based on α-ketoglutaric acid, an intermediate of the citric acid 

cycle.  Chapter IV describes the synthesis and characterization of polyketoesters composed 

of 4-ketopimelic acid, citric acid, and a diol (1,4-cyclohexanedimethanol or 1,6-hexanediol).  

Chapter V discusses several photocurable polyester thermosets based on itaconic acid, a 

natural and renewable monomer.  Chapter VI describes general conclusions and future 

research projects.  Research describing the etching of poly(triol α-ketoglutarate), 

supplemental data for Chapters II through V, and  permissions are presented in the 

appendices. The material discussed in Chapter V will be filed for a patent application. 
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2.1 Introduction 

The demand for biodegradable polymers in medical applications, such as tissue 

engineering and drug delivery, has motivated the materials community to develop new 

polymers.1-3 Recently, elastomeric materials have become popular for soft tissue scaffolds 

due to their mechanical similarities to blood vessels, heart valves, cartilage, and other soft 

tissues.4, 5 While several examples of polyester scaffolds have shown extensive promise, 

many of these materials suffer from complex or expensive synthetic designs.4 A simple and 

facile synthesis would allow easy scale-up for industrial or medical applications. 

 Within the class of polyester scaffolds, many examples of both thermoplastics and 

thermosets have been described.5 Thermosets offer a number of advantages for biomedical 

applications when compared to thermoplastic materials.  For example, thermoplastic 

elastomers often have crystalline regions, causing heterogeneous degradation and a non-

linear loss of mechanical strength.6, 7 Additionally, the three-demensional (3D) geometry of a 

thermoplastic material is commonly lost during the hydrolysis period.8 Alternatively, 

thermosets can be designed from completely amorphous precursors, allowing for linear 

degradation and a predictable loss of mechanical strength. Polyester thermosets degrade by a 

combination of bulk and surface erosion, which often results in the retention of the 3D 

structure throughout the hydrolytic process.8 

 We believe that the ideal polymer for biomedical applications should possess several 

characteristics.  Biocompatibility and biodegradation are critical to minimize negative 

biological reactions to the material.  The polymer should also be a thermoset with a glass 

transition temperature that is lower than physiological temperature so that no crystalline 

regions are present, minimizing the chances of heterogeneous degradation.  Also, a wide 
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range of degradation rates and mechanical properties should be accessible from a single 

facile and inexpensive design strategy.  This would allow the ability to tailor a material’s 

properties to best mimic those of the natural tissue. 

 This chapter describes the synthesis and characterization of the poly(erythritol 

dicarboxylate) family of elastomers (PErD). Poly(erythritol glutarate) (PErGl), 

poly(erythritol adipate) (PErAd), poly(erythritol pimelate) (PErPi), poly(erythritol suberate) 

(PErSu), poly(erythritol azelate) (PErAz), poly(erythritol sebacate) (PErSe), poly(erythritol 

dodecanedioate) (PErDo), and poly(erythritol tetradecanedioate) (PErTe) were designed by 

thermal polycondensation of erythritol and 5-, 6-, 7-, 8-, 9-, 10-, 12-, and 14-carbon α,ω-

diacids, respectively.  By varying the length of the diacid, the rigidity and hydrophobicity of 

the resulting materials can be tuned, allowing for control over mechanical properties and 

degradation rates.  The non-cured pre-polymers are easily melted or dissolved for facile 

processing, demonstrated by embossed films and porous scaffolds.  Finally, the cytotoxicity 

of these materials was studied in vitro with human mesenchymal stem cells (hMSCs) and 

Swiss albino 3T3 (SA) fibroblasts. 

2.2 Experimental Section 

2.2.1 Materials 

All chemicals were purchased from Fisher Scientific (Philadelphia, PA), and used 

without further purification. 

2.2.2 Poly(Erythritol Dicarboxylate) Synthesis 

The synthesis of PErD was performed based on methods previously reported.9, 10 

Equimolar amounts of a dicarboxylic acid (glutaric, adipic, pimelic acid, suberic, azelaic, 
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Figure 2.1. Synthesis and NMR spectra of PErD using glutaric, adipic, pimelic, suberic, 
azelaic, sebacic, dodecanedioic, and tetradecanedioic acids. (A) Thermal polycondensation of 
erythritol and dicarboxylic acids of differing lengths led to the catalyst-free design of pre-
polymers.  Further heating of the pre-polymers allowed for the preparation of polyester 
thermosets. (B) 1H NMR spectra of the pre-polymers OErGl (n = 1), OErAd (n = 2), OErPi 
(n = 3), OErSu (n = 4), OErAz (n = 5), OErSe (n = 6), OErDo (n = 8), and OErTe (n = 10). 
The asterisk designates the solvent peak (d6-DMSO). 
 

sebacic, dodecanedioic, or tetradecanedioic acid) and erythritol were combined in a round 

bottom flask, which was then sealed.  Under an inert environment of argon, monomers were 

stirred at 145 °C.  After a homogenous melt formed, the mixture was stirred for an additional 

2 h.  The pressure was then reduced to 2 torr, and the materials continued stirring for 7 h.  

The round bottom flasks were immediately placed into a water bath (room temperature) to 

quench polycondensation. The pre-polymer was then dissolved in a minimal amount of THF, 

purified by precipitation in -78 °C methanol, and dried by rotary evaporation.  To form 

elastomeric films, different procedures were followed, depending on the desired properties of 



 49 

the material.  Pre-polymers were cured at either 120 °C for 3 d or at 140 °C for 3 d.  

Additionally, oligo(erythritol glutarate) was cured at 120 °C for 2 days, resulting in an 

extremely flexible material. 

 

Table 2.1. Pre-Polymer Characterization 
Pre-Polymer Tg/Tm

a (°C) ‹Mn›b (g/mol) PDIb 

n = 1 -7.0 710 1.4 
n = 2 -15.7 810 1.1 
n = 3 -18.1 790 1.4 
n = 4 -21.4 860 1.2 
n = 5 -23.6 820 1.5 
n = 6 -36.9/60.2 1020 1.6 
n = 8 -41.5/63.4 1470 1.9 
n = 10 -46.8/66.0 1450 2.2 
a Determined by DSC; b Determined by GPC. 

 

2.2.3 Polyester Characterization 

1H NMR spectra of pre-polymers were acquired on a Bruker 400 MHz AVANCE 

spectrometer in deuterated dimethyl sulfoxide (DMSO).  Molecular weights were measured, 

compared to polystyrene standards, on a Waters GPC system with detection based on 

refractive index values.  The measurements were taken at 40 °C with THF as the mobile 

phase on three columns in series (Waters Styragel HR2, HR4, and HR5). 

 Tensile tests were conducted with dry samples on an Instron 5566 at a crosshead 

speed of 10 mm/min at 25 °C.  Samples were cured in a dog-bone-shaped mold with 

approximate dimensions of 10 mm x 3 mm x 1.5 mm.  The Young’s modulus (YM; Pa) was 

calculated according to the linear segment of the stress/strain curve.  Three trials were 

performed and the average was reported.  Using  
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 n = YM(3RT)-1       (1) 

where R is the universal gas constant (8.3144 J/mol K) and T is the temperature (K), the 

cross-linking density (n; mmol/L) was calculated. 

 

Table 2.2. Curing Conditions for Poly(Erythritol Dicarboxylate) 
Material Diacid Temp (°C) Duration (d) 

1 glutaric 120 2 
2 glutaric 120 3 
3 adipic 120 3 
4 pimelic 120 3 
5 suberic 120 3 
6 azelaic 120 3 
7 sebacic 120 3 
8 dodecanedioic 120 3 
9 tetradecanedioic 120 3 

10 glutaric 140 3 
11 adipic 140 3 
12 pimelic 140 3 
13 suberic 140 3 
14 azelaic 140 3 
15 sebacic 140 3 
16 dodecanedioic 140 3 
17 tetradecanedioic 140 3 

 

 

 Sol-gel analysis was conducted by soaking films in THF for 24 h at room 

temperature.  After solvent removal, the films were dried, and the percent soluble fraction 

(Qs) was calculated by 

Qs = (mi - mf)mi
-1(100)       (2) 

where mi and mf represent the initial and final mass of the elastomer films, respectively.  

Three trials were performed and the average was reported. 



 51 

 Water swelling (WS) experiments were performed by swelling films in double-

distilled H2O (ddH2O) for 24 h at room temperature.  After removing surface water, the WS 

was calculated by 

WS = (mf – mi)mi
-1(100)      (3) 

where mi and mf represent the initial and final mass of the elastomer films, respectively.  

Three trials were performed and the average was reported. 

 Contact angle measurements were obtained using flat polyester films on glass slides.  

Measurements were performed on a KSV CAM200 contact angle meter with water as the 

wetting liquid; at least four measurements were recorded. 

2.2.4 Complex Film Fabrication 

Porous films were prepared by previously reported methods.11  Emobossed films were 

designed by adding a small amount of pre-polymer onto a glass slide and heating at 120 °C in 

a vacuum oven.  After 10 min of reduced pressure (~ 50 torr) to remove any gas or solvent, a 

PFPE mold was placed directly on the pre-polymer.12-14 The material was allowed to cure as 

described above, followed by the removal of the mold.  To image the embossed films, a 

Hitachi model 2-4700 scanning electron microscope (SEM) was used after coating the 

polyesters in ~ 2 nm of a Pd/Au alloy (Cressington 108 auto sputter coater, Cressington 

Scientific Instruments Ltd.). 

2.2.5 In Vitro Degradation 

To obtain standard degradation rates, approximately 75 mg samples of elastomers were 

placed in scintillation vials. The elastomers were submerged in phosphate buffered saline 

(PBS) and samples were then stored in an incubator (37 °C).  At weekly intervals, samples 
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were removed from the incubator, rinsed thoroughly with water, dried, and weighed again.  

To prevent saturation, PBS was replaced every 7 days.  Values were obtained using 

Mass Loss = (mi – mf)mi
-1(100)     (4) 

where mi and mf represent the initial and final mass values, respectively.  Each data point was 

repeated in triplicate and results were reported as the average percent of the original mass 

lost. 

2.2.6 In Vitro Cytotoxicity 

Growth medium and hMSCs were obtained from Lonza.  Stem cell culture protocol 

and staining were performed as described elsewhere.15 Two different cell lines were used to 

assess in vitro cytotoxicity: hMSCs and SA fibroblasts.  Medium elution tests, according to 

ISO 10993-5 standards, were performed with both cell lines.  Briefly, elastomer samples 

were sterilized in ethanol for 30 min and washed in PBS for 2 h while under a germicidal 

lamp.  Polyester segments were then added to culture medium and maintained at 37 °C in an 

incubator for 24 h.  The medium-extract solution was then used to culture cells for at least 48 

h.  After the culture period, cell confluence was examined and toxicity was assessed.  

Fibroblasts were imaged 48 h after addition of extracted medium.  hMSCs were exposed to 

medium/extract solution for 48 h, followed by induction of differentiation.  Images were 

taken 10 d after addition of the differentiation induction medium using a Nikon Eclipse 

TE2000-E inverted microscope. 

2.3 Results and Discussion 

2.3.1 Motivation 

We recently described the properties of the poly(triol α-ketoglutarate) (PTK) family 

of polyester elastomers.16, 17 Although these materials have many interesting features, their 
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degradation rates were particularly of note.  In terms of designing potential tissue scaffolds, 

the PTK series hydrolyzed in PBS too rapidly to be useful. We aimed to design similar 

materials with degradation rates that were more relevant to future applications in soft tissue 

engineering.  Based on our prior experience, the critical factor to achieving this goal was to 

eliminate the presence of a ketone immediately adjacent to an acid in the monomer. 

 

 
Figure 2.2. Scanning electron microscopy (SEM) images of PErD films.  Curing pre-
polymer in the presence of a perfluoropolyether mold allows for the facile design of micro-
patterned polyester films.  The pattern was (A) transferred with high fidelity, (B) creating 
features with an approximate dimensions of 2 µm x 2 µm x 6 µm.  Additionally, porous 
scaffolds (C) were fabricated using standard salt-leaching techniques.  Both of these 
fabrication methods were possible with all pre-polymers. 
 

 The foundation of our current material design is based on erythritol, a sugar alcohol 

that may be endogenous to the human metabolism.18, 19 As a sugar substitute that is approved 

by the FDA, erythritol was an attractive monomer due to human tolerance of large amounts 

of the sugar alcohol with no negative side effects.19-22 Additionally, erythritol can be 
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absorbed by the body and excreted unchanged, allowing normal metabolic pathways to 

continue unaffected.19-22 We therefore chose several aliphatic diacids of increasing length to 

polymerize with erythritol: glutaric, adipic, pimelic, suberic, azelaic, sebacic, dodecanedioic, 

and tetradecanedioic acid.  By altering the length of the diacids, the polyester elastomers 

were expected to achieve a range of hydrophobicities, degradation rates, and mechanical 

characteristics. Furthermore, several of these monomers are either naturally occurring small 

molecules or have previously been used in biomaterials.23-30 

 

Figure 2.3. Representative stress versus strain curves for PErD.  (A) For PErD films derived 
from odd-numbered carbon diacids, adjusting the curing temperature from 120 °C to 140 °C 
led to a large increase in the Young’s modulus.  Interestingly, the thermosets synthesized 
from even-numbered carbon diacids did not experience as marked of an increase in the 
moduli.  The grey curve represents elastomer 2 while the black curve displays the stress-
strain relationship for elastomer 14. (B) Semi-crystalline thermosets displayed an irregular 
stress-strain curves when compared to elastomeric materials.  Elastomer 16 (gray) was used 
as the example for elastomers while material 17 (black) was shown to represent semi-
crystalline thermosets.  The irregular shape of the red curve (semi-crystalline materials) is 
most likely due to the presence of an elastomeric network containing semi-crystalline 
oligomers. 
 

2.3.2 Design and Synthesis 
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The synthesis of the PErD series was designed for biomedical applications and, 

therefore, elastomers were synthesized without any catalysts or co-reagents (Figure 2.1).  

After forming a homogenous melt in an inert environment of argon at 145 °C, monomers 

were stirred while heating for 2 h.  The pressure of the reaction was then reduced to ~ 2 torr 

for an additional 7 h, allowing random ester-based cross-linking to form pre-polymers.  

Materials were either amorphous or semi-crystalline, depending on the length of the diacid; 

diacids with less than 10 carbons combined with erythritol to form amorphous pre-polymers, 

while sebacic, dodecanedioic, and tetradecanedioic acids led to the synthesis of semi-

crystalline materials that were solid and opaque at room temperature.  The monomers were 

heated only to the extent of cross-linking that would create oligomeric pre-polymers with 

‹Mn› ≥ 500 g/mol (Table 2.1).  Thermoset formation was intended to occur during a second 

heating phase, enabling molding and shaping of elastomeric films. 

2.3.3 Pre-Polymer Characterization 

Polycondensation of erythritol and diacids (5 – 10, 12, 14 carbons) led to pre-

polymers in the form of oligo(erythritol glutarate) (OErGl), oligo(erythritol adipate) 

(OErAd), oligo(erythritol pimelate) (OErPi), oligo(erythritol suberate) (OErSu), 

oligo(erythritol azelate) (OErAz), oligo(erythritol sebacate) (OErSe), oligo(erythritol 

dodecanedioate) (OErDo), and oligo(erythritol tetradecanedioate) (OErTe).  These pre-

polymers were characterized by 1H NMR and GPC.  The 1H NMR spectra, as seen in Figure 

2.1, show that all of the pre-polymers have very similar chemical signatures.  The pre-

polymer compositions were approximately 1:1 (erythritol:diacid), with the main difference in 

1H NMR spectra being the location of the methylene groups.  The presence of signals around 

4 and 5 ppm indicates that alcohols and acids combined to form esters; peaks d’ and e’ 
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represent the free alcohols that did not participate in cross-linking (Appendix B).  The signal 

associated with hydrophobic methylene groups are observed between 1.2 and 1.7 ppm.  The 

molecular weights of the polyester networks are based on a combination of monomer 

reactivity and mass of the monomers.  The lowest molecular weight was 710 g/mol (OErGl) 

while the largest was 1470 g/mol (OErDo). 

 
Table 2.3. Mechanical Properties of Poly(Erythritol Dicarboxylate) 

Material Young’s Modulusa (MPa) UTSa (MPa) Rupture Straina (%) nb (mmol/L) 
1 0.21 ± 0.04 0.39 ± 0.03 418 ± 38 29 ± 5 
2 0.48 ± 0.01 1.03 ± 0.17 314 ± 45 64 ± 2 
3 0.39 ± 0.07 0.44 ± 0.05 208 ± 14 53 ± 10 
4 0.19 ± 0.05 0.29 ± 0.07 319 ± 56 26 ± 78 
5 0.22 ± 0.07 0.24 ± 0.02 315 ± 24 30 ± 9 
6 0.35 ± 0.09 0.38 ± 0.07 182 ± 34 47 ± 12 
7 0.08 ± 0.01 0.14 ± 0.03 466 ± 41 10 ± 2 
8 46.26 ± 3.33 10.80 ± 0.44 407 ± 15 6224 ± 448 
9 80.37 ± 2.85 16.65 ± 0.21 149 ± 41 10813 ± 383 
10 18.36 ± 3.03 1.61 ± 0.11 63 ± 10 2470 ± 408 
11 0.47 ± 0.17 0.55 ± 0.12 198 ± 4 63 ± 22 
12 1.90 ± 0.26 0.86 ± 0.25 60 ± 16 256 ± 35 
13 1.08 ± 0.12 0.79 ± 0.14 100 ± 8 145 ± 16 
14 12.50 ± 1.46 1.31 ± 0.15 22 ± 4 1682 ± 196 
15 1.92 ± 0.12 1.03 ± 0.19 85 ± 14 258 ± 17 
16 1.95 ± 0.31 1.48 ± 0.06 146 ± 47 263 ± 42 
17 38.89 ± 4.46 13.00 ± 0.61 446 ± 75 5232 ± 601 

a Determined by Instron (crosshead speed of 10 mm/min); b Equation 1;. 

 

2.3.4 Complex Film Design 

One way to enhance the versatility of a material is to demonstrate processing 

compatibility with embossing of topologies and microstructures. Recent literature has 

focused on the importance of nano- and micro-features related to interfacial properties.31-33 
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To determine how easily embossed films could be fabricated, thermal curing was conducted 

in the presence of a perfluoropolyether (PFPE) mold.  The molding material, PFPE, was used 

due to its low surface energy, allowing for simple release from the polyester film after the 

completion of the cross-linking period.12-14 A small amount of the pre-polymer was placed on 

a glass slide and placed in an oven for 10 min, reducing the viscosity.  The PFPE mold was 

then placed in direct contact with the pre-polymer and returned to the oven.  Curing 

conditions were carried out as mentioned in Table 2.2.  After the cross-linking period, the 

mold was removed and the result was a micro-embossed film (Figure 2.2).  The features (2  

µm x 2 µm x 6 µm) were inversely transferred from the PFPE mold with high fidelity over a 

large area.  We will continue to explore the potential for micro-textured adhesive films or 

embossed tissue scaffolds to control cell behavior. 

Porous materials are also commonly used in tissue engineering because they allow 

cells and nutrients to easily pervade the interior of scaffolds.34-36 In order to demonstrate that 

micro-porous PErD thermosets could be designed, pre-polymers were dissolved in THF and 

combined with sieved sodium chloride (NaCl) crystals (< 400 µm).  The mixture was added 

to a poly(tetrafluoroethylene) mold and, after solvent evaporation, the polyester-salt system 

was cured as described above.  The cured elastomers were then swelled in ddH2O for 96 h in 

order to leach out the NaCl porogen.  After drying at room conditions, the films were fully 

dried under vacuum.  We will utilize these porous scaffolds in future in vitro and in vivo 

biological studies. 

2.3.5 Mechanical Testing 

The ability to design elastomers with control over the mechanical properties is 

attractive for materials used in biomedical applications.  Therefore, several curing conditions  
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Table 2.4. Physical Properties of Poly(Erythritol Dicarboxylate)  
Material Tg/Tm

 a (°C) Qs
b (%) Contact Angle (°) WSc (%) 

1 -4.1 37.3 ± 2.0 64.5 ± 3.3 26.4 ± 2.0 
2 0.9 24.0 ± 1.3 83.1 ± 3.2 21.8 ± 2.1 
3 -10.2 32.0 ± 2.0 74.9 ± 1.3 15.3 ± 2.0 
4 -14.5 36.6 ± 3.3 75.9 ± 1.6 14.7 ± 1.2 
5 -16.8 44.5 ± 1.8 66.9 ± 0.7 9.8 ± 0.6 
6 -17.9 27.5 ± 1.6 79.7 ± 3.2 8.9 ± 1.9 
7 -20.4 51.1 ± 3.4 58.6 ± 1.7 8.6 ± 0.6 
8 -32.2/50.1 23.4 ± 0.9 80.9 ± 0.8 3.6 ± 0.6 
9 -35.8/63.2 29.1 ± 2.2 79.8 ± 1.0 2.3 ± 1.0 
10 3.8 17.1 ± 2.9 91.4 ± 1.4 20.4 ± 0.7 
11 -4.7 7.4 ± 5.3 96.2 ± 1.6 13.5 ± 1.8 
12 -6.6 14.9 ± 2.6 84.5 ± 0.7 10.7 ± 2.5 
13 -13.5 17.3 ± 3.7 96.9 ± 2.1 9.5 ± 0.6 
14 -15.9 11.6 ± 2.5 93.5 ± 2.6 5.2 ± 0.8 
15 -16.6 10.8 ± 6.2 100.0 ± 2.4 5.6 ± 0.4 
16 -17.0 2.7 ± 0.7 98.6 ± 1.0 3.0 ± 1.8 
17 -27.4/53.8 22.4 ± 0.8 105.1 ± 0.5 2.4 ± 0.6 

a Determined by DSC; b Extracted in THF for 24 h at 25 °C; equation 2. c Swelled in water 
for 24 h; equation 3. 
 

were used to create materials with a range of structural properties (Table 2.2).  With the 

exception of elastomer 1, all pre-polymers cured for 3 d to form thermosets (elastomer 1 

cured for 2 d).  As expected, cross-linking these materials at 140 °C led to more rigid 

materials than curing at 120 °C.  The mechanical properties exhibited by various PErD 

elastomers varied over a wide range (Figure 2.3; Table 2.3).  Elastomers 1 – 17 had YM, 

ultimate tensile stress (UTS), and rupture strain (RS) values of 0.08 – 80.37 MPa, 0.14 – 

16.65 MPa, and 22 - 466 %, respectively.   

 As expected, after the stress was released, the elongated dog-bones composed of 

amorphous materials immediately reverted to their original dimensions.  However, the three 

semi-crystalline polyesters (materials 8, 9, and 17) experienced semi-permanent 
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deformations; the original shape was not recovered unless these materials were heated above 

their transition temperatures.  Presumably, this is due to the presence of an amorphous 

polyester encasing semi-crystalline oligomers.  This hypothesis was strengthened after 

conducting the sol content analysis of these three semi-crystalline polyesters because the 

dried, sol-free materials were amorphous.  The interesting composition of the materials 8, 9, 

and 17 also led to unique and reproducible stress vs. strain curves that display a local 

maximum, then a local minimum, and a final steady increase before rupturing (Figure 2.3).  

These polymers had higher YM and UTS values when compared to the amorphous polymers. 

 Extending the potential of PErD elastomers, the mechanical properties of several 

biological materials fall within the ranges observed by these materials.4, 5 Furthermore, the 

design of materials with many more combinations of mechncial characteristics should be 

possible by adjusting the curing conditions.  An advantage of using thermally cured materials 

is the ease with which the rigidity and flexibility can be tuned. 

2.3.6 Degradation Studies 

As stated previously, our earlier work included a series of polyketoester elastomers 

that degraded rapidly in PBS at 37 °C (complete hydrolysis in 2 – 28 d).16, 17 The design of 

the PErD family of polyester elastomers was motivated by the need for biodegradable 

materials that hydrolyze on a timescale that is more relevant to tissue engineering 

applications.  The only materials that were studied during in vitro degradation experiments 

were those that were amorphous, due to the need for materials that can recover from the 

dynamic stresses associated with in vivo tissue engineering.  However, elastomer 7 was not 

studied because it turned opaque when submerged in aqueous solutions.  The degradation 

rates of PErD seem to be controlled by two factors: the extent of cross-linking within the 
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Figure 2.4. In vitro PErD degradation rates.  Films were incubated in PBS at 37 °C for four 
weeks.  At pre-determined time points, the percent mass loss was recorded.  The PErD series 
achieved in vitro degradation ranging from 100 % in 3 weeks to 6.4 % in 6 weeks. 
 

polymer network and the hydrophobicity of the elastomer.  As such, the fastest degrading 

material should be soft and hydrophilic (elastomer 1), while hard, hydrophobic materials 

should survive longer in hydrolytic conditions (elastomers 16).  This logical trend was 

observed in the relative rates of degradation for our materials.  Due to the presence of fewer 

methylene groups, glutaric acid is more hydrophilic than adipic acid, which is more 

hydrophilic than pimelic acid, etc.  Therefore, materials composed of these monomers should 

degrade according to their hydrophilic natures, with the fastest degrading elastomer being 



 61 

composed of the most hydrophilic diacid.  Also, curing at 140 °C for 3 d should lead to more 

extensive ester formation than cross-linking at 120 °C for 3 d.  As esters are more 

hydrophobic than acids, the materials resulting from the 140 °C, 3 d curing should be more 

hydrophobic than those cross-linked at 120 °C for 3 d. By combining these two trends, 

intuitive deduction would suggest the following trend in degradation rates (fastest to slowest 

degradation): 1 > 2 > 3 > 4 > 5 > 6 > 10 > 11 > 12 > 13 > 14 > 15 > 16.  As seen in Figure 

2.4, the materials degrade according to the expected trend.  By altering the diacid and the 

curing conditions, the degradation rate could be controlled, allowing for the ability to tune 

the hydrolysis rate to match the needs of a potential application. Overall, hydrolytic 

degradation rates ranged from 100 % in 3 weeks to 6.4 % in 4 weeks; the PErD series of 

polyesters offers a wide range of degradation rates, which could increase the versatility of 

these materials in regards to tissue engineering applications. 

2.3.7 In Vitro Cytotoxicity 

These materials were primarily designed for tissue engineering applications.  Since 

biocompatibility is a requisite of tissue scaffolds, the cytotoxicity of these elastomers was 

studied using an elution-based method.  Only those polyesters that demonstrated low water 

swelling values were chosen for cell studies (elastomers 4, 5, 6, 11, 12, 13, 14, 15, 16) 

because of potential complications that could arise from structural deformations caused by 

hydration.  The first method consisted of culturing SA fibroblasts in polymer-extracted 

medium.  Polyester thermosets were extracted in cell medium for 24 h at 37 °C.  The 

medium-extract solution was then used to culture cells on tissue culture plastic that were not 

yet confluent.  As seen in Figure 2.5, within 48 h of extract addition, cells were able to reach 

confluence, regardless of the polymer extract used. In the case of fibroblasts, the presence of 
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the extracts did not prevent the cells from achieving and maintaining confluence; all cells 

were viable for 1 week, at which time the study was stopped.  Cells that were exposed to 

polymer extracts were virtually indistinguishable from cells that were not exposed to any 

material extracts. 

 

 
Figure 2.5. Elastomer extract-based in vitro cytotoxicity of PErD with fibroblasts.  SA 
fibroblasts were cultured on tissue culture plastic in the presence of extracts from elastomer 4 
(A), 5 (B), 6 (C), 11 (D), 12 (E), 13 (F), 14 (G), 15 (H), and 16 (I) for 48 h.  As a positive 
control, cells were cultured in medium containing no polymer extracts (J).  Fibroblasts were 
able to reach and maintain confluence, allowing these polyesters to be deemed non-cytotoxic.  
All scale bars represent 200 µm. 
 

 To study the effect of polymer extracts on complex cellular functions, not simply the 

viability, hMSCs were also cultured in the presence of the extracts .  Stem cells were brought 

to confluence in the presence of polymer-extracted medium, followed by the addition of 

differentiation induction medium.  hMSCs were imaged 10 d after induction of 

differentiation, enabling ample time for the transition from stem cells to adipocytes.15 The 

presence of adipose cells can be confirmed by the formation of large lipid vacuoles.  After 

staining with Oil Red O, the vacuoles (red) can easily be seen throughout the cells (Figure 

2.6).  Based on comparisons with hMSCs that were not exposed to any polymer extracts, 

PErD materials were deemed non-cytotoxic.  The stem cells that were cultured with polymer 
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extracts from diacids with an even number of carbon exhibited noticeably more 

differentiation.  As seen in Figure 2.6 (images B, D, F, H, and I), the presence of more red 

demonstrates that more vacuoles were produced during differentiation.  Future studies will 

focus on further observing the relationship between differentiation and the number of carbons 

in the diacids. 

 

 
Figure 2.6. Elastomer extract-based in vitro cytotoxicity of PErD with stem cells.  hMSCs 
were cultured on tissue culture plastic in the presence of extracts from elastomer 4 (A), 5 (B), 
6 (C), 11 (D), 12 (E), 13 (F), 14 (G), 15 (H), and 16 (I) for 48 h.  As a positive control, cells 
were cultured in medium containing no polymer extracts (J).  After reaching confluence, 
induction medium was added to begin the differentiation process.  As seen by the presence of 
vacuoles (red), hMSCs were able to differentiate into adipocytes after exposure to PErD 
extracts. All scale bars represent 200 µm. 
 

2.4 Conclusions 

We have designed a novel series of polyester elastomers based on aliphatic diacids 

and erythritol, a sugar alcohol that is FDA-approved for human consumption.  Thermal 

polymerization offers a simple avenue for tuning the mechanical properties, hydrophobicity, 

and degradation rates of the PErD family of materials.  Future work will focus on in vivo 

characterization and applications (tissue engineering and drug delivery) of this family of 

thermosets.  The pre-polymers are compatible with imprint lithography and emulsions (data 

not shown), enabling multiple methods of obtaining particles or embossed films.  We will 
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also continue to explore the cause of the odd-even effect and how it relates to the 

biocompatibility of these materials.  Based on our preliminary results, we believe that the 

PErD series of polyester elastomers may find wide use in a range of biomedical applications. 
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3.1 Introduction 

The development of new biomaterials with a range of functions and properties is 

becoming increasingly important for new and diverse applications in biomedical research, 

including drug delivery and tissue engineering.1-5 For applications that require soft materials 

that can mimic biological tissues, much research is directed towards the design of 

biodegradable and bio-reducible polymers that can form biocompatible elastomeric 

networks.6-12 Although this is an area of intense research, many of these materials are 

generated through complex syntheses or difficult engineering processes, which increases the 

costs of these materials and decreases the general availability to the broader research 

community.  The design of simple, straightforward, yet diverse materials would provide 

faster access to the new technology and therefore enable rapid progress in evaluating new 

biomaterials for a variety of applications. 

A traditional approach for generating new biomaterials that can be tedious and 

inefficient, yet powerful when it works, has been to design one polymer for one particular 

application.  In order to streamline the discovery process, a more efficient strategy would be 

to design novel materials capable of successful performance in multiple diverse applications. 

With this approach, materials can be multifaceted in terms of mechanical characteristics and 

chemical functionality. Mechanical versatility implies that a single technique can achieve a 

spectrum of structural and strength-related properties. Chemical versatility can be defined as 

the ability to introduce a wide range of functional moieties into the polymer at various time 

points in the synthesis – during the pre-polymer stage or as a cross-linked film. A material 

that was multifaceted both mechanically and chemically could potentially allow for the 

modulation of both sets of properties independently. Mechanical and chemical versatility 
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could enable the properties of a specific material to be tuned in order to achieve a desired 

result for a particular application.  

We believe, therefore, that the ideal polymer for biological or medical applications 

should possess several key characteristics. First, biocompatibility and biodegradation are key 

to ensure that there are no adverse cellular responses to the material. Second, a wide range of 

degradation rates and mechanical properties should be accessible from a single, facile, and 

inexpensive design strategy. This would allow for the ability to tailor material properties to 

best fit a particular application, thereby maximizing the probability of success. Third, the 

inclusion of a chemoselective ligand conjugation strategy would greatly increase the 

flexibility of a polymer in biological and medical applications.13-17 A single strategy that 

incorporates all of these criteria would allow for the rapid development and testing of new 

biomaterials. 

In this chapter, we describe the syntheses and characterization of poly(triol α-

ketoglutarate) (PTK), a novel and chemoselective series of polyketoesters. Due to the unique 

characteristics of this polymer family, a wide range of mechanical properties and degradation 

rates are possible. Also, inclusion of ketones in the repeat unit allows for the mild and 

chemoselective functionalization of these materials. Upon reaction, and therefore 

conjugation, of the oxyamine-terminated cell attachment peptide glycine-arginine-glycine-

aspartic acid-serine (H2NO-GRGDS), these materials are able to support cell attachment and 

cellular growth.18, 19 Because of the potential diversity of mechanical and chemical 

properties, PTK may be employed for a number of biomedical applications including tissue 

engineering and drug delivery. 

3.2 Experimental Section 
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Figure 3.1. Synthesis of poly(triol α-ketoglutarate). 
 

3.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) or Fisher 

Scientific (Philadelphia, PA), and used without further purification unless otherwise noted. 

α-ketoglutaric acid (αKG) was recrystallized from ethyl acetate. 

3.2.2 Poly(Triol α-ketoglutarate) Synthesis 

Equimolar amounts of αKG and triol (glycerol, 1,2,4-butanetriol, or 1,2,6-

hexanetriol) were combined in a round bottom flask.  In an inert environment of N2, 

monomers were stirred at 125 °C.  After a homogenous melt formed, the mixture was stirred 

for one hour.  Polymers were then precipitated in −78 °C methanol (MeOH), concentrated by 

rotary evaporation, and dried under vacuum at room temperature. Yields for poly(glycerol α-

ketoglutarate) (PGa), poly(1,2,4-butanetriol α-ketoglutarate) (PBa), and poly(1,2,6-

hexanetriol α-ketoglutarate) (PHa) were 93 %, 88 %, and 81 %, respectively. To form 
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elastomeric films, pre-polymers were cured at either 60 °C, 90 °C, or 120 °C for times 

ranging from 6 h to 7 days.  

3.2.3 Polyketoester Characterization 

Infrared spectra were recorded on an ASI ReactIR 1000 with THF as the solvent. 

Thermal properties were recorded by DSC and TGA. Using a Seiko 220C DSC, pre-polymer 

glass transition temperatures were measured during the second heating cycle (10 °C/min). 

Thermal degradation was collected with a Perkin-Elmer TGA with a heating rate of 10 

°C/min in an atmosphere of N2.  

Tensile tests were conducted on an Instron 5566 at a crosshead speed of 10 mm/min 

at 25 °C. Samples were cured in a dog-bone-shaped mold with approximate dimensions of 10 

mm x 3 mm x 1.5 mm. The Young’s modulus (YM) was calculated according to the linear 

segment of the stress/strain curve. Three trials were performed and the average was reported. 

Using  

 n = YM(3RT)-1       (1) 

where R is the universal gas constant and T is the temperature in K, the cross-linking density 

(n) was calculated. 

Sol-gel analysis was conducted by soaking films in THF for 24 h at room 

temperature. After solvent removal, the films were dried, and the percent soluble fraction 

(Qs) was calculated by 

! 

Qs =
mi "mf

mi

#100       (2) 

where mi and mf represent the initial and final mass of the elastomer films, respectively. 

Three trials were performed and the average was reported. 

3.2.4 Film Molding 
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A small amount of pre-polymer was placed onto a glass slide and heated to 120 °C in 

a vacuum oven. After 30 min of reduced pressure (~ 50 torr) to remove any gas or solvent, a 

polydimethylsiloxane (PDMS) stamp, fabricated by soft lithography, was placed directly on 

the pre-polymer.20 The material was allowed to cure for 24 hours, followed by the removal of 

the PDMS stamp. The molded elastomeric films were then coated in ~ 2 nm of a Pd/Au alloy 

(Cressington 108 auto sputter coater, Cressington Scientific Instruments Ltd.) and imaged 

using a Hitachi model 2-4700 scanning electron microscope (SEM).  

3.2.5 In Vitro Degradation 

To obtain standard degradation rates, approximately 75 mg segments of each 

elastomer were placed in scintillation vials. Vials were filled with phosphate buffered saline 

(PBS) and samples were then stored in an incubator (37 °C). At predetermined intervals, 

samples were removed from the incubator, rinsed thoroughly, dried, and weighed again. To 

prevent saturation, PBS was replaced every 7 days. Each data point was repeated in triplicate 

and results were reported as the average percent of the original mass lost. 

3.2.6 Film Functionalization 

To pattern immobilized ligands, a PDMS microfluidic cassette was placed in direct 

contact with a PTK film, creating a seal. Then, a 5 mM solution of an oxyamine-modified 

rhodamine dye (rhodamine-ONH2) in MeOH was flowed through the channels. The surface 

was then rinsed with MeOH, dried with N2, and fluorescent images were taken using a Nikon 

Eclipse TE2000-E inverted microscope (Nikon USA, Inc., Melville, NY). To functionalize 

the elastomer surface with a biospecific cell-adhesive peptide, 100 µL of a solution of H2NO-

GRGDS (1 mM in 1:1 DMSO:H2O) were added directly to the top of the film and allowed to 
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Table 3.1. Curing Conditions for Poly(Triol α-ketoglutarate) 
Polyketoester Triol Temp. (°C) Duration 

1A glycerol 60 7 d 
2A butanetriol 60 7 d 
3A hexanetriol 60 7 d 
1B glycerol 90 2 d 
2B butanetriol 90 2 d 
3B hexanetriol 90 2 d 
1C glycerol 120 1 d 
2C butanetriol 120 1 d 
3C hexanetriol 120 1 d 
3D hexanetriol 120 6 h 
3E hexanetriol 120 12 h 
3F hexanetriol 120 18 h 

 
 

react for 5 hours. The elastomers were then rinsed in PBS and dried in a vacuum chamber at 

room temperature. 

3.2.7 In Vitro Biocompatibility 

Polyketoester films were soaked in bovine calf serum-containing Dulbecco’s 

modified eagle medium (Sigma, St. Louis, MO) for 24 hours to remove any soluble or 

degraded portions of the materials. Cytotoxicity was then examined by two methods. First, 

the serum-containing medium with the elastomer extraction was added to a confluent layer of 

3T3 Swiss Albino mouse fibroblasts on tissue culture plastic. After 48 hours, cells were 

examined by light microscopy and cytotoxicity was determined based on cell morphology, 

monolayer confluence, and the ability to continue sub-culturing cells (compared to cells 

cultured on tissue culture plastic). Second, small fragments of the materials were added to a 

confluent layer of fibroblasts on tissue culture plastic. After 48 hours, cells were examined by 

light microscopy and cytotoxicity was determined as compared to cells not treated on tissue 

culture plastic. 
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Fibroblasts were next added directly to GRGDS-presenting films and incubated in 

Dulbecco’s modified Eagle’s medium with 10% bovine calf serum and 1% 

penicillin/streptomycin at 37 ºC with 5% CO2. The cells were added at a density of ~ 80,000 

cells/mL. Phase-contrast images were taken 24 h after seeding using a Nikon Eclipse 

TE2000-E inverted microscope.  

3.3 Results and Discussion 

3.3.1 Motivation 

The motivation for designing PTK was influenced by several criteria. First, the 

development of materials with a facile post-polymerization modification strategy was 

critical. The use of αKG satisfied this particular requirement due to the presence of a ketone 

group. Oxyamines, hydrazines, and hydrazides can react rapidly and chemoselectively with 

ketones at physiological conditions without catalysts or co-reagents, allowing for easy ligand 

conjugation by forming stable oxime linkages.13-15, 21-23 Second, since biomedical 

applications are targeted for these PTKs, biocompatibility was required and, therefore, at 

least one natural product was used in each material to minimize potential cytotoxicity. αKG 

is a ubiquitous metabolite required for the citric acid cycle, while glycerol is a key 

component in the synthesis of phospholipids.24, 25 Third, the ability to generate a wide range 

of elastomer properties with a simple and cost efficient synthesis would greatly enhance the 

versatility of PTK. By thermally curing the polyesters with varying temperatures and/or 

durations, the extent of cross-linking can be easily controlled for a range of mechanical 

properties. Fourth, due to the potential need for consistent degradation profiles, linear 

degradation of the PTK was desired.  By using ester linkages for both polymerization and 

cross-linking, consistent and uniform degradation could be achieved.  With these criteria,  
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Table 3.2. Mechanical Characteristics of Poly(Triol α-ketoglutarate) 

Polyketoester 
Mass Loss 

(°C)a 
5%             
10% 

YMb 
(MPa) 

UTSb 
(MPa) 

YMb 
(%) 

nb 
(mmol/L) 

Qs
c 

(%) 

Complete 
Degradation 

(days)d 
1A NAe NA NA NA NA NA NA 
2A 259             

294 
1.95 1.0 583 262.3 48.5 2 

3A 267             
312 

0.1 0.3 395 13.45 59.0 4 
1B 239             

284 
459.4 9.3 121 61790 41.9 3 

2B 260             
298 

161.3 4.7 418 21690 32.5 7 
3B 293             

332 
2.5 2.1 176 336.3 16.3 14 

1C 255             
300 

499.7 16.7 43 67210 28.5 8 
2C 285             

324 
381.9 8.1 95 51370 4.4 17 

3C 307             
345 

657.4 30.8 22 88420 3.5 28 
3D 268             

313 
0.1 0.2 379 13.45 60.9 4 

3E 288             
331 

1.3 1.2 151 174.9 14.8 12 
3F 293             

332 
4.2 2.2 200 566.2 14.5 13 

a Determined by TGA in N2, 10 °C/min. b Determined by Instron (crosshead speed of 10 
mm/min). c Extracted in THF for 24 h at 25 °C. d Degradation was monitored in PBS at 37 
°C. e Incomplete curing at given conditions. 
 

αKG was combined with glycerol, 1,2,4-butanetriol, and 1,2,6-hexanetriol to generate PGa, 

PBa, and PHa, respectively – a series of chemoselective and biodegradable polymers with a 

range of mechanical and chemical properties. Furthermore, because all four monomers are 

inexpensive and the pre-polymer synthesis can be performed in bulk, PTKs are available for 

potential large-scale applications. 

3.3.2 Polyketoester Pre-Polymer Synthesis and Characterization 

The synthesis of PTK was designed for biological applications and, therefore, the 

elastomers were generated without any potential contaminating catalysts or co-reagents 

(Figure 3.1). After forming a homogenous melt at 125 °C, monomers were stirred while 

heating for 1 h.  Random cross-linking proceeds rapidly without the use of reduced pressure 

or a catalyst, allowing for purification by precipitation in −78 °C MeOH. The pre-polymers 

were heated only to the extent of cross-linking that would enable purification – the majority 
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of the heating and cross-linking was intended to occur during a second heating phase, 

allowing for the molding and shaping of elastomeric films.  

To determine the influence on mechanical effects of a ketone adjacent to one of the 

acids in αKG, two control pre-polymers were synthesized based on glutaric acid and diethyl 

β-ketoglutarate. The use of glutaric acid would allow for the determination of the effects of 

the presence of a ketone while diethyl β-ketoglutarate, which contains a ketone in the beta 

position relative to both carbonyl groups, would help to determine the role of the location of 

a ketone. However, under identical reaction conditions as were used with αKG, these 

controls did not sufficiently polymerize due to the lower reactivity of the two control 

molecules. Furthermore, pre-polymers were unable to form from glutaric acid or diethyl β-

ketoglutarate after approximately three hours of reaction at 125 °C. These results suggest that 

the rapid cross-linking of PTK is due to the presence of a ketone moiety in the alpha position 

to the acid group in αKG. 

PTK pre-polymers were then characterized by IR and DSC. The IR spectra of all 

three pre-polymers show an intense carbonyl stretch at ~ 1740 cm-1 due to the formation of 

multiple ester linkages (Appendix C, Figures C1-C3). DSC was used to calculate the glass 

transition temperatures (Tg) of PGa, PBa, and PHa (−22.5 °C, −33.4 °C, and −38.4 °C, 

respectively). With all Tg values less than 0 °C, PGa, PBa, and PHa are completely 

amorphous at room temperature. Furthermore, the three pre-polymers are soluble in several 

common organic solvents, including acetone, chloroform, dimethyl sulfoxide (DMSO), N,N-

dimethylformamide, dioxane, ethanol, MeOH, DCM, and THF. The range of organic 

solvents can facilitate a variety of potential functionalization reactions as well as diverse 

processing techniques. 
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Figure 3.2. Degradation rate profiles for polyketoesters 2A – 3F. Due to the ease with which 
the extent of cross-linking and the hydrophobicity of the triol could be controlled, PTK films 
were able to hydrolytically degrade at varying rates. Complete mass loss was observed in as 
rapidly as 2 days (2A) and as long as 28 days (3C). 
 

3.3.3 Polyketoester Cross-Linking and Mechanical Properties 

The ability to design elastomers with a wide variety of mechanical properties was 

directly related to the ease with which the extent of cross-linking could be controlled. 

Therefore, several curing conditions were used to create materials with a range of structural 

properties (Table 3.1). Cross-linking the pre-polymers at lower temperatures for longer time 

periods (60 °C, 7 days) led to very soft, elastic materials while shorter curing periods at 

higher temperatures (120 °C, 1 day) produced hard, glassy materials.  

TGA gave insight into the thermal stability of the eleven elastomers that were 

produced (Table 3.2). All eleven elastomers exhibited 5 % mass loss at temperatures of at 

least 239 °C. In addition, eight of the materials experienced 10 % mass loss at temperatures 

above 300 °C. A general trend became apparent in that the triol used, not the curing 

conditions, influenced the thermal stability of the elastomeric films. For example, material 

3D, which was only cured for 6 h, exhibited higher thermal stability than four other materials 
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(2A, 1B, 2B, 1C) that were cured for at least 24 h. The main difference between these 

materials is that 3D is derived from PHa, while the other four are derived from PGa (1B, 1C) 

or PBa (2A, 2B). 

The mechanical properties exhibited by various PTK elastomers were dispersed over 

a wide range (Table 3.2). Several unique combinations of YM, ultimate tensile stress (UTS), 

and rupture strain (RS) were present in these materials. For example, materials 1B and 2B 

were fairly rigid with correspondingly large YM values (YM = 459.4 MPa and YM = 161.4 

MPa, respectively) and UTS values (UTS = 9.3 MPa and UTS = 4.7 MPa, respectively) when 

compared to the other materials. However, both were also capable of extreme elongation, at 

least doubling in length (RS = 121 % and RS = 418 %, respectively). In addition, typical soft 

and elastic materials were also produced. Materials 3A and 3D both had a YM value of 0.1 

MPa, UTS values under 0.5 MPa (0.3 MPa and 0.2 MPa, respectively), and RS values over 

350 % (395 % and 379 %, respectively). Overall, the YM varied by three orders of 

magnitude (0.1 MPa < YM < 657 MPa), the UTS varied by two orders of magnitude (0.2 

MPa < UTS < 30 MPa), and the RS varied by one order of magnitude (22 % < RS < 583 %).  

These pre-polymers could also be cured at physiological temperature (37 °C). 

However, the duration of the cross-linking process was dramatically increased (2 – 4 weeks). 

Temperature-sensitive cargo could therefore potentially be entrapped in the branched 

polyketoester network. Biopolymers such as proteins and nucleic acids, which can denature 

upon heating, may be able to survive the curing process at 37 °C, allowing for the potential 

delivery and release of natural therapeutics. Experiments are being pursued to fully 

determine the flexibility of curing materials at physiological temperatures. 
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Extending the potential for the success of PTK as a biomaterial is the fact that the 

mechanical properties of many biological materials fall within the ranges achieved by these 

materials. For example, elastin from bovine ligaments exhibits a YM of 2 MPa, an UTS of 

1.1 MPa, and an RS of 150 %.26 All of these values fall within the spectrum of material 

properties of PTK, due to the ease with which the cross-linking density can be controlled. 

Also, collagen can recover from deformations of up to 20 %, while arteries and veins can 

achieve RS of up to 260 %.27-31  Furthermore, due to the ease with which the mechanical 

properties can be finely tuned, PTK could potentially be used for applications requiring a 

combination of flexibility and strength or for applications necessitating strength and rigidity. 

3.3.4 In Vitro Degradation 

Based on the alpha location of the ketone relative to the acid in PTK, electron-

withdrawing effects should increase the electrophilic character of the carbonyl carbon in the 

adjacent ester. Accordingly, we expected these polyketoesters, which are also hydrophilic, to 

have rapid in vitro degradation rates. As expected, PGa, PBa, PHa exhibited 100 % mass loss 

in relatively short periods of time (< 28 days). However, since the curing conditions led to 

varying extents of cross-linking, a range of degradation rates were obtained (Table 3.2, 

Figure 3.2). The rates seem to be controlled by two factors: the extent of cross-linking within 

the polymer network and hydrophobicity of the elastomer. Therefore, the fastest degrading 

material should be soft and hydrophilic (1A) while the slowest degradation rate should be 

associated with a material that is hard and hydrophobic (3C).  The only exception to this  
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Figure 3.3. Scanning electron microscopy (SEM) images of thermally cured PHa. After 
partially curing PHa on a glass slide, a PDMS stamp was applied in order to pattern the 
elastomeric film. After the curing process ended, the stamp was removed, revealing the 
molded polyketoester film. The pattern was (a) transferred with high fidelity, (b) creating 
features with an approximate height of 70 µm. 
 

general trend was material 1A – curing for 7 days at 60 °C led to insufficient cross-linking, 

producing a pseudo-amorphous material. For the remaining eleven materials, complete 

hydrolytic degradation occurred in as little as 2 days (elastomer 2A) and as many as 28 days 

(elastomer 3C).  The other nine materials were dispersed between these two, allowing for the 

potential to tune the desired degradation rate or release profile of a particular material. 

3.3.5 Film Micro-Molding 

One way to enhance the versatility of a material is to allow for the patterning of 

topologies and microstructures. Imprint lithography was used to easily generate features in  
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Figure 3.4. PHa patterned with a fluorescent dye. Using microfluidics, a solution of an 
oxyamine-modified rhodamine in MeOH was patterned on a flat PHa surface. After rinsing 
the surface, the fluorescent pattern is clearly visible against the non-modified PHa 
background. 
 

PTK. After placing a small amount of pre-polymer on a glass slide in a vacuum oven at 120 

°C, the pressure was reduced for 30 min to remove any residual solvent or gas. Using a 

patterned PDMS stamp, designed features were inversely transferred to polyketoester films 

by placing the stamp directly in contact with the pre-polymer. The pressure was reduced for 

an additional 20 min to remove trapped air. After a total curing period of 24 h, the PDMS 

stamp was removed. The elastomeric film was able to receive the inverse pattern of the 

PDMS stamp with high fidelity (Figure 3.3). This micro-molding strategy has the potential to 

create microfluidic devices or complex 3D microstructures for cell scaffolds.  

3.3.6 Film Functionalization 
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The main factor for developing these PTKs was the desire to include a simple and 

mild functionalization strategy in a biomaterial. Using monomers that contain ketones 

accomplishes this through the ability to form stable oximes upon reaction with oxyamine-

tethered molecules. Previous work has shown that ketones could survive extended periods of 

time at temperatures up to 170 °C during polymer synthesis.32, 33 Therefore, the ketones in 

the polyketoesters should be able to survive curing processes at temperatures of 120 °C or 

less, allowing for mild post-polymerization modifications.  

To demonstrate the covalent immobilization of ligands, an oxyamine-modified 

fluorescent dye was coupled to the surface of a polyketoester film. After placing a PDMS 

microfludic cassette in direct contact with a film of PHa, a liquid-tight seal was created. By 

flowing a MeOH solution containing an oxyamine-modified rhodamine through the device, 

spatial control of ligand immobilization was controlled. As seen in Figure 3.4, the fluorescent 

pattern is easily visible through the background fluorescence from the polyester film. 

Therefore, the ketones are still capable of reacting with oxyamine-containing ligands. As a 

control, a fluorescent dye without an oxyamine was flowed through the apparatus; no 

fluorescent pattern was observed.  Since oxyamines are easily incorporated into a wide range 

of molecules, including peptides and carbohydrates, PTKs have the potential to be modified 

for biospecific tissue engineering and targeted delivery applications. 

3.3.7 In Vitro Biocompatibility 

To determine biocompatibility, cells were cultured in the presence of both PTK 

degradation by-products and pieces of elastomer films. None of the eleven films produced 

were deemed cytotoxic, as determined by cell morphology, monolayer confluence, and the 

ability to continue sub-culturing cells. A non-cytotoxic result was expected, as two of the 
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four monomers are naturally occurring metabolites. The fact that materials 2C and 3C are 

non-cytotoxic may also be due to their low sol-gel fractions (4.4 % and 3.5 %, respectively). 

 

 
Figure 3.5. Poly(triol α-ketoglutarate) as cell scaffolds. 3T3 Swiss Albino fibroblasts were 
seeded onto elastomer films to determine their ability to act as cell scaffolds. Films were 
functionalized with H2NO-GRGDS. On material 2C, cells were able to create a lawn (a) as 
well as take extended morphologies when space was available (b). Cells were also able to 
form a lawn (c) and take extended morphologies (d) on material 3C. The scale bars represent 
50 µm. 
 

A second method for determining biocompatibility was conducted by seeding cells on 

elastomers 1C, 2C, and 3C. Cells were unable to attach or proliferate on any of these three 

materials. However, when H2NO-GRGDS peptide was coupled to the surface (1 mM, 5 hr), 

cells were able to recognize the peptide ligand and attach to the elastomer surface (Figure 

3.5, Appendix C, Figure C4).  The RGD peptide sequence is the minimal cell adhesive ligand 

found in the extracellular matrix protein fibronectin.18, 19  After 48 h of division and 

migration, a lawn of contact inhibited cells was formed on materials 2C and 3C. 

Interestingly, although cells were able to attach to 1C after immobilization of H2NO-

GRGDS, PGa degraded too rapidly and did not allow for cellular division and migration.  
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3.4 Conclusions 

Poly(triol α-ketoglutarate) was produced from the condensation of α-ketoglutaric 

acid and either glycerol, 1,2,4-butanetriol, or 1,2,6-hexanetriol. Altering the triol, the curing 

temperature, or the duration of the curing period allowed for control over the mechanical and 

degradation properties. A wide range of strengths and elasticities were easily achieved, 

producing materials that were strong and flexible, strong and inflexible, or weak and flexible. 

In addition, the ketone in the repeat unit is capable of reacting with oxyamine-terminated 

ligands, allowing for facile modification of polyester films. By immobilizing the cell 

adhesive peptide GRGDS, these materials were able to support cell adhesion through a 

receptor-ligand interaction without any cytotoxicity from the degradation byproducts. We 

believe that PTK may be applied to a wide range of tissue engineering and drug delivery 

applications. Attempts to extend the versatility of this strategy to include the design of new 

cell scaffolding materials, such as polyketoamides, are currently underway. 
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4.1 Introduction 

Recently, thermal polyesterification has become a popular strategy for synthesizing 

versatile polyester thermosets for biomedical applications.1-6  By employing starting materials 

with an average functionality greater than two, esterification occurs and polymer chains 

interconnect, forming cross-linked materials.  Several factors have led to the increased use of 

this polymerization strategy: ease, versatility, and the resulting polyesters.  The ease of this 

synthetic methodology is difficult to match; the monomers are heated and stirred in a partial 

vacuum.  Depending on the monomers and the desired macromolecular properties, the 

duration of the cross-linking period can vary between an hour and several days.6-10  The end 

result is a cured polyester. As no complex synthesis is required, detailed training in organic 

reactions is not necessary, allowing a wide range of scientists the ability to develop these 

biomaterials.  Thermal polycondensation also offers versatility in the polyester design.  The 

choice of monomers can be made in an effort to impart application-specific properties on the 

final material; for example, hydrophobicity, crystallinity, rigidity, and degradation rates can 

be controlled.1,2,11,12  The mechanical properties of the resulting polyesters can also be tuned 

by adjusting the curing conditions, allowing for one precursor to result in several materials 

that vary between rigid and flexible.7,8,13,14  Finally, the polyesters designed with thermal 

polycondensation are simple and effective.  The potential of these thermosets in biomedical 

and biotechnological fields continues to expand.15-20 

Previous polyester elastomers have been designed with thermal polycondensation to 

incorporate a wide range of starting materials.1,2  With the goal of biocompatibility, several 

polymers have been synthesized from monomers that are endogenous to human metabolic 

pathways.1  The use of molecules that are naturally present in the human metabolism offers a 
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potential strategy to minimize cytotoxic effects.  During degradation, such polymers can 

hydrolyze and release small molecules that the body can resorb, metabolizing them in various 

physiological pathways.  Similarly, some research has focused on the thermal polymerization 

of the starting materials from other known biomaterials.1,2,8,11,12,21-23  

In addition to a simple and versatile synthetic strategy, the installation of an efficient 

methodology for chemical modifications would further increase the potential success of a 

polymer.7,24-27  As discussed above, thermal polycondensation offers a route to create 

mechanically diverse materials by adjusting the monomer feed composition and the curing 

conditions.  However, to date, no conjugation strategy has been demonstrated to be 

compatible with polymerization technique.  The inclusion of an immobilization reaction 

would impart the resulting biomaterial with chemical versatility, the ability to introduce a 

wide range of functional moieties into a polymer at various time points in the synthesis – 

during the pre-polymer stage or as a cross-linked film. 

Several characteristics are critical to the success of a polymer in biomedical 

applications.  For a material to be a successful polymer in biomedical applications, the 

polymer should be biocompatible and biodegradable in order to minimize adverse biological 

side-effects.  Related to degradation, a biomaterial should be completely amorphous at 

physiological conditions so that hydrolysis proceeds linearly and homogeneously.28-30  Also, a 

single, facile, and inexpensive synthetic strategy should allow access to a wide range of 

macromolecular properties (mechanical profiles, degradation rates, hydrophobicities, etc.).  

This would allow for the ability to tailor material properties to best fit a particular 

application, thereby maximizing the probability of success.  Furthermore, while several 

immobilization strategies exist, the inclusion of a ketone would introduce two key benefits: a 
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chemoselective handle for conjugation and a location that can act as an anchor between the 

material and the tissue.  Ketones are able to react specifically with oxyamine- and hydrazide-

terminated ligands.31-34  Similar to aldehydes, ketones can also act as a covalent anchor 

between biomaterials and tissue through the formation of imines due to the ubiquitous nature 

of amines in biological environments.19  A recent study indicates that covalent attachment 

between materials and tissue enables strong adhesion without causing negative biological 

responses in vivo.35,36 

In this chapter, we describe the syntheses and characterization of poly(diol 4-

ketopimelate -co- diol citrate) (PDKDC), a novel and chemoselective series of 

polyketoesters. Two diols were employed in the syntheses of PDKDC: 1,4-

cyclohexanedimethanol or 1,6-hexanediol.  Varying the diol and the curing conditions led to 

the design of several elastomers with a range of physical and mechanical properties.  The 

PDKDC materials described here displayed Young’s moduli (YM), ultimate tensile stress 

(UTS), and rupture strain (RS) values of 0.39 – 1.13 MPa, 0.27 – 1.04 MPa, and 108 - 426 

%, respectively.  Additionally, the incorporation of the ketone from 4-ketopimelic acid 

imparted these materials with two advantages: a handle for covalent functionalization 

through oxime formation and a site for covalent anchoring to the surrounding tissue through 

imine linkages.  In order to assess the full potential of these polyketoesters, biocompatibility 

was studied both in vitro and in vivo.  Finally, the systemic in vivo response caused by 

PDKDC elastomers was evaluated by blood analysis.  Preliminary results indicate that these 

polyketoesters are excellent candidates for biomaterials. 

4.2 Experimental Section 

4.2.1 Materials 
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Figure 4.1. Synthesis of poly(diol 4-ketopimelate -co- diol citrate).  Thermal 
polycondensation of 4-ketopimelic acid, citric acid, and either 1,4-cyclohexanedimethanol or 
1,6-hexanediol led to the catalyst-free design of pre-polymers.  Further heating of the pre-
polymers allows for the preparation of elastomeric polyester thermosets.  The inclusion of a 
ketone allowed for post-polymerization modifications through oxime formation. 

 

All chemicals were used without further purification. Citric acid (CA), 4-Ketopimelic 

acid (4KP), 1,6-hexanediol (HD), 1,4-cyclohexanedimethanol (CHDM), and solvents were 

purchased from Fisher Scientific (Philadelphia, PA). O-Allylhydroxylamine hydrochloride, 

poly(DL-lactide-co-glycolide), and poly(ε-caprolactone) (PCL) were purchased from Sigma-

Aldrich (Milwaukee, WI). 

4.2.2 Poly(CHDM 4-ketopimelate -co- CHDM citrate) Synthesis  

Polymerizations were performed based on previous description.9,10  Briefly, 4-

ketopimelic acid, citric acid, and 1,4-cyclohexanedimethanol were combined in a round 
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bottom flask in a molar ratio of 1:1:2.  The mixture was heated at 135 °C until a homogenous 

melt was formed, stirred for 2 h in an environment of argon, and finally stirred at ~ 2 torr for 

45 min. To form elastomeric thermosets, the pre-polymers were cured for 3 d at 100 °C, 120 

°C, or 140 °C.  

4.2.3 Poly(HD 4-ketopimelate -co- HD citrate) Synthesis 

4-Ketopimelic acid, citric acid, and 1,6-hexanediol were combined in a round bottom 

flask in a molar ratio of 1:1:2.  The mixture was heated at 135 °C until a homogenous melt 

was formed, stirred for 2 h in an environment of argon, and finally stirred for 2 h at a reduced 

pressure of ~ 2 torr. To form elastomeric thermosets, the pre-polymers were cured for 3 d at 

120 °C or 140 °C. 

4.2.4 Polyketoester Characterization 

1H NMR spectra of pre-polymers were acquired on a Bruker 400 MHz AVANCE 

spectrometer in deuterated dimethyl sulfoxide (DMSO).  Molecular weights were measured 

compared to polystyrene standards on a Waters gel permeation chromatography (GPC) 

system with detection based on refractive index values.  The measurements were taken at 40 

°C with tetrahydrofuran (THF) as the mobile phase on three columns in series (Waters 

Styragel HR2, HR4, and HR5).  Thermal properties were recorded by differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA).  Pre-polymer and polymer glass 

transition temperatures were measured during the second heating cycle (10 °C/min) on a TA 

Instruments Q200 DSC.  Thermal degradation was collected with a Perkin-Elmer TGA with 

a heating rate of 10 °C/min in an atmosphere of N2.  

Tensile tests were conducted on an Instron 5566 at a crosshead speed of 10 mm/min 

at 37 °C. Samples were cured in a dog-bone-shaped mold with approximate dimensions of 10 
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mm x 3 mm x 1.5 mm, swelled in ddH20 at 37 °C for 24 h, and then tested. The Young’s 

modulus (YM; Pa) was calculated according to the linear segment of the first 5 % of the 

stress/strain curve. Three trials were performed and the average was reported. Using  

n = YM(3RT)-1         (1) 

where R is the universal gas constant (8.3144 J mol-1 K-1) and T is the temperature in K, the 

cross-linking density (n; mmol L-1) was calculated. 

Water swelling (WS) experiments were performed by swelling films in ddH2O for 24 

h at room temperature.  After removing surface water, the WS was calculated by 

! 

WS =
mf "mi

mi

#100        (2) 

where mi and mf represent the initial and final mass of the elastomer films, respectively.  

Three trials were performed and the average was reported. 

Sol-gel analysis was conducted by soaking films in THF for 24 h at room 

temperature.  After solvent removal, the films were dried, and the percent soluble fraction 

(Qs) was calculated by 

! 

Qs =
mi "mf

mi

#100         (3) 

where mi and mf represent the initial and final mass of the elastomer films, respectively.  

Three trials were performed and the average was reported. 

Contact angle measurements were recorded on a KSV CAM200 contact angle meter 

with water as the wetting liquid. 

4.2.5 Pre-Polymer Functionalization  

Pre-polymer was added to a round-bottom flask and dissolved in a 4:1 solution (v/v) 

of methanol (MeOH) and dimethylformamide (DMF).  A 2-fold molar excess of O-
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allylhydroxylamine was added to the solution, which was stirred at room temperature for 24 

h.  Following the reaction, the solvent was removed by rotary evaporation.  After dissolving 

the resulting residue in dichloromethane, the organic solution was washed with water, dried 

over MgSO4, filtered, and concentrated in vacuo. 

4.2.6 Film Molding  

A small amount of pre-polymer was placed onto a glass slide and heated to 140 °C in 

a vacuum oven.  After 30 min of reduced pressure (~ 50 torr) to remove any gas or solvent, a 

perfluoropolyether (PFPE) mold was placed directly on the pre-polymer.37-39  The material 

was allowed to cure for 3 d, followed by the removal of the mold. The molded elastomeric 

films were then coated in ~ 2 nm of a Pd/Au alloy (Cressington 108 auto sputter coater, 

Cressington Scientific Instruments Ltd.) and imaged using a Hitachi model 2-4700 scanning 

electron microscope (SEM). 

4.2.7 Polymer Functionalization  

The pre-polymer based on 1,6-hexanediol was dissolved in 1,4-dioxane and added to 

glass slides.  After solvent evaporation, curing proceeded at 140 °C for 3 d.  Films were then 

submerged for 5 h in a 100 mM solution of the ligand in a solvent system of 9:1 (v/v) 

methanol-to-water. After rinsing the thin films and drying in vacuo, ligand immobilization 

was characterized with contact angle measurements.  

4.2.8 In Vitro Degradation  

To obtain standard degradation rates, ~ 50 mg segments of each elastomer were 

placed in scintillation vials. Vials were filled with phosphate buffered saline (PBS) and 

samples were then stored in a water bath at 37 °C. At predetermined intervals, samples were 
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removed, rinsed thoroughly with ddH2O, dried, and weighed again. To prevent saturation, 

PBS was replaced every 7 days. Values were obtained using 

! 

Mass Loss =
mi "mf

mi

#100        (4) 

where mi and mf represent the initial and final mass values, respectively.  Each data point was 

repeated in triplicate and results were reported as the average percent of the original mass 

lost. 

4.2.9 In Vitro Cytotoxicity  

To test cell viability, Swiss albino 3T3 fibroblasts (SAFs) were plated in 24-well 

plates at a density of approximately 40,000 cells per well and incubated for 18h at 37 °C in a 

humidified 5% CO2 atmosphere.  After incubation, each polymer sample [~ 50 mg; sterilized 

in 70 % ethanol (EtOH) and washed in PBS under a germicidal lamp for 2 h] was placed 

within a cell culture insert with 3 µm pores (PET track etched membrane, Becton Dickinson), 

placed in a well, and covered with complete culture medium.  SAFs and materials were 

continuously incubated for 72h.  Cell viability was estimated at 24 h and 72 h by 

quantification of intracellular ATP using the CellTiter-Glo™ Luminescent Cell Viability 

Assay (Promega) following the manufacturer’s suggested protocol.  Luminescence was 

measured with a Molecular Devices SpectraMax M5 microplate reader (Molecular Devices 

Laboratories).  The viability of the cells exposed to polymer samples was expressed as a 

percentage of the viability of cells grown in the absence of polymers. 

4.2.10 In Vivo Biocompatibility 

Pre-polymers were dissolved in 1,4-dioxane and cast into a mold of 

poly(tetrafluoroethylene) (PTFE).  After the solvent was removed with reduced pressure, 

cross-linking was performed as previously described and the film was removed from the 
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mold.  PLGA was dissolved in methylene chloride and cast into a PTFE mold.  After solvent 

evaporation, the film was removed from the mold.  All samples were cut into 10 mm x 2 mm 

x 1 mm samples for use in live-animal studies.  Polyester thermosets were sterilized in EtOH 

for 30 min and washed in PBS for 2 h while under a germicidal lamp.  PLGA control 

samples were exposed to 365 nm light for 10 min. 

For the live-animal studies, 7-week old female Sprague-Dawley rats (7-weeks old, 

Harlan Laboratories) were anesthetized under isoflurane and O2 and shaved of all hair on the 

dorsal portions of the right and left sides.  The surgical areas were prepared with alternating 

applications of a 10 % povidone/iodine solution and 70 % EtOH.  Four 1-cm longitudinal 

incisions were made for implantation of the polymer samples.  The incisions were closed 

with sterile 5-0 surgical sutures, followed by a subcutaneous injection of bupreorphine (0.05 

mg/kg) every 12 h for a total of 24 h. The animals were cared for in accordance with UNC 

and NIH regulations.  At predetermined time points, 7 rats were euthanized with CO2; as a 

secondary method of euthanasia, animals were decapitated using a standard small animal 

guillotine and the trunk blood was collected in 50 mL conical tubes (Falcon, Franklin Lakes, 

NJ). Blood samples were allowed to clot at room temperature for 2 h before being 

centrifuged at 200 rpm for 15 min at room temperature.  Plasma samples were collected, 

aliquoted, and stored at -80 °C for further analysis.  All polyester samples were harvested in 

the surrounding tissue for histological evaluation. 

Biocompatibility was assessed by two different methods.  First, the local response of 

the host system was studied by histological evaluation.  As previously stated, polymer 

samples were harvested with the surrounding tissue intact.  The tissue was fixed for 36 h in 

10 % formalin, washed with ddH2O, and stored in 70 % EtOH.  Tissue blocks were 
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dehydrated stepwise in 80 % EtOH, 95 % EtOH, 100 % EtOH, and xylene.  After 

dehydration, the samples were embedded in paraffin and sectioned into 5 µm thin films.  

Slides were stained with hematoxylin (H&E) and Masson’s trichrome stain.  Images were 

recorded on a Nikon Eclipse TE2000-E inverted microscope with Metamorph software. 

As a second method, the systemic biocompatibility was monitored though blood 

analysis.  Plasma concentrations of pro-inflammatory cytokines Interleukin-1 (IL-1), 

Interleukin-6 (IL-6), and Tumor Necrosis Factor alpha (TNF-α) were quantified using 

commercially available ELISA kits (R&D Systems, Inc., Minneapolis, MN).  Plates were 

read on an EL-800x microplate reader and analyzed with KC Junior Software (Biotek 

Instruments, Winooski, VT).  Briefly, a monoclonal antibody specific for the cytokine of 

interest was pre-coated onto a microplate.  Standards and plasma samples were added into 

the wells and the immobilized antibody bound cytokines contained in the sample.  After 

washing away unbound substances, an enzyme-linked polyclonal antibody specific for the 

cytokine of interest was added to the wells.  Following a wash to remove any unbound 

antibody-enzyme reagent, a substrate solution was added to the wells and color developed in 

proportion to the amount of bound cytokine in the initial step. 

4.3 Results and Discussion 

4.3.1 Motivation 

We recently described the poly(triol α-ketoglutarate) (PTK) family of polyester 

elastomers.7,40  Although these materials demonstrated many interesting macromolecular 

properties, their degradation rates were particularly noteworthy.  In terms of designing 

potential tissue scaffolds, the PTK series hydrolyzed in PBS too rapidly to be useful; the 

reduction in pH associated with ester hydrolysis was too drastic.  The current work aimed to 
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design similar materials with degradation rates that were more appropriate for future 

applications in tissue engineering.  Prior experience suggested that the critical factor to 

achieving this goal was to alter the location of the ketone in the monomer.24,40 

 Initially, 4KP was polymerized with a number of sugar alcohols, which acted as the 

cross-linking agent.  However, 1H NMR results indicated that another linkage was forming 

(data not shown).  We believe that ketals were being synthesized in addition to esters; the 

reaction contained ketones, vicinal diols, and acid, three common components used to obtain 

ketals.  Ketals were undesired as they reduced the number of ketones that could act as a site 

for immobilization.  Therefore, the current work involved a synthetic strategy that did not 

include any vicinal diols.  Citric acid acted as the cross-linking agent for the polymerization 

of 4KP and either CHDM or HD.  All four of these monomers have previously been 

incorporated into non-cytotoxic biomaterials.10,25,41,42  By altering the diol and the curing 

conditions, a wide range of macromolecular characteristics (hydrophobicity, degradation rate, 

mechanical profile, etc.) were achieved. 

4.3.2 Pre-Polymer Synthesis and Characterization 

The synthesis of PDKDC was designed to be as mild as possible because these 

polyketoesters will be evaluated for future biomedical applications.  These elastomers were 

generated without the use of any catalysts or co-reagents in an attempt to minimize the 

presence of potentially toxic species (Figure 4.1).  The monomers (molar ratio of 

4KP:CA:diol = 1:1:2) were melted at 135 °C and stirred for 2 h in an inert environment of 

argon.  The pressure was then reduced for an additional heating period (45 min or 2 h).  The 

pre-polymers were esterified only to the extent of cross-linking that would enable 

purification in −78 °C MeOH.  The majority of heating and cross-linking occurred during a  
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Table 4.1. Pre-Polymer Characterization 

Pre-Polymer Tg (°C) Mn (g/mol) PDI 

PP-CHDM - 34.4 1140 1.3 

PP-HD - 36.9 960 1.2 
 
 

second heating phase, which allowed for elastomers to be molded and shaped.  The resulting 

oligomers were named according to the diol used in the formulation: PP-CHDM or PP-HD.  

The pre-polymers were characterized in order to verify that esterification was the only 

reaction that occurred. The 1H NMR spectra, as seen in Figures D1 and D2, show similar 

chemical signatures.  Both pre-polymers contain equal molar equivalents of 4KP and CA, 

resulting in the peaks located between 2 ppm and 3 ppm.  The differences arise from the use 

of different diols in the pre-polymer formulations.  CHDM produces signals between 0.75 

ppm and 1.75 ppm; HD results in peaks located between 1.25 ppm and 1.75 ppm.  The 

presence of signals around 4 ppm indicates that alcohols and acids combined to form esters.  

The most important aspect of both of these spectra is the presence of peaks ‘a’ and ‘b’, which 

are associated with the ketone.  These peaks provide evidence that the ketones survive the 

synthetic conditions. 

Additionally, the pre-polymers were characterized by GPC and DSC (Table 4.1).  The 

number-average molecular weights of PP-CHDM and PP-HD were determined by GPC to be 

1140 g/mol and 960 g/mol, respectively.  The glass transition temperature (Tg) of PP-CHDM 

was 34.4 °C while that of PP-HD was 36.9 °C.  These pre-polymers are soluble in common 

polar organic solvents such as acetone, DMSO, DMF, 1,4-dioxane, EtOH, MeOH, and THF. 

4.3.3 Pre-Polymer Functionalization 
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Table 4.2. Curing Conditions for Poly(Diol 4-Ketopimelate -co- Diol Citrate) 

Elastomer Diol Temp. (°C) Duration 

1 CHDM 100 3 d 
2 CHDM 120 3 d 
3 CHDM 140 3 d 
4 HD 120 3 d 
5 HD 140 3 d 

 
 

Due to the presence of a ketone in the repeat unit, post-polymerization modifications 

were possible.7,25,40  To demonstrate the covalent immobilization of ligand to the PDKDC 

backbone, an oxyamine-containing small molecule was conjugated to each pre-polymer.  O-

allylhydroxylamine (OAH) was dissolved in a solution of MeOH and DMF (4:1 v/v).  PP-

CHDM or PP-HD was dissolved in the solution such that the molar ratio of oxyamine-to-

ketone was 2:1.  After stirring for 24 h at room temperature, complete conversion of ketones 

to oximes was observed by 1H NMR (Figure D3 and D4).  OAH was chosen as the ligand 

due to the diagnostic peaks associated with the vinyl protons: h and i.  Additionally, the peak 

that represents the methylene unit adjacent to the ketone (peak b in Figures D1 and D2) 

shifted once the transition to oximes was complete (peak b in Figures D3 and D4).  

Therefore, the ketones are still capable of reacting with oxyamine-containing ligands.  Since 

oxyamines are easily incorporated into a wide range of molecules, including peptides and 

carbohydrates, PDKDC has the potential to be modified for biospecific tissue engineering. 

4.3.4 Polyketoester Curing and Mechanical Properties 

One of the attractive qualities of thermal polycondensation is the ability to design 

different mechanical profiles by altering the curing conditions.  Therefore, several curing 

conditions were used to create materials with a range of structural properties (Table 4.2).  All 
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thermosets were prepared by curing pre-polymers for 3 d; the degree of cross-linking was 

controlled by varying the curing temperature (100 °C, 120 °C or 140 °C).  CHDM was 

chosen as the diol when a rigid material was desired; the cyclic structure of CHDM limited 

the flexibility of the polyester thermosets.  Conversely, softer polymers were developed from 

HD, which has a linear structure that promotes flexibility.  This hypothesis was realized upon 

characterization of the mechanical profiles of these elastomers (Table 4.3).  Overall, these 

materials achieved YM, UTS, and RS values of 0.39 – 1.13 MPa, 0.27 – 1.04 MPa, and 108 - 

426 %, respectively.  The range of these mechanical properties encompasses several 

anatomical materials.28,43  Additionally, recent literature has suggested that the surface 

topology of tissue scaffolds can play an important role in their performance.  Therefore, we 

demonstrated that the PDKDC series of polyesters can be molded.  By curing in the presence 

of a PFPE mold, materials 3 and 5 were embossed with micron-scale features (Figure D5). 

 

Table 4.3. Macromolecular Properties of Poly(Diol 4-Ketopimelate -co- Diol Citrate)  

Elastomer Tg a 

(°C) 
Young’s 

Modulus b (MPa) 
UTS b 
(MPa) 

Rupture 
Strain b (%) 

n c 
(mmol/L) 

Contact 
Angle (°) 

1 19.1 0.39 ± 0.02 0.35 ± 0.07 426 ± 85 53 ± 3 77.9 ± 1.1 
2 21.4 0.85 ± 0.01 0.44 ± 0.03 160 ± 2 114 ± 1 78.8 ± 0.4 
3 19.5 1.13 ± 0.12 1.04 ± 0.20 158 ± 17 152 ± 16 94.9 ± 1.0 
4 - 25.7 0.43 ± 0.10 0.27 ± 0.01 153 ± 22 58 ± 14 77.6 ± 1.3 
5 - 21.1 0.62 ± 0.12 0.39 ± 0.11 108 ± 5 83 ± 17 88.1 ± 0.5 

a determined by DSC on second heating cycle (10 °C/min); b determined with hydrated 
samples by Instron (10 mm/min crosshead speed) at 37 °C; c determined from eq. 1. 

 
 
4.3.5 Polymer Characterization 

Certain macromolecular properties were directly linked to the choice of diol and to 

the curing conditions of the PDKDC polyketoesters.  As such, the soluble fractions, water 
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swelling, and contact angles were determined. The extent of cross-linking increased as the 

curing temperature increased from 100 °C to 140 °C due to further esterification of alcohols 

and acids.  Therefore, as the polyester chains became covalently linked, the amount of 

polymer that remained free decreased; the amount of sol in these materials was indirectly 

related to the curing temperature (Figure 4.2).  Interestingly, the water swelling was 

independent of the material composition, remaining relatively constant at ~ 5 %.  The contact 

angle followed a trend similar to the soluble fraction.  As cross-linking became more 

extensive, the hydrophobicity of the PDKDC materials increased due to the loss of alcohols 

and acids.  Also, with similar synthetic conditions, HD produced more hydrophilic materials.  

As seen in Table 4.3, the contact angles of materials 1 – 5 were 77.9 °C, 78.8 °C, 94.9 °C, 

77.6 °C, 88.1 °C.  These values agree with intuitive hypotheses based on the above factors. 

 

 

Figure 4.2. Sol fraction and water swelling of materials 1 – 5. 
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TGA offered insight into the thermal stability of PDKDC elastomers that were 

synthesized (Table D1).  Materials 1 – 5 all exhibited 5 % mass loss at temperatures of at 

least 290 °C; in addition, 10 % mass loss occurred at temperatures exceeding 323 °C.  

Between 428 °C and 446 °C, only 50 % of the original mass of the PDKDC materials 

remained.  After observing the data, trends emerged with respect to material composition.  

Thermal stability seemed to be related to choice of diol; all CHDM-based polyketoesters 

were more thermally stable than the HD-based materials.  Additionally, assuming a constant 

choice of diol, the curing temperature was also directly related to the stability of these 

polymers at high temperatures.  As the curing temperature increased, the temperatures 

associated with 5 %, 10 %, and 50 % mass remaining also increased. 

Due to the free ketone in the repeat unit of all PDKDC materials, ligands can be 

conjugated through oxime or hydrazone moieties.  To demonstrate the covalent 

immobilization of ligands, oxyamine- or hydrazide-containing ligands were immobilized to 

the surface of thin films of material 5 (Figure D6).  Ligands 1 – 4 vary in terms of their 

hydrophobicities due to different terminal functionalities.  Material 5 has a contact angle of 

88.10 °.  After immobilizing ligands, the contact angles of the modified PDKDC film were 

reduced by at least 10 ° (Table D2).  These results were expected because the ligands contain 

functional groups that are more hydrophilic than the hydrophobic polyester backbone of 

material 5.  As oxyamines and hydrazides are easily incorporated into a wide range of 

molecules, including peptides and carbohydrates, PDKDC thermosets have the potential to 

be modified for various biomedical applications. 

4.3.6 In Vitro Degradation 
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Due to the gamma-location of the ketone, relative to the esters in PDKDC, the 

reactivity of the ester carbon should be unaffected, allowing degradation rates that are 

comparable to similarly synthesized materials.24,25,40  As the curing conditions led to varying 

extents of cross-linking, a range of degradation rates were obtained (Table 4.3, Figure 4.3).  

Because CHDM and HD are similarly hydrophobic, the hydrolysis rates were primarily 

controlled by the extent of cross-linking within the polymer network.  Degradation was 

observed over a 4-week period in PBS at 37 °C.  The polyesters that degraded most rapidly 

also achieved the lowest cross-linking densities (materials 1 and 4), while the most cross-

linked material displayed the slowest degradation rate (material 3).  Overall, 10 – 31 % 

hydrolytic degradation was observed over the 4-week study; the degradation rates of the five 

materials were distributed within this range. 

 

 

Figure 4.3. In vitro degradation of PDKDC.  Polyester samples were incubated in PBS at 37 
°C for four weeks.  At pre-determined time points, the percent mass loss was recorded.  After 
4 weeks, the PDKDC series achieved in vitro degradation ranging from 10 % to 31 %. 
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Figure 4.4. In vitro cytotoxicity of PDKDC based on an ATP-luminescence assay.  SAFs 
were cultured on tissue culture plastic in the presence of itaconate-based polyesters.  As a 
positive material control, cells were cultured in the presence of PCL (Con). The viability of 
the cells exposed to polymer samples was expressed as a percentage of the viability of cells 
grown in the absence of polymers. 

 

4.3.7 In Vitro Cytotoxicity 

The PDKDC series of polyesters was designed for tissue engineering and other 

biomedical applications.  As such, the cytotoxicity of these thermosets was studied by 

monitoring the intracellular concentration of ATP.  Polyester samples were sterilized in 

EtOH and washed in PBS under a germicidal lamp.  SAFs were cultured in a 24-well plate 

that contained transparent and permeable inserts.  Due to preliminary data suggesting that 

viability could be limited by polymer samples resting directly on cells, PDKDC samples 

were placed in the inserts in order to eliminate direct contact between polyesters and cells.  

Because of the permeability of the inserts, the cells were exposed to the soluble fraction of 

the polyesters and any degradation products during culture.  Two positive controls were 

utilized during the course of these studies: cells were exposed to no polyester elastomers and  
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Figure 4.5. Optical micrographs of cells from in vitro cytotoxicity assay. SAFs were imaged 
after 72 h of culture with materials 1 (A), 2 (B), 3 (C), 4 (D), and 5 (E).  As a control, cells 
were cultured with samples of PCL (F). Materials 4 and 5, the polymers based on 1,6-
hexanediol, displayed toxicity towards SAFs. 

 

to PCL.  The cytotoxicity was evaluated after 24 h and 72 h.  As seen in Figure 4.4, SAFs 

showed little negative response to the polyesters after a day of culture.  However, materials 4 

and 5 – both of which contain HD as the diol – displayed toxic characteristics after 3 d of 

culture (Figure 4.5).  During the study, the color of culture medium exposed to materials 4 

and 5 changed from red to yellow; this change indicated a drop in pH, which could 
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potentially explain the negative biological responses.  Compared to cells that were not 

exposed to polymer samples, cell cultured in the presence of materials 1 – 3 (CHDM-based 

materials) were able to proliferate well (≥75 % viability).  These preliminary biological data 

indicate that PDKDC polyesters warrant further exploration as potential biomaterials. 

 

 

Figure 4.6. In vivo histological evaluation of PDKDC after two weeks of implantation.  
Material 1 (A,G), Material 2 (B,H), Material 3 (C,I), Material 4 (D,J), Material 5 (E,K), and 
PLGA (F,L) were subcutaneously implanted in rats.  Tissue sections were stained with 
hematoxylin and eosin (A – F) or Masson’s trichrome (G – L).  The polymers in the images 
are labeled with a “P”.  All scale bars represent 200 µm. 

 

4.3.8 In Vivo Biocompatibility 
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Figure 4.7. In vivo histological evaluation of PDKDC after four weeks of implantation.  
Material 1 (A,G), Material 2 (B,H), Material 3 (C,I), Material 4 (D,J), Material 5 (E,K), and 
PLGA (F,L) were subcutaneously implanted in rats.  Tissue sections were stained with 
hematoxylin and eosin (A – F) or Masson’s trichrome (G – L).  The polymers in the images 
are labeled with a “P”.  All scale bars represent 200 µm. 

 

The clinical use of novel biomaterials requires a thorough understanding and 

examination of the biological processes that occur when cells and tissues are exposed to these 

materials.44  Thus, both in vitro and in vivo biocompatibility testing are useful in determining 

the clinical utility of biomaterials.  The in vivo response to PDKDC polyketoesters was 

evaluated by subcutaneous implantation in rats.  Fourteen days after implantation, the 

inflammatory response exhibited by rats was mild for materials 1 – 5 (Figure 4.6).  The 
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fibrous capsules encompassing the implants were of similar thickness as those that 

surrounded the material control (PLGA samples).  Assessment after 28 d in vivo exposed 

thicker fibrous capsules around PDKDC implants when compared to the 14 d samples 

(Figure 4.7).  Again, though, these thicknesses were similar to that of the capsule surrounding 

the PLGA implant at similar time points.  These results are comparable to other soft 

thermoset elastomers.4-6,9,10 

 

 

Figure 4.8. Plasma IL-1 concentrations.  The concentration of IL-1, a blood-based marker of 
stress, was calculated in order to understand the systemic consequences of PDKDC 
implantation.  The mean concentration ± standard deviation is shown from three replicates 
per sample (1 sample/treatment group).  ‘Sx Con’ represents the surgery control with no 
implantation and ‘Mat Con’ is a material control of PLGA. 

 

Although histological evaluations are common in the evaluation of in vivo 

biomaterials, they only offer a local view of the inflammatory response elicited by material 

implants.  Therefore, a systemic approach was combined with histological data in order to 

understand how the entire animal reacted to the polymer samples.  From an inflammatory 

perspective, the most biocompatible materials are those that produce the least amount of 
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inflammation for the shortest period of time.   Assessment of the quality or intensity of 

inflammation can be characterized in different ways, including quantification of cytokine 

expression, quantification and phenotypic characterization of cellular infiltrates, and 

measurement of chemokines and matrix metalloproteinases.44-49  For these initial studies, we 

chose to characterize circulating plasma concentrations of pro-inflammatory cytokines 

associated with acute inflammation. When animals were sacrificed in order to procure tissue 

samples, trunk blood was collected.  Both material and surgery controls were analyzed in 

addition to materials 1 – 5.  PLGA again served as a materials control.  A surgery control was 

used in order to differentiate between inflammation caused by surgeries from that which 

resulted due to the implanted polymers.  Blood plasma samples were tested for the presence 

of several cytokines that are associated with inflammation: IL-1, IL-6, and TNF-α.44,50-52  

Surgical controls exhibited a plasma IL-6 concentration of 1.56 pg/mL and a plasma TNF-α 

concentration of 1.75 pg/mL.  No differences in the concentrations of plasma IL-6 or TNF-α 

were noted among experimental groups when compared to sham surgery controls at any time 

point (data not shown).  

Interestingly, quantification of plasma IL-1 revealed several differences (Figure 4.8).  

Across time points, surgical controls (Sx) exhibited an increasing level of IL-1 over time 

from 1 week (0.39 pg/mL) to 4 weeks (30.53 pg/mL).  PLGA controls and material 4 

exhibited similar levels of plasma IL-1 across all time points (PLGA: 1.45-40.11 pg/mL; 

material 4: 1.05-39 pg/mL).  In contrast, at week 1, animals that received implants of 

materials 1, 2, and 3 exhibited increased levels of IL-1 compared to Sx or PLGA controls 

(12.25, 13.13, and 7.18 pg/mL, respectively).  To a lesser extent, the animal treated with 

material 5 exhibited an elevated level of plasma IL-1, with 4.10 pg/mL. By week 2, the 
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concentration of IL-1 associated with material 2 had decreased, while all others remained 

elevated compared to SX or PLGA.  By week 4, all groups had decreased to levels at or 

below that of Sx or PLGA controls. 

 

 

Figure 4.9. Plasma IL-1 concentrations expressed as n-fold differences relative to the 
surgical control.  N-fold differences ± standard deviation compared to mean concentration of 
surgical controls at each time point (3 replicates per sample, 1 sample/treatment group) is 
displayed.  ‘Sx Con’ represents the surgery control with no implantation and ‘Mat Con’ is a 
material control of PLGA. 

 

Plasma IL-1 concentrations were also calculated as n-fold differences compared to 

surgical controls (Figure 4.9).  CHDM-based materials caused an 18- to 34-fold difference 

compared to Sx controls at week 1.  However, these differences returned to levels 

comparable with Sx or PLGA controls by week 4.  Material 5 initially exhibited a 10.5-fold 

increase compared to Sx controls at week 1, but this effect dropped significantly by weeks 2 

and 4.  In general, the plasma levels of IL-1 associated with materials 1 – 5 returned to the 

levels of Sx and PLGA controls by week 4. 
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The induction of pro-inflammatory IL-1, but not IL-6 or TNF-α is consistent with the 

current literature.  Previous studies have found that TNF-α levels did not differ in response to 

different biomaterials, irrespective of hydrophobicity and ionic state.44  Other studies 

demonstrated that IL-1 and IL-6 responses could increase or decrease based on the chemical 

properties of the biomaterial.  With respect to the duration of elevated cytokine 

concentrations, IL-1 concentrations were elevated at week 4 in both control and experimental 

groups.  However, levels were generally comparable to that of sham surgery controls, 

indicating that the increase in IL-1 specifically associated with the biomaterial had been 

attenuated.  

These in vivo data are interesting when compared to the in vitro biocompatibility 

results.  CHDM-based materials, which showed relative consistency in biocompatibility from 

day 1 to day 3, were among the most detrimental materials from an inflammatory 

perspective, relative to Sx controls.  This inconsistency between in vitro and in vivo 

biocompatibility data is further highlighted when material 4 is examined.  At day 3 in vitro, 

material 4 demonstrated less than 60 % biocompatibility.  However, material 4 produced a 

minimal inflammatory response in vivo.  Taken together, these findings highlight the 

importance of considering both in vitro and in vivo biocompatibility data.  With respect to the 

experimental materials that were tested, material 4 appeared to induce a minimal 

inflammatory response while materials 1 and 2 induced the most robust inflammatory 

response.  Future studies will focus on long-term in vivo studies with a larger population of 

animals. 

4.4 Conclusions 
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Poly(diol 4-ketopimelate -co- diol citrate) was synthesized from the polycondensation 

of 4-ketopimelic acid, citric acid, and either 1,4-cyclohexanedimethanol or 1,6-hexanediol. 

Thermal polycondensation offers a facile route to tune the mechanical properties, 

hydrophobicity, and the degradation rates of the PDKDC family of thermosets. The liquid 

pre-polymers are compatible with imprint lithography and salt-leaching techniques, enabling 

the fabrication of embossed films or porous scaffolds. By including a ketone in the repeat 

unit, these materials can covalently link to biological tissue through imines or to soluble 

ligands through oximes. The ketone-oxyamine conjugation strategy can be manipulated to 

covalently attach a wide range of biomolecules and/or nanomaterials to polyketoester films.  

In vitro and in vivo biocompatibility studies suggest that the non-functionalized thermosets 

are suitable candidates for tissue scaffolds.  A cytokine, IL-1, was also identified as a 

potential blood-based marker of systemic inflammation that is sensitive to subtle differences 

in material composition.  Future work will focus on the synthesis of novel polymer by 

altering the diol and the monomer feed ratios.  Additionally, long-term in vivo observation 

will focus on non-functionalized and oxime-modified polyester samples.  Our lab has 

experience synthesizing oxyamine-tethered molecules such as carbohydrates, peptides, and 

poly(ethylene glycol), all of which could be useful in biological studies.  Based on these 

preliminary studies, we believe that the PDKDC series of polyester elastomers may be 

appropriate for tissue engineering applications.  
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5.1 Introduction 

The need for novel biodegradable polymers in biomedical fields, such as drug 

delivery and tissue engineering, has motivated the biomaterials community to develop new 

polymers.1-3  Aliphatic polyesters are of particular interest due to their biodegradable and 

non-toxic properties.  Currently, a tremendous portion of polyester research for biomedical 

applications has focused on polymers derived from lactide, glycolide, and ε-caprolactone.4  

However, their utility is limited because the resulting polymers are often difficult to 

synthesize or hard and brittle at physiological conditions.  Therefore, the evolution of 

polyester design must continue in order to develop facile syntheses of elastomeric materials. 

Many examples of both thermosets and thermoplastics have been described in 

literature. 1-3,5  When compared to thermoplastic materials, amorphous thermosets offer a 

number of advantages for biomedical applications.  Thermoplastic elastomers often contain 

crystalline regions, which result in heterogeneous degradation and a non-linear loss of 

mechanical strength.1,6  Additionally, the three-demensional (3D) geometry of thermoplastic 

materials is commonly altered throughout the course of hydrolysis.6  In contrast to 

thermoplastics, thermosets can be synthesized from precursors that are completely 

amorphous, enabling a predictable loss of mechanical properties and linear degradation.1  In 

terms of biomaterials, the ability of a thermoset to retain its 3D structure is critical for 

various implants, including stents, tissue scaffolds, grafts, and sutures. 

Although both photocurable and thermally cured thermosets continue to be the focus 

of a significant portion of biomaterial research, the ability to cross-link biodegradable 

materials with light offers many benefits over thermal gelation.  One benefit is that 

significantly faster curing periods (minutes versus days) and lower curing temperatures 
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(room temperature versus 80 – 150 °C) are easily accessible.  As such, photocuring provides 

a less harsh route to curing process than thermal cross-linking procedures.  Therefore, fragile 

cargos, which include drugs and proteins, can be encapsulated in thermosets that are cured 

with light; this characteristic enables the design of drug releasing particles, stents, and 

sutures.7, 8 

We believe that the ideal polymer for biomedical applications should possess several 

characteristics.  Biocompatibility and biodegradation are requisites in order to minimize the 

stress that is imposed upon living systems by the material.  The polymer should also be a 

completely amorphous thermoset with no crystalline regions present, minimizing 

heterogeneous degradation.  A wide range of macromolecular properties should also be 

accessible from a facile and inexpensive strategy.  This would allow for the ability to tailor a 

material’s properties to best suit a particular application.  Finally and most importantly, the 

resulting polyesters should be photocurable after a single step while maintaining a simple 

synthetic scheme.  This requirement would allow for curing to take place in several minutes 

and eliminate the need for post-polymerization modifications that can degrade or alter the 

labile polyester backbone. 

In this chapter, we describe the synthesis and characterization of several photocurable 

polyesters based on itaconic acid (IA), a photoactive, biocompatible, and renewable 

monomer.9  IA is an ideal monomer and/or co-monomer for thermal polycondensation, a 

polymerization strategy that has recently gained popularity in biomaterial synthesis.2,3,5  IA 

was combined with adipic acid (AA) and trimethylolpropane (TMP) in order to obtain 

hyperbranched, photocurable polyesters.  A similar pre-polymer was synthesized by the 

polyesterification of IA, succinic acid (SA), and sorbitol.  Additionally, dimethyl itaconate 
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(DMI) is compatible with enzymatic polyester synthesis, catalyzed by Novozyme 435 – 

Lipase B from Candida Antarctica (CALB).  In order to demonstrate versatility, linear 

polyesters were generated by combining DMI with various diols.  The rigidity and strength 

of the resulting materials can be tuned by varying the cross-linking density through the initial 

monomer feed ratio, allowing for control over mechanical properties.  Additionally, the non-

cured pre-polymers are easily melted and/or dissolved for easy processing, demonstrated by 

micron-scale particles, embossed films, and porous scaffolds.  Finally, in vitro cytotoxicity of 

the materials toward Swiss albino 3T3 fibroblasts (SAFs) was studied due to future 

biomedical applications. 

5.2 Experimental Section 

5.2.1 Materials 

All chemicals were used without further purification. TMP, CALB, N,N’-

dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), poly(ethylene glycol) 

(PEG; 400 g/mol), 3-methyl-1,5-pentanediol (MPD), poly(ethylene glycol) methyl ether 

methacrylate (PEGMEM; 475 g/mol), and 2-(methacryloyloxy)ethyl acetoacetate (MEA) 

were purchased from Sigma-Aldrich (Milwaukee, WI).  IA, DMI, AA, SA, 1,4-

cyclohexanedimethanol (CHDM), sorbitol, diethoxyacetophenone (DEAP), and all solvents 

were purchased from Fisher Scientific (Philadelphia, PA).  Amine-functionalized rhodamine 

was purchased from Invitrogen (Carlsbad, CA). 

5.2.2 Poly(Trimethylolpropane Itaconate -co- Trimethylolpropane Adipate) Synthesis 

The synthesis was similar to methods previously reported.10-12  All polymerizations 

were performed on a scale of ≥ 15 g.  The total diacid content was combined with an 

equimolar amount of TMP in a round bottom flask.  The ratios of diacids, IA:AA, used were 
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1:0, 1:3, and 1:9.  In an inert environment of argon, monomers were stirred at 145 °C.  After 

a homogenous melt formed, the mixture was stirred for 2 h.  The pressure was then reduced 

to 2 torr, and the materials continued stirring for 6.5, 7.5, or 8.5 h (see Table 5.1).  The round 

bottom flasks were immediately placed into a water bath (room temperature) to stop 

polycondensation.  Pre-polymers were precipitated in -78 °C methanol and dried under 

vacuum.  To form thermosets, pre-polymers were combined with 0.1 wt % DEAP and 

irradiated with 365 nm light for 10 min in an Electro-Cure-500 UV curing chamber (Electro-

Lite Corporation, Bethel, CT). 

5.2.3 Poly(Sorbitol Itaconate -co- Sorbitol Succinate) Synthesis 

The synthesis of sorbitol-based pre-polymers was similar to the above procedure.  

The polymerization was performed on a scale of ≥ 15 g.  The total diacid content was 

combined with an equimolar amount of sorbitol in a round bottom flask.  The ratio of diacids, 

IA:SA, used was 2:3.  In an inert environment of argon, the monomers were stirred at 150 

°C.  After a homogenous melt formed, the mixture was stirred for 2 h.  The pressure was then 

reduced to 2 torr, and the materials continued stirring for 5 h.  The round bottom flasks were 

immediately placed into a water bath (room temperature) to stop polycondensation.  Pre-

polymers were precipitated in -78 °C methanol and dried under vacuum.  To form 

thermosets, pre-polymers were combined with 0.1 wt % DEAP and irradiated with 365 nm 

light for 10 min in an Electro-Cure-500 UV curing chamber (Electro-Lite Corporation, 

Bethel, CT). 

5.2.4 Linear Poly(Diol Itaconate) Synthesis 

Similar syntheses have been described elsewhere.13  All polymerizations were 

performed on a scale of ≥ 15 g.  For materials 5 and 6, DMI was combined with an equimolar 
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amount of a diol (CHDM or PEG) and Novozyme 435 (10 wt % of the total monomer 

weight) in an inert environment of argon and heated to 90 °C in oil bath.  For material 7, the 

procedure was identical except that a different monomer feed ratio was used: DMI (0.25 

molar equivalents), AA (0.75 equivalents), MPD (1 molar equivalent), and Novozyme 435 

(10 wt % of the total monomer weight).  After a homogenous melt was formed, the mixture 

was stirred for 2 h.  The pressure was then reduced to 200 torr for 10 h, to 125 torr for 12 h, 

and to 5 torr for the final 24 h of the reaction.  Upon completion, the mixture was diluted 

with methylene chloride and the enzyme was removed by filtration.  Following rotary 

evaporation, polymers were precipitated in -78 °C methanol and dried under vacuum.  To 

form thermosets, pre-polymers were combined with 0.1 wt % DEAP and irradiated with 365 

nm light for 10 min. 

5.2.5 Polyester Characterization 

1H NMR spectra of pre-polymers were acquired on a Bruker 400 MHz AVANCE 

spectrometer in deuterated chloroform; pre-polymer 4 was dissolved in deuterated dimethyl 

sulfoxide (DMSO).  Molecular weights were measured compared to polystyrene standards on 

a Waters gel permeation chromatography (GPC) system with detection based on refractive 

index values.  The measurements were taken at 40 °C with tetrahydrofuran as the mobile 

phase on three columns in series (Waters Styragel HR2, HR4, and HR5). Pre-polymer and 

polymer glass transition temperatures were measured during the second heating cycle (10 

°C/min) on a TA Instruments Q200 DSC. 

Tensile tests were conducted on an Instron 5566 at a crosshead speed of 10 mm/min 

at room temperature.  Samples were cured in a dog-bone-shaped mold with approximate 

dimensions of 10 mm x 3 mm x 1.5 mm.  Dog-bones were either tested dry or after swelling 
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in ddH2O at room temperature for 24 h.  The Young’s modulus (YM; Pa) was calculated 

according to the linear segment of the stress/strain curve.  Three trials were performed and 

the average was reported.  Using  

n = YM(3RT)-1       (1) 

where R is the universal gas constant (8.3144 J/mol K) and T is the temperature (K), the 

cross-linking density (n; mmol/L) was calculated. 

Sol-gel analysis was conducted by soaking films in isopropanol (IPA) for 24 h at 

room temperature.  After solvent removal, the films were dried, and the percent soluble 

fraction (Qs) was calculated by 

! 

Qs =
mi "mf

mi

#100       (2) 

where mi and mf represent the initial and final mass of the elastomer films, respectively.  

Three trials were performed and the average was reported. 

Water swelling (WS) experiments were performed by swelling films in ddH2O for 24 

h at room temperature.  After removing surface water, the WS was calculated by 

! 

WS =
mf "mi

mi

#100       (3) 

where mi and mf represent the initial and final mass of the elastomer films, respectively.  

Three trials were performed and the average was reported. 

Contact angle measurements were obtained on flat polyester films cured on glass 

slides.  Measurements were performed on a KSV CAM200 contact angle meter with water as 

the wetting liquid. 

5.2.6 Polyester Molding 
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Particles of material 5 were fabricated as previously described.7  To generate 

embossed films, a small amount of pre-polymer 1 was placed onto a glass slide, heated to 

reduce viscosity, and molded by direct contact with a perfluoropolyether (PFPE) mold.14-16  

The material was cured as described above, followed by removal of the mold.  Imaging of 3D 

polyester samples was conducted on a Hitachi model 2-4700 scanning electron microscope 

(SEM) after coating with ~ 2 nm of a Pd/Au alloy (Cressington 108 auto sputter coater, 

Cressington Scientific Instruments Ltd.). 

5.2.7 Porous Films 

Porous films were prepared based on previously reported methods.17  Briefly, 

material 3 was used as a cross-linking agent for a thermoset composed primarily of a 

methacrylated monomer (PEGMEM or MEA).  A polymer formulation was developed by 

dissolving material 3 (10 wt %) and DEAP (1 wt %) in the methacrylate (89 wt %).  The 

solution was combined with 87.5 wt % sieved NaCl and cured as described above.  The 

porogen was removed by swelling the films in ddH2O for 4 d, replacing the water every 12 h.  

After drying the porous scaffold in a vacuum oven (60 °C), SEM images were recorded as 

described above. 

5.2.8 Particle Functionalization 

Particles of material 2 (3 µm x 3 µm x 1 µm) were fabricated as described earlier.7  

Particles were dispersed in N’N-dimethylformamide (DMF) containing excess NHS and 

DCC.  After stirring for 30 min, an excess amount of an amine-modified rhodamine dye was 

added to the particles.18, 19  After 5 h, conjugation was halted by centrifuging the particles and 

decanting the supernatant solution.  The particles were repeatedly re-suspended in acetone, 

centrifuged, and decanted until the remaining acetone was clear, indicating removal of the 
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rhodamine solution.  The container was wrapped in aluminum foil in order to minimize 

exposure to light.  Optical and fluorescent images were obtained on a Zeiss Axio Imager 

D.1M equipped with a Zeiss AxioCam MRm camera. 

5.2.9 In Vitro Cytotoxicity 

To test cell viability, SAFs were plated in 24-well plates at a density of approximately 

40,000 cells per well and incubated for 18 h at 37 °C in a humidified 5% CO2 atmosphere.  

After incubation, each polymer sample (~ 50 mg; sterilized in 70 % ethanol and washed in 

PBS under a germicidal lamp for 2 h) was placed within a cell culture insert with 3 µm pores 

(PET track etched membrane, Becton Dickinson), placed in a well, and covered with 

complete culture medium.  SAFs and materials were continuously incubated for 72 h.  Cell 

viability was estimated at 24 h and 72 h by quantification of intracellular ATP using the 

CellTiter-Glo™ Luminescent Cell Viability Assay (Promega) following the manufacturer’s 

suggested protocol.  Luminescence was measured with a Molecular Devices SpectraMax M5 

microplate reader (Molecular Devices Laboratories).  The viability of the cells exposed to 

polymer samples was expressed as a percentage of the viability of cells grown in the absence 

of polymers. 

 

 

Figure 5.1. Common photocurable functional groups.  The structural similarities in (A) 
acrylates and (B) methacrylates are also found in (C) itaconates.  Itaconic acid is commonly 
polymerized through radical activation of the alkene.  However, it is also a suitable monomer 
for the condensation polymerization of polyesters. 
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5.3 Results and Discussion 

5.3.1 Motivation  

Aliphatic polyesters are both strengthened and limited by their inherently 

biodegradable linkages.  They are able to hydrolyze under physiological conditions, allowing 

for the design of medical devices and delivery vectors that do not require surgical removal.  

However, these relatively fragile linkages are not ideal in some common post-polymerization 

reaction conditions, including the use acidic and basic reagents.  Therefore, including any 

desired functionality of the final material into the initial polymerization strategy would be 

beneficial.  For example, terminal and pendant hydroxyl units are often converted into 

acrylates or methacrylates to create photocurable polyesters.  The results are often reported to 

be ‘without significant degradation’, even though the complete absence of degradation is 

desired.  We believe that the ideal photocurable polyester would involve one synthetic step 

that encompasses both the polycondensation and the introduction of acrylate-like moieties.  

 

Table 5.1. Pre-Polymer Synthetic Conditions 

Pre-
Polymer 

Synthesi

s 
Reaction  

(h) 
Temp. 
(°C) 

Topology Polyola Other 
Monome

r 

IA:DAb 

PP1 thermal 10.5 145 branched TMP  c 1.0 
PP2 thermal 9.5 145 branched TMP AA 0.25 
PP3 thermal 8.5 145 branched TMP AA 0.1 
PP4 thermal 7 150 branched Sorb SA 0.4 
PP5 enz. 48 90 linear CHDM  c 1.0 
PP6 enz. 48 90 linear PEG  c 1.0 
PP7 enz. 48 90 linear MPD AA 0.25 

a TMP = trimethylolpropane; Sorb = sorbitol; CHDM = 1,4-cyclohexanedimethanol; PEG = 
poly(ethylene glycol); MPD = 3-methyl-1,5-pentanediol. b Molar ratio of itaconate in total 
diacid/diester content in monomer feed. c Homopolymer. 
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The polymers described herein are based on monomers that have been utilized in 

previously studied biomaterials: IA, DMI, AA, TMP, sorbitol, SA, CHDM, PEG, and MPD 

(Table 5.1).20-27  While all of the starting materials are biocompatible, our novel polyesters 

are based on IA, which provides an attractive foundation for polymers (Figure 5.1).  IA is a 

completely renewable resource and can be isolated from bacterial fermentation and the 

distillation of citric acid.28-30  Many classes of biomaterials have been based on itaconates, 

including hydrogels and glass ionomer cements.20,31,32  These materials are synthesized 

through radical polymerization of the alkene in the itaconate monomer.  As opposed to 

radical polymerizations, this report focuses on designing itaconate-based materials through 

polyesterification. 

5.3.2 Poly(Trimethylol Itaconate -co- Trimethylol Adipate) 

Hyperbranched polyesters were synthesized by thermal polycondensation.  This 

technique is gaining in popularity due to its simplicity.  Polyols and polyacids react to form 

esters under conditions of heat (120 – 150 °C) and vacuum without catalysts or co-reagents, 

making this polymerization strategy especially attractive for biomaterials.  TMP was 

combined with IA and AA in various ratios, generating pre-polymers with different 

concentrations of the photocurable moiety (Figure 5.2).  Pre-polymers 1, 2, and 3 (PP1, PP2, 

and PP3) contained IA, AA, and TMP in ratios of 1:0:1, 1:3:4, and 1:9:10, respectively.  The 

monomers were heated only to the extent of cross-linking that would create oligomeric pre-

polymers; thermal cross-linking was avoided in order to obtain soluble pre-polymers.  The 

molecular weights of these oligomers were relatively small, with PP1, PP2, and PP3 having 

‹Mn› values of 1140, 2200, and 1170 g/mol (Table 5.2).  Additionally, all of the pre-polymers 

were amorphous, with glass transition (Tg) temperatures ranging from -28.8 °C – - 
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Figure 5.2. Thermal Synthesis of Poly(Trimethylolpropane Itaconate -co- 
Trimethylolpropane Adipate). 
 

7.4 °C.  The inclusion of larger amounts of AA caused lower Tg values, most likely due to 

the resulting decrease in cross-linking density. 

In addition to GPC and DSC, PP1, PP2, and PP3 were characterized by 1H NMR.  

The 1H NMR spectra of PP1, PP2, and PP3 were very similar due to the use of common 

monomers (Figure E1).  The main differences between the pre-polymers were caused by 

different monomer feed ratios.  PP1 is a homopolymer, poly(TMP itaconate), where as PP2 

and PP3 are copolymers, poly(TMP itaconate -co- TMP adipate).  The spectra associated 

with PP1 does not display the peaks at 1.6 and 2.3 ppm that correspond to the adipate 

structure.  All three of these pre-polymers contained at least 10 % itaconic acid in the 

monomer feed.  As such, all of the NMR spectra have alkene peaks at approximately 5.8 and 

6.2 ppm.  The presence of these peaks is crucial because they support the observation that 

cross-linking did not occur during the synthesis.  The absence of these peaks would imply 

that the alkene was altered, preventing it from participating in the photocuring process.  

Previous studies were unable to polymerize IA without the addition of radical inhibitors such 

as hydroquinone.33 
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Table 5.2. Pre-Polymer Characterizations 

Pre-Polymer Tg (°C)a ‹Mn› (g/mol)b PDIb 

PP1 -7.4 1140 1.3 

PP2 -23.2 2200 1.7 

PP3 -28.8 1170 1.3 

PP4 39.8 940 1.1 

PP5 -25.4 2030 1.3 

PP6 -50.8 6650 1.3 

PP7 -57.6 11900 1.6 
a Determined by DSC on second heating cycle (10 °C/min). b Determined by GPC. 

 

All three of the pre-polymers were cured upon exposure to UV light in the presence 

of the photoinitiator, DEAP. Thermosets were formed by exposing PP1, PP2, or PP3 with 0.1 

wt % DEAP to 365 nm light for 10 min.  As the concentration of the cross-linking moiety 

was controlled by the ratio of IA:AA in the monomer feed, the mechanical properties of these 

polymers could be controlled (Table 5.3).  Material 1, poly(TMP itaconate), was a strong and 

brittle polymer, with a Young’s modulus (YM), ultimate tensile stress (UTS), and rupture 

strain (RS) of approximately 200 MPa, 18 MPa, and 23 %, respectively.  However, by 

increasing the amount of AA in the monomer feed, the resulting polyesters were weaker and 

much more flexible.  Material 2 (IA:AA = 1:3) displayed YM, UTS, and RS values of 2 

MPa, 1 MPa, and 65 %, respectively; material 3 (IA:AA = 1:9) was far more elastic, with a 

YM of 0.2 MPA, an UTS of 0.2 MPa, and a RS of 200 %.  Between materials 1 – 3, the YM 

varied over 3 orders of magnitude, the UTS varied over 2 orders of magnitude, and the RS 

varied over 1 order of magnitude. 
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Table 5.3. Mechanical Properties of Photocured Itaconate-Based Polyesters  

Material Pre-
Polymer 

Young’s 
Modulus a (MPa) 

UTS a 
(MPa) 

Rupture 
Strain a 

(%) 
n b (mmol/L) 

1 PP1 201.66 ± 37.14 18.20 ± 0.10 23 ± 6 27131 ± 4996 

2 PP2 2.03 ± 0.24 1.14 ± 0.32 65 ± 14 d 273 ± 33 

3 PP3 0.19 ± 0.02 0.22 ± 0.02 198 ± 28 d 26 ± 3 

4 PP4 11.22 ± 1.22 2.05 ± 0.33 119 ± 19 1509 ± 164 

5 PP5 378.82 ± 53.03 16.59 ± 4.52 6 ± 2 50964 ± 7134 

6 PP6 7.49 ± 0.55 2.70 ± 0.80 45 ± 16 1008 ± 74 

7 PP7 2.45 ± 0.17 2.04 ± 0.33 99 ± 11 d 329 ± 22 

1 c PP1 186.32 ± 20.11 7.64 ± 2.02 5 ± 1 25067 ± 2707 

2 c PP2 1.40 ± 0.17 0.46 ± 0.09 40 ± 10 d 189 ± 23 

3 c PP3 0.17 ± 0.02 0.12 ± 0.03 111 ± 32 d 22 ± 3 

4 c PP4 0.88 ± 0.25 0.11 ± 0.05 23 ± 6 118 ± 34 

5 c PP5 398.14 ± 6.62 15.04 ± 3.00 6 ± 1 53564 ± 891 

6 c PP6 13.85 ± 0.43 0.97 ± 0.38 12 ± 1 1863 ± 58 

7 c PP7 2.40 ± 0.14 1.89 ± 0.64 99 ± 11 d 323 ± 18 
a Determined by Instron (crosshead speed of 10 mm/min). b Equation 1. c Samples were 
hydrated in H2O at room temperature for 24 h before testing. d Samples were cut by Instron 
clamps before tearing due to strain. 
 

The hydrophobicity of these polyesters was also investigated by determining the 

contact angle of water on thin polymeric films (Table 5.4).  The contact angles increased by 

including larger amounts of AA in the starting formulations due to the longer hydrocarbon 

portion of AA relative to IA.  The contact angle values for materials 1, 2, and 3 were 42.7 °, 

52.7 °, and 64.5 °, respectively.  The soluble fraction of the thermosets was also calculated 

(Figure 5.3).  This characteristic followed a logical pattern, with the soluble fraction 

increasing as the relative concentration of IA decreased; comparable trends have been 
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observed with similar materials.34  The results concerning the degree of swelling in water 

were unexpected (Figure 5.3).  Although materials 1 – 3 are hyperbranched and contain free 

carboxylic acids, the water swelling values were low.  Of these polyesters, elastomer 1 

exhibited the largest degree of swelling in water at 7.5 %.  As the amount of AA in the 

monomer feed increased, the amount of swelling in water decreased.  This trend is logical as 

AA contains more hydrophobic methylene units than IA. 

 

Table 5.4. Physical Properties of Photocured Itaconate-Based Polyesters  

Material Pre-
Polymer 

Tg a 

(°C) 
Contact 

Angle (°) 

1 PP1 18.4 42.7 ± 1.2 

2 PP2 -18.4 52.7 ± 1.3 

3 PP3 -25.6 64.5 ± 0.9 

4 PP4 4.0 29.4 ± 0.7 

5 PP5 8.1 79.5 ± 0.8 

6 PP6 -36.7 87.4 ± 0.5 

7 PP7 -62.4 96.0 ± 0.9 
a Determined by DSC on second heating cycle (10 °C/min). 

 

5.3.3 Poly(Sorbitol Itaconate -co- Sorbitol Succinate) 

In order to demonstrate that the macromolecular properties of the cross-linked 

elastomers could be further tuned, a hyperbranched pre-polymer was synthesized from the 

polycondensation of IA, SA, and sorbitol.  The synthesis of pre-polymer 4 (PP4) was very 

similar to those of the TMP-based materials (Figure 5.4).  Again, the monomers were heated 

only to the extent of cross-linking that would create oligomeric pre-polymers.  PP4 was 

amorphous (Tg = 39.8 °C) with ‹Mn› = 940 g/mol (Table 5.2).  Additionally, as sorbitol 
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contains six hydroxyl groups, this pre-polymer should be very hydrophilic when compared to 

PP 1 – 3.  This hypothesis was supported by the fact that PP4 was soluble in water, along 

with other polar organic solvents (DMSO, DMF, methanol, ethanol, etc); PP1 – PP3 were 

soluble in organic solvents that were much more non-polar, such as chloroform and 

methylene chloride.  

 

 

Figure 5.3. Sol fraction and water swelling of UV-cured itaconate-based polyesters. 

 

The 1H NMR spectrum of PP4 is similar to that of other pre-polymers based on sugar 

alcohols (Figure E2).35  The peaks from esters and alcohols corresponding to sugar alcohols 

are broad, spanning from 3.3 to 6.3 ppm.  The signals that represent esters formed from 

secondary alcohols are located at higher end of this range (3.3 – 4.3 ppm).  The esters formed 

by primary alcohols and the remaining unreacted alcohols produce peaks from 4.3 to 6.3 

ppm.  Common to PP1 – PP3, the peaks associated with the pendant alkene are found at 

approximately 5.8 and 6.2 ppm, indicating that cross-linking did not occur during the 

reaction.  Also, the spectrum contains peaks at 2.5 ppm that result from the use of succinic 

acid as a co-monomer. 
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Succinic acid was included in the monomer feed of material 4 in an attempt to dilute 

the cross-linking density and design a flexible elastomer (Table 5.3).  This goal was realized, 

as polymer 4 displayed a YM, UTS, and RS of approximately 11 MPa, 2 MPa, and 120 %, 

respectively (Table 5.3).  In the hydrated state, these values changed to 0.88 MPa (YM), 0.11 

MPa (UTS), and 23 % (RS).  Material 4 experienced the greatest loss of mechanical 

properties as a result of hydration.  We believe that these results are due to the fact that 

polymer 4 is best able to interact with water because of the large number of free hydroxyl 

groups from sorbitol and the presence of free acids. 

 

 

Figure 5.4. Thermal Synthesis of Hydrophilic Poly(Sorbitol Itaconate -co- Sorbitol 
Succinate). 
 

The hydrophobicity of material 4 was determined by contact angle measurements.  

Polymer 4 was expected to display significant hydrophilic character due to the presence of 6 

hydroxyl groups in sorbitol.  This hypothesis was verified when the contact angle for 

material 4 was determined to be 29.4 ° (Table 5.4).  The soluble portion of this polyester was 

surprisingly large at 47.6 % (Figure 5.3).  This result may be due to the reactivity of the 

hydroxyl groups in sorbitol relative to those in TMP.  Although sorbitol contains 6 alcohol 

moieties, four are secondary. TMP contains 3 primary hydroxyl groups, which are more 
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reactive than their secondary counterparts.  The soluble fraction may be higher in polymers 

dependent upon esterification involving secondary alcohols because fewer ester bonds are 

formed.  This conclusion is also supported by the fact that PP4 achieved the lowest molecular 

weight out of all of the hyperbranched pre-polymers (Table 5.2).  The degree of swelling in 

water for polyester 4 was 14.7 %.  The use of such a hydrophilic monomer facilitated the 

design of a polymer with many free acids and alcohols that experienced at least twice as 

much swelling in water as materials 1 – 3. 

5.3.4 Poly(1,4-Cyclohexanedimethanol Itaconate) and Poly(PEG Itaconate) 

The versatility of itaconic acid would be increased greatly if linear polymers could 

also be synthesized.  Initially, tin (II) 2-ethylhexanoate was employed as the catalyst in order 

to obtain poly(CHDM itaconate); however, the reaction gelled within hours.  We therefore 

catalyzed all linear polymerizations with CALB, an enzyme isolated from a species of 

thermophilic bacteria (Figure 5.5).36  PP5 and PP6, both homopolymers, were designed by 

combining DMI with CHDM and PEG, respectively.  In the presence of 10 wt % CALB, 

polymerizations occurred at 90 °C for 48 h under a partial vacuum for the final 46 h.  PP5 

and PP6 achieved molecular weights of 2030 g/mol and 6650 g/mol, respectively (Table 5.2).  

The choice of diol had a large impact on the thermal properties.  PP5, composed of the cyclic 

diol CHDM, had the largest Tg of all linear materials (-25.4 °C).  The Tg of PP6 was -50.8 

°C, much lower due to the use of PEG as the diol.37 

The 1H NMR spectra of PP5 and PP6 are much easier to distinguish than the spectra 

of hyperbranched PP1 – PP3 (Figure E3 and E4).  The peaks representing the pendant alkene 

of the itaconate group were easily distinguished at 5.8 and 6.2 ppm.  The methylene from the 

itaconate structure produces a singlet at 3.3 ppm.  In Figure S3, the ester peaks are present at 
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approximately 4.0 ppm, with the rest of the spectrum resulting from the hydrophobic protons 

of the cyclic CHDM group.  The peaks corresponding to the protons adjacent to the ester 

groups in PP6 are located at 4.2 ppm.  The major peak at 3.6 ppm represents the large 

number of ethylene glycol units in the PEG diol. 

 

 
Figure 5.5. Enzymatic Synthesis of Photocurable Linear Poly(Diol Itaconate -co- Diol 
Adipate). 
 

Although materials 5 and 6 were designed from DMI and a diol, the cross-linking 

density of these two polymers is very different due to the size of those diols.  Polyester 5 was 

composed of DMI and CHDM, a small and cyclic diol.  As such, elastomer 5 is very strong 

and very brittle; its YM, UTS, and RS values are 380 MPa, 16.5 MPa, and 6 %, respectively 

(Table 5.3).  Since this polymer is linear and hydrophobic, it displays a very similar 

mechanical profile when it is hydrated.  However, polyester 6 is based on a PEG 

macromonomer, which provides more space between cross-linking sites.  The result is a 

material that is more flexible than the other homopolymers.  The YM, UTS, and RS values 

for elastomer 6 are approximately 7.5 MPa, 2.7 MPa, and 45 %, respectively.  This polymer 

was unique in terms of its hydrated mechanical profile; the YM increased by 85 % (13.85 
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MPa), the UTS decreased by 64 % (1 MPa), and the RS decreased by 73 % (12 %).  Current 

studies are attempting to understand the difference between the mechanical properties of the 

dry state and those of the hydrated state. 

Materials 5 and 6 are both homopolymers based on DMI.  However, the choice of 

extremely different diols (CHDM versus PEG) allowed for the synthesis of dissimilar 

polymers.  Polyester 5 was expected to be very hydrophobic due to the cyclic hydrocarbon 

interior of CHDM.  This hypothesis was validated by the contact angle (79.5 °) and water 

swelling results (6.1 %) (Table 5.4, Figure 5.3).  Also, because polymer 5 was a 

homopolymer, the prevalence of itaconate motifs resulted in a highly cross-linked network 

with a low soluble fraction (6.7 %).  Polyester 6 was thought to be very hydrophilic since a 

large PEG diol (400 g/mol) was employed as a macromonomer.  The degree of swelling in 

water – 60 % – supported this expectation; material 6 swelled at least 4-times as much as any 

of the other polyesters in this study.  However, the contact angle implied that this polymer 

was surprisingly hydrophobic (87.4 °).  The interactions between material 6 and water 

potentially required a large amount of time; contact angle measurements occur on the order 

of minutes while water swelling takes place over a 24 h period.  Additionally, due to the fact 

that material 6 is a homopolymer, the soluble fraction was very low (3.6 %). 

5.3.5 Poly(3-Methyl-1,5-Pentanediol Itaconate -co- 3-Methyl-1,5-Pentanediol Adipate) 

When PP5 and PP6 were cured, the resulting polymers were brittle due to the high-

cross-linking density which is due to each repeat unit containing a site for radical cross-

linking.  We hope to further increase the flexibility of itaconate-based polyesters by 

producing a copolymer in an attempt to dilute the cross-linking sites.  In order to accomplish 

this goal, AA was included in the monomer feed; DMI:AA:MPD = 1:3:4.  The synthesis was 
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identical to the procedure used for PP5 and PP6.  The inclusion of AA caused a large 

increase in the molecular weight of the pre-polymer, which obtained ‹Mn› = 11900 g/mol 

(Table 5.2).  The Tg of PP7 – -57.6 °C – was again low due to the choice of the diol.  The 

branched structure of MPD prevented efficient packing, which resulted in a low Tg.38 

In addition to basic structural characterization, the 1H NMR spectra of PP7 allowed 

for the determination of the ratio of DMI:AA in the purified pre-polymer (Figure E5).  The 

monomer feed contained DMI:AA in a 1:3 molar ratio.  By integrating peaks ‘b’ and ‘g’, the 

ratio of DMI:AA in the final pre-polymer was 1:3.07.  In terms of the structural components 

of PP7, peaks ‘a’ and ‘b’ are common to PP5 and PP6 as all three are based on DMI.  Again, 

their presence is critical because the pendant alkene is preserved through the enzymatic 

polymerization.  Peaks ‘g’ and ‘h’ are the methylene groups from the adipate unit in the co-

polymer.  Peaks ‘c’ – ‘f’ are associated with the hydrophobic core of the diol, MPD. 

Curing PP7 led to the design of a tough and flexible polyester, which was intended.  

Adipic acid was included so as to decrease the relative concentration of cross-linking sites in 

the resulting thermoset.  Polymer 4 displayed a YM, UTS, and RS of approximately 2 MPa, 2 

MPa, and 100 %, respectively (Table 5.3).  The hydrated state of this polyester produces 

similar mechanical characteristics; the new values are 2.4 MPa (YM), 1.9 MPa (UTS), and 

100 % (RS).  

Polyester 7 is the most hydrophobic material that was designed for this study.  Three 

factors led to this result: (i) PP7 was linear; (ii) the diol used in the polymerization, MPD, 

was hydrophobic; (iii) a significant portion of AA was employed as a co-monomer.  As 

stated previously, AA contains a longer hydrocarbon segment than IA.  Because of this 

hydrophobic nature, the water swelling value was low (1.6 %) while the contact angle 
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measurement was high (96.0 °) (Figure 5.3, Table 5.4).  Finally, the soluble fraction of this 

thermosets was similar to that of the 3 homopolymers studied here (5.6 %). 

 

 
Figure 5.6. In vitro cytotoxicity based on an ATP-luminescence assay.  SAFs were cultured 
on tissue culture plastic in the presence of itaconate-based polyesters.  As a positive material 
control, cells were cultured in the presence of PCL. The viability of the cells exposed to 
polymer samples was expressed as a percentage of the viability of cells grown in the absence 
of polymers. 

 
5.3.6 In Vitro Cytotoxicity 

These polyesters were designed for drug delivery, tissue engineering, and other 

biomedical applications.  As such, the cytotoxicity of these elastomers was studied by 

monitoring the intracellular concentration of ATP.  Polyester thermosets were sterilized in 

ethanol and then soaked in PBS under a germicidal lamp in order to remove any remaining 

ethanol.  SAFs were cultured in a 24-well plate containing transparent and permeable inserts.  

Because preliminary data suggested that viability could be limited by polymer samples 

resting directly on cells, thermoset samples were placed in the inserts to prevent direct 

contact between polyesters and cells.  During culture, the cells were exposed to the soluble 

fraction of the polyesters and any degradation products, both of which were able to diffuse  
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Figure 5.7. Optical micrographs from in vitro cytotoxicity assay. SAFs were imaged after 72 
h of culture with materials 1 (A), 2 (B), 3 (C), 4 (D), 5 (E), 6 (F), and 7 (G).  As a control, 
cells were cultured with samples of PCL (H).  Only material 4 displayed significant toxicity 
towards SAFs. 
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through the permeable inserts.  Two positive controls were employed during these studies: 

cells were exposed to no polyester extracts and to PCL as a material control.  The 

cytotoxicity was evaluated after 24 h and 72 h.  As seen in Figure 5.6, cultured SAFs showed 

no negative response to any of the polyesters after the first day.  After 3 d, all of the materials 

showed good toxicity profiles except for material 4, which displayed moderate toxicity 

(Figure 5.7).  During the study, the culture medium that was exposed to material 4 turned 

from red to yellow; this change in color indicated a drop in pH.  This observation is 

consistent with the fact that material 4 has the highest soluble fraction and is the most 

hydrophilic (contact angle of 29.4 °), allowing water to interact with the free carboxylic acid.  

The other materials allowed ≥85 % and ≥75 % of the viability associated with cells that were 

not exposed to polymer extracts after 24 h and 72 h, respectively.  This preliminary 

biological data indicate that photocured itaconate-based polyesters warrant further 

exploration as novel biomaterials. 

5.3.7 Polymer Molding 

Biodegradable materials often need to be molded into complex 3-dimensional 

structures for specific applications in tissue engineering or drug delivery.7,35,39  Therefore, 

itaconate-based materials were engineered and molded with a variety of strategies (Figure 

5.8).  Utilizing Particle Replication In Non-wetting Templates (PRINT), 2 µm x 2 µm x 1 µm 

particles of polymer 5 were fabricated in the shape of rectangular prisms (Figure 5.8A).  

Additionally, an embossed film of material 1 was designed on a glass slide with 2 µm x 2 µm 

x 6 µm features by employing a similar perfluoropolyether template (Figure 5.8B).  Also, 

porous scaffolds were fabricated due to their importance in tissue engineering.11,12  Pre-

polymer 3 was dissolved in PEGMEM or MEA so that it could act as a poly-functional cross- 
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Figure 5.8. Scanning electron microscopy images of 3-dimensional itaconate-based 
thermosets. (A) Curing pre-polymer 5 in the presence of a patterned perfluoropolyether film 
enabled the design of micron-scale particles (2 µm x 2 µm x 1 µm). (B) On a glass slide, an 
embossed film of material 1 was designed with features of 2 µm x 2 µm x 6 µm by utilizing a 
similar perfluoropolyether mold. (C) Pre-polymer 3 was used as a cross-linking agent for 
PEG methyl ether methacrylate.  Sieved salt was employed as a porogen, which, after 
leaching in water, enabled the fabrication of porous scaffolds. (D) Pre-polymer 3 was also 
employed as the cross-linking agent in a porous film of 2-(methacryloyloxy)ethyl 
acetoacetate.  The dotted lines help to display three faces of the scaffold converging at a 
corner.  Sieved salt was again utilized as the porogen. 

 

linker; no solvent was added.  The solution was combined with DEAP and sieved NaCl, 

cured, and swelled in water for 4 d.  As the water dissolved the salt, the films became porous 

(Figure 5.8C, 5.8D).  Importantly, materials 1 – 3 can act as cross-linking agents for other 

acrylate- and methacrylate-based monomers, increasing their versatility in the design of 

biodegradable materials. 

As described above, these itaconate-based polyesters were compatible with PRINT, a 

fabrication technique that allowed for the design of particles.  If one of the hyperbranched 

materials (materials 1 – 4) were molded, the resulting particles would contain free acids and  
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Figure 5.9. Amidation-based functionalization of acid-containing particles. (A) Material 2, a 
hyper-branched polyester, was cured into particles (3 µm x 3 µm x 1 µm) through PRINT. As 
Material 2 was cross-linked radically, the particles contain free acids that are capable of 
functionalization.  The particles were visualized by optical microscopy. (B) An amine-
functionalized rhodamine dye was coupled to the particles through standard DCC/NHS 
chemistry.  As seen by fluorescent microscopy, the resulting particles were fluorescent due to 
the immobilized dye. 
 

alcohols, as cross-linking through the alkenes does not involve esterification.  This fact 

implies that functionalization could occur through the unreacted functional groups.  In order 

to demonstrate this, material 2 was cured into particles (3 µm x 3 µm x 1 µm) through the 

PRINT methodology (Figure 5.9A).  After harvesting the particles, they were re-suspended 

in DMF with excess NHS and DCC for 30 min.  An amine-modified rhodamine dye was then 

added to the reaction, followed by 5 h of agitation.  The reaction was halted by centrifuging 

the particles and discarding the supernatant.  Purified fluorescent particles were obtained 

after repeated rounds of re-suspension in acetone, centrifuging, and decanting the solution; 

the purification process was ended when the acetone solution containing suspended particles 

was colorless.  The resulting particles were imaged on a fluorescent microscope due to the 
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conjugation of the rhodamine dye (Figure 5.9B).  This amidation strategy is extremely 

versatile, resulting in the immobilization of hydrolytically stable ligands; labile bonds could 

also be introduced through esterification.  While material 2 was chosen as an example, this 

functionalization strategy should be compatible with particles composed of any polymer that 

includes free carboxylic acids. 

5.4 Conclusions 

We have designed several novel photocurable polyester elastomers based on IA, a 

natural and renewable monomer.  Established polyester synthesis strategies are compatible 

with IA and DMI, allowing for the development of photocurable polyesters in one step 

without secondary steps or end-capping.  Altering the polyol and the cross-linking density of 

the itaconate-containing family of materials provides control of the mechanical profiles, 

hydrophobicity, and other macromolecular properties.  The mechanical properties of many 

biological materials fall within the values displayed by these hyperbranched itaconate-based 

polyesters.1-3  Furthermore, numerous mechanical profiles can be achieved by the design of 

new materials from unique monomer feeds.  The pre-polymers are also compatible with 

imprint lithography and other fabrication techniques; particles and complex scaffolds can be 

easily designed for potential biomedical applications.  To the best of our knowledge, this is 

the first use of IA in thermally synthesized hyperbranched polyesters, the first use of CALB 

to enzymatically synthesize itaconate-based polymers, and the first use of itaconate-based 

materials in combination with the photoinitiator DEAP.  Additionally, water-soluble 

polymers, such as poly(itaconate sorbitol -co- succinate sorbitol), offer versatility because 

they can also be used to design hydrogels.  Future work will focus on new polymer 

formulations and in vivo characterization of this class of polyester thermosets in regards to 
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tissue engineering and drug delivery.  Based on our preliminary results, we believe that the 

poly(polyol itaconate) series of polyester elastomers should find wide use in the biomedical 

and biotechnological fields. 
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6.1 General Conclusions 

This dissertation focused on the synthesis and fabrication of novel polyester 

thermosets for use in the biomedical field.  Chapter II discussed the synthesis of amorphous 

and semi-crystalline polyesters based on erythritol, a FDA-approved sugar alcohol.  These 

materials degraded significantly over the course of a 6-week study in physiological 

conditions.  All of the materials showed good biocompatibility.  These materials are 

promising as degradable and elastomeric scaffolds. 

Chapter III described the design of polyketoester thermosets based on α-ketoglutaric 

acid.  Three pre-polymers led to the design of many polyester solids.  These pre-polymers 

were thermally cured, resulting in non-toxic elastomers with very diverse mechanical 

profiles.  These materials were biologically inert as they prevented the non-specific adhesion 

of cells.  However, upon immobilization of a cell-adhesive peptide, fibroblasts were able to 

attach, spread, and proliferate on these polyesters.  Accelerated degradation was observed as 

a result of the adjacent location of the ketone relative to the acid/ester. 

Chapter IV introduced the poly(diol 4-ketopimelate -co- diol citrate) family of 

polyketoesters.  Due to the increase in spacing between the acids/esters and the ketone, these 

thermosets degraded substantially slower than the materials described in Chapter II – weeks 

versus days.  The mechanical and physical properties of these polyketoesters were 

characterized.  After in vitro testing implied that these polymers were non-toxic, in vivo 

studies were also conducted.  Both histological data and blood analyses offered evidence that 

the poly(diol 4-ketopimelate -co- diol citrate) series deserves future studies as in vivo 

biomaterials. 
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Chapter V focused on the design and synthesis of photocurable polyesters based on 

itaconic acid, a natural and renewable monomer.  The pre-polymers were obtained in a single 

synthetic step.  No post-polymerization modifications were needed as itaconic acid contains a 

methacrylate-like motif.  Pre-polymers were synthesized from thermal polyesterification and 

from enzymatic polymerization.  The mechanical and physical attributes of these materials 

were studied.  In vitro cytotoxicity reports indicated that these polyesters were non-toxic and 

warrant further studies regarding their effect on living systems. 

6.2 Future Directions  

As discussed in this dissertation, polyester elastomers have been the focus of a great 

deal of recent publications.  All of the materials described here should be studied further in 

vivo to gain a more complete understanding of their interactions with living systems.  Also, 

continued characterization of these polymers can allow for the most appropriate applications 

to be determined.  The poly(erythritol dicarboxylate) series from Chapter II provides a basic 

and versatile scaffolding material for future tissue engineering studies.  Specific applications 

could range from vasculature engineering to stent design.  In Chapter III, the poly(triol α-

ketoglutarate) family was described as hydrolyzing exceptionally rapidly.  As such, these or 

similar polymers may be ideal for the burst release of therapeutic agents.  In Chapter IV, an 

exciting new class of polyketoester thermosets was discussed.  These materials degrade at a 

physiologically relevant rate.  Due to the presence of a ketone in the repeat unit, post-

polymerization modifications are possible through the formation of oximes.  Oxyamines are 

easily incorporated into a wide variety of biologically relevant molecules including 

carbohydrates, peptides, nucleic acids, and drugs.  The conjugation of biomolecules could 

induce a desired response from a biological system.  Finally, the itaconate-based polyesters 
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described in Chapter V have tremendous potential in tissue engineering and drug delivery.  

Because they are photocurable, encapsulation of small molecules in these polyesters is 

straightforward.  Therefore, drug-eluting particles, scaffolds, or stents could be designed.  As 

itaconic acid is a natural and fully renewable resource, this class of polymers provides a route 

to green chemistry in addition to useful biomaterials. 
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Etching and Oxime-Based Functionalization of Poly(Triol α-Ketoglutarate) with 
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A.1 Introduction 
 A significant amount of research has recently been focused on the design of new 

biodegradable materials for environmentally responsible applications and for biomedical 

applications.1-4 However, the design of new techniques to process, pattern, and tailor these 

materials is equally critical to the continued progression of new polymers in these emerging 

research fields.5-8 Microfabrication is a commonly used method to generate features in 

materials at the micron scale length compatible with single cell studies.9-12 However, the 

direct microfabrication of features in biodegradable materials has proven far more difficult.13-

15 One strategy relies on the patterning of biodegradable materials directly on microfabricated 

polydimethylsiloxane (PDMS).14 After creating PDMS templates, polyesters are applied, 

cured, and molded, allowing the inverse features to be transferred from the PDMS. However, 

some examples involve complex processes that combine thermal curing and the application 

of external pressure to ensure that the patterns transfer with high fidelity.  Other examples 

involve the use of sacrificial layers of sucrose on silicon templates, which causes significant 

loss of feature resolution.15 Also, the more processing steps between the initial 

microfabrication and the final patterning of the material reduces the overall resolution of the 

process. A technology that is amenable to a large range of polyesters, including brittle and 

semi-crystalline materials, and that could simplify the number of steps and conditions 

required to create micron-scale polymer features would allow for a range of complex 

biomaterials to be generated for a variety of applications.  

 In addition to the ability to generate micron-scale features in biomaterials, the 

inclusion of a chemoselective immobilization patterning strategy is essential to maximize the 

full potential of a biodegradable system.  Recently, significant progress has been made to 

include chemoselective ligand immobilization strategies in polyesters.16-20 The ability to 
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modify a biodegradable polymer quickly and easily would greatly enhance its versatility by 

allowing an application to be defined by the immobilized ligand as well as the inherent 

characteristics of the polymer itself.  The same material could potentially be used for 

completely different purposes by utilizing ligands that lend themselves to opposing 

applications. Outside of the need for a ligand immobilization strategy, no system is currently 

available to selectively functionalize newly generated micro-features. If a functionalization 

strategy could be combined with a microfabrication system that allowed for feature-specific 

functionalization, the results would have an immediate impact on a wide range of research 

fields. The potential applications could range from, but are not limited to, functionalizable 

microfluidic chips to extremely complex patterned cell scaffolds for tissue engineering.  

 This appendix describes the microfluidic etching of poly(1,2,6-hexanetriol α-

ketoglutarate) (PHa). By flowing NaOH solutions through a microfluidic cassette, micron-

scale features can easily be etched into polyester elastomer films. Due to the presence of a 

ketone in the polyester repeat unit, chemoselective modifications can be subsequently 

performed in the same etched polyester channels, enabling application-specific 

functionalization and therefore chemical tailoring of the microchannel features through 

oxime chemistry.  These etched films can also be fused to flat pieces of PHa, creating 

enclosed micro-channels that can be used as microfluidic devices. As a control, poly(1,2,6-

hexanetriol β-ketoglutarate) (PHb) was synthesized. Demonstrating the chemistry-specific 

dependence of the etching process, PHb, which differs from PHa only in the location of the 

ketone, is unable to be etched by basic solutions. These observations support the conclusion 

that the success of NaOH as a polyester etchant is directly related to the chemistry of the 

repeat unit of the polyester.  
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A.2 Experimental Section 

A.2.1 Materials 

 All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) or Fisher 

Scientific (Philadelphia, PA), and used without further purification unless otherwise noted. 

α-ketoglutaric acid (αKG) was recrystallized from ethyl acetate while diethyl β-ketoglutarate 

(βKG) was distilled prior to use. 

A.2.2 Elastomer Synthesis 

 To synthesize PHa, equimolar amounts of αKG and 1,2,6-hexanetriol were combined 

in a round bottom flask and stirred in an inert environment of N2 at 125 °C.  After a 

homogenous melt formed, the mixture was stirred for an additional hour.  PHa pre-polymers 

were then precipitated in −78 °C methanol (MeOH), concentrated by rotary evaporation, and 

dried under vacuum at room temperature. To cross-link PHa to form elastomeric films, pre-

polymers were cured at 120 °C for 1 d. To synthesize PHb, equimolar amounts of βKG and 

1,2,6-hexanetriol were combined in a round bottom flask and stirred in an inert environment 

of N2 at 135 °C.  The mixture was stirred for 5 h, precipitated in −78 °C MeOH, concentrated 

by rotary evaporation, and dried under vacuum at room temperature. To cross-link PHb to 

form elastomeric films, pre-polymers were cured at 120 °C for 4 d. 

A.2.3 Polymer Characterization  

Thermal properties were recorded by differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA). Using a Seiko 220C DSC, pre-polymer glass transition 

temperatures were measured during the second heating cycle (10 °C/min). Thermal 

degradation data was collected with a Perkin-Elmer TGA with a heating rate of 10 °C/min in 

an atmosphere of N2.  
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 Tensile tests were conducted on an Instron 5566 at a crosshead speed of 10 mm/min 

at 25 °C. Samples were cured in a dog-bone-shaped mold with approximate dimensions of 10 

mm x 3 mm x 1.5 mm. The Young’s modulus (YM) was calculated according to the linear 

segment of the stress/strain curve. Three trials were performed and the average was reported. 

Using  

 n = YM(3RT)-1       (1) 

where R is the universal gas constant and T is the temperature in K, the cross-linking density 

(n) was calculated.  

 Sol-gel analysis was conducted by soaking films in THF for 24 h at room 

temperature. After solvent removal, the films were dried, and the percent soluble fraction 

(Qs) was calculated by 

! 

Qs =
mi "mf

mi

#100       (2) 

where mi and mf represent the initial and final mass of the elastomer films, respectively. 

Three trials were performed and the average was reported. 

 To obtain standard degradation rates, approximately 75 mg segments of each 

elastomer were placed in scintillation vials. Vials were filled with phosphate buffered saline 

(PBS) and samples were then stored in an incubator (37 °C). At predetermined intervals, 

samples were removed from the incubator, rinsed thoroughly, dried, and weighed again. To 

prevent saturation, PBS was replaced every 7 days. Each data point was repeated in triplicate 

and results were reported as the average percent of the original mass lost. 

A.2.4 Surface Functionalization  
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Figure A1. Schematic of microfluidic etching and functionalization of polyketoesters. (A) 
The repeat unit of PHa contains a ketone in the alpha position to an ester. (B) PHb differs 
from PHa only in the location of the ketone, which is in the beta position to both esters. (C) 
By placing a microfluidic cassette in direct contact with a polyketoester film, three 
modifications are possible. (D) By flowing a NaOH solution through the microfluidic chip, 
accelerated hydrolytic degradation causes the formation of etched micro-channels. (E) By 
reacting the surface with oxyamine-tethered ligands (R-ONH2), controlled formation of 
oximes results in patterned covalent immobilization of molecules. (F) By etching, as in (D), 
and then conjugating oxyamine-containing molecules, as in (E), functionalized micro-
channels are formed. (G, H) By placing the etched film in contact with a flat piece of PHa 
and thermally curing, enclosed micro-channels are formed. (I) Representation of a ketone and 
an oxyamine reacting to form an oxime. 

 

Microfluidic cassettes were designed as previously described.21, 22 A PDMS 

microfluidic cassette was reversibly sealed to a PHa film. With the aid of negative pressure at 

the exit port, a 5 mM solution of an oxyamine-modified rhodamine dye (Rhod-ONH2) in 

MeOH was flowed through the channels. The patterns were then rinsed with 100 µL MeOH 
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and dried with N2. Fluorescent images were taken using a Nikon Eclipse TE2000-E inverted 

microscope. 

A.2.5 Microfluidic Etching 

To etch PHa, a PDMS microfluidic cassette was placed in direct contact with the 

polyketoester film, creating a seal. Aided by negative pressure at the exit port, a 2.5 % NaOH 

solution in 1:1 H2O:2-propanol (iPrOH) was then flowed through the microfluidic channels, 

followed by a chase rinse with ~ 50 µL of ethanol (EtOH). To etch PHb, the same procedure 

was followed with an acidic etching solution (equal parts H2O, EtOH, and concentrated 

H2SO4). To image the patterns, the etched elastomeric films were then coated in ~ 2 nm of a 

Pd/Au alloy (Cressington 108 auto sputter coater, Cressington Scientific Instruments Ltd.) 

and imaged using a Hitachi model 2-4700 scanning electron microscope (SEM). 

A.2.6 Functionalization of Micro-Channels  

 PHa was etched as described above. Without removing the PDMS microfluidic 

cassette, a 5 mM solution of an oxyamine-modified Rhod-ONH2 in MeOH was flowed 

through the channels. The patterns were then rinsed with 100 µL MeOH and dried with N2. 

Fluorescent images were taken using a Nikon Eclipse TE2000-E inverted microscope. 

A.2.7 Synthesis of O-Dodecylhydroxylamine  

N-hydroxyphthalimide (2.06 g, 12.7 mmol) and NaHCO3 (1.06 g, 12.7 mmol) were 

dissolved in 65 mL of DMF and heated to 90 °C. After stirring for 20 min, 1-bromododecane 

(1.22 mL, 5.1 mmol) was added and the reaction continued for 15 h. The solution was added 

to a separatory funnel containing water and DCM. The aqueous layer was discarded and 

extractions were continued with DCM and water until the aqueous layer was colorless. The 

DCM layer was dried with MgSO4, filtered, and concentrated by rotary evaporation. The 
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product, 2-(dodecyloxy)isoindoline-1,3-dione (1.61 g, 4.8 mmol), was then dissolved in 

DCM and stirred in an inert environment of argon. Hydrazine (0.62 mL, 12.7 mmol) was 

then added, and the reaction continued for 15 h. The solution was filtered, washed (twice 

with water, once with a saturated NaCl solution), dried with MgSO4, filtered, and 

concentrated by rotary evaporation. Yield: 56.2 %. 

A.2.8 Contact Angle Measurements 

PHa films were prepared by flattening pre-polymers with a piece of PDMS. To 

simulate the etching process, films were rinsed for 45 s with the same NaOH solution used 

for etching. To functionalize the surface, films were immersed in a 10 mM solution of O-

dodecylhydroxylamine in EtOH for 2 h. Contact angle measurements were performed on a 

KSV CAM200 contact angle meter with water as the wetting liquid. 

A.2.9 Polymer Sealing 

To seal polyketoester devices, the surface of a flat PHa film was exposed to a 2.5 % 

NaOH solution in 1:1 H2O:iPrOH for several seconds. After rinsing thoroughly with water, 

the elastomeric film was dried with N2. The base-washed face of the polyketoester film was 

then placed in contact with the surface (flat or etched) of another PHa film and allowed to 

seal for 3 h in a vacuum oven (50 torr) at 60 °C. To image the enclosed micro-channels, a 

cross-section of a sealed device was coated in ~ 2 nm of a Pd/Au alloy and imaged on an 

SEM. 

A.2.10 Biodegradable Microfluidics 
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Figure A2. PHa patterned with a fluorescent dye. Using microfluidics, a solution of an 
oxyamine-modified rhodamine in MeOH was reacted and patterned on a flat PHa surface. 
After rinsing the surface, the fluorescent pattern is clearly visible against the non-modified 
background. 

 

After creating enclosed channels by sealing an etched PHa film to a flat PHa film (as 

described above), the top layer was pierced with a 22-gauge needle in order to create access 

ports to the channels. As a staining solution, black ink from a pen was diluted with 2 mL of 

EtOH in order to reduce the viscosity. With the aid of negative pressure at the exit port, the 

ink solution was flowed through the channels. Images were recorded using a digital camera. 

A.3 Results and Discussion 

A.3.1 Microfluidic Delivery of Ligands 

 We recently reported the synthesis and characterization of poly(triol α-

ketoglutarate).23 By combining α-ketoglutaric acid and a triol (glycerol, 1,2,4-butanetriol, 

1,2,6-hexanetriol), a series of elastomers were designed that ranged from strong and rigid to 

weak and flexible. This appendix focuses on poly(1,2,6-hexanetriol α-ketoglutarate) (PHa), 

although multiple triols can be used with similar results. The etching reactivity and oxime 

conjugation of this polyketoester is mainly due to the presence of the α-ketoglutaric acid – 

the triol monomer is used as a facile method to tailor the polymer properties such as 

hydrophobicity and to control the rate of degradation. 

 One key feature of PHa is the presence of a ketone group in each repeat unit, which 

allows for the immobilization of oxyamine-containing molecules.16, 19, 24-27 Importantly, after  
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Table A1. Etching Conditions for Polyketoesters Films 
Etch Polymer Etchant Time (s) Channel Depth (µm) 

1 PHa NaOH 10 8 
2 PHa NaOH 20 15 
3 PHa NaOH 60 65 
4 PHa H2SO4 120 0 
5 PHb NaOH 120 0 
6 PHb H2SO4 60 2 

 
 

cross-linking, the ketones retain their reactivity towards oxyamine-tethered ligands, creating 

tailored chemoselective polyester films (Figure A1). By placing a microfluidic cassette in 

direct contact with a PHa film, a seal is created that allows for solutions to be delivered with 

spatial control to the surface of the polyketoester. Complex patterns of immobilized 

molecules can be easily designed due to the rapid nature of the oxime-forming reaction. To 

demonstrate microfluidic delivery and reactivity to the polyketoester film, a solution of an 

oxyamine-modified rhodamine dye in MeOH was flowed through the microfluidic chip.  

Figure A2 shows fluorescent patterns of rhodamine conjugated to the polyketoester.28 As a 

control, the same experiment was conducted with a fluorescent dye that was not labeled with 

an oxyamine. No fluorescent patterns were observed. 

A.3.2 Etching of Poly(α-Ketoester) By Alkaline Solutions 

Our initial goal was to develop a straightforward, inexpensive and rapid strategy to 

create tailored and biodegradable microfluidic devices. However, because PHa has a ketone 

located adjacent to an ester linkage, the rate of hydrolysis is increased due to the enhanced 

electrophilicity of the nearby ester carbon (Figure A1).20, 23 Using this knowledge, we 

developed a basic solution etch combined with microfluidics to generate micron-sized 

features in PHa. By flowing a solution of NaOH through a PDMS microfluidic cassette in  
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Figure A3. Scanning electron micrographs of base-etched PHa. A) The seal between PHa 
and the microfluidic chip is liquid-tight, as demonstrated by the high fidelity of the etching 
(scale bar represents 250 µm). The depth of the etched features could be varied, as shown by 
(B) 15 µm micro-channels (scale bar represents 25 µm) and (C) 65 µm micro-channels (scale 
bar represents 250 µm). 
 

contact with a PHa film, various features can be etched into the polyketoester film via 

selective hydrolysis. By changing the etching duration, the feature depth can be precisely 

controlled (Table 1). As seen in Figure A3, the etched patterns correspond with the 

microfluidic channels with a high level of fidelity. The aforementioned imprint lithography 

techniques use external pressure to mold the polyesters, eventually resulting in the 

destruction of the PDMS template. This etching technique is fast and low impact, allowing 

the microfluidic cassette to be used repeatedly.14 The NaOH-based etching methodology is 

compatible with other polyesters containing α-ketoglutaric acid as the diacid, allowing for 

modulation of polymer properties by varying the triol. Figures A-S1 and A-S2 (Supplemental 
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Materials) show etched patterns in poly(1,2,4-butanetriol β-ketoglutarate) (PBa) and 

poly(glycerol α-ketoglutarate) (PGa), respectively. 

 

 
Figure A4. Multi-depth etching based on diffusive mixing of parallel solutions. A) The 
photomask used to create the microfluidic chip for multi-depth etching has three delivery 
ports. Ports 1 and 3 were used to deliver solvent, while port 2 was used to deliver NaOH. B) 
SEM of area represented by the red, dashed box in (A). Note the appearance of multiple 
etched areas within the channel (i, ii, iii), caused by differential etching based on the local 
NaOH concentration. C) A cross-section of the channel in (B), showing the different etching 
depths. Regions i, ii, and iii are labeled as in (B). 
 

In addition to its ability to create micro-patterned features of consistent depth, the 

microfluidic etching methodology also enables the design of multidimensional features by 

utilizing parallel flow in a single microfluidic cassette.29, 30 This method can be routinely 

used to create complex and intricate multi-depth features that otherwise might not be possible 

with conventional microfabrication techniques. For example, a microfluidic cassette utilizing 

parallel flow was designed to simultaneously etch multiple depths based on the concentration 

of NaOH. Multiple intake ports and diffusive mixing points were designed to generate 

patterns that allowed for several solutions to converge and combine into a single channel 
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(Figure A4B). Ports 1 and 3 were loaded with an H2O-EtOH (1:1) solution while port 2 was 

loaded with the same solution containing 2.5 % NaOH. With the aid of negative pressure at 

the outlet, a single channel was etched with multiple depths, based on the varying 

concentrations of the etchant, immediately adjacent to each other (Figure A4B). 

 

Table A2. Contact Angle of PHa with and without NaOH etch and DDHA 
Material Contact Angle (°) 

PHa 57.7 ± 5.7 
PHa + C12-ONH2 82.5 ± 5.2 

PHa + Etch 41.7 ± 2.6 
PHa + Etch + C12-ONH2 54.3 ± 2.0 

 

 

A.3.3 Functionalization of Etched Polyesters 

 A major advantage of this micro-patterning tool is its compatibility with an existing 

immobilization strategy in PHa. Due to the presence of a ketone in αKG-based polymers, 

oxyamine-tethered ligands can be directly conjugated to the polymer surface. To determine 

whether the ketones were still reactive to ligand conjugation after the etching process, two 

experiments were performed. Contact angle measurements of non-etched and etched polymer 

surfaces were obtained, with and without conjugation to O-dodecylhydroxylamine (DDHA), 

a ligand that greatly increases the hydrophobic nature of surfaces (Table 2). To functionalize 

surfaces, films were immersed in DDHA solutions for several hours. To mimic etching, films 

were rinsed with NaOH solutions for approximately 45 s. Based on contact angle data, the 

ketones are still reactive after exposure to the basic etching solution. In order of most 

hydrophobic to most hydrophilic surface character, the films ranked: DDHA-conjugated, 

non-etched PHa (82.5 °); non-etched PHa (57.7 °); DDHA-conjugated, etched  
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Figure A5. Oxime functionalization of etched microchannels. After PHa was etched with 
NaOH, an oxyamine-modified rhodamine fluorescent dye was delivered to the channels. The 
fluorescence of the channels demonstrates that the ketones are still reactive to oxyamine-
tethered molecules after the etching process. 
 

PHa (54.3 °); non-functionalized, etched PHa (41.7 °). The results indicate that the ketones 

are still able to chemoselectively react with oxyamines after exposure to NaOH solutions. 

 A second experiment to demonstrate the reactivity of ketones after etching involved 

the delivery of an oxyamine-modified rhodamine fluorescent dye.28 After microfluidic 

etching, and without removing the microfluidic cassette, the dye was delivered to the etched 

PHa surface (Figure A5). The etched and functionalized channels are clearly visible using 

fluorescence microscopy after the immobilization of the rhodamine analogue.  

A.3.4 Fully Biodegradable Microfluidic Devices 

 All of the previously described experiments involved a hybrid microfluidic system 

composed of PHa and PDMS. However, in an attempt to design a functionalizable and fully 

biodegradable microfluidic system, we tested the ability of an etched PHa surface to bond to 

another, generating enclosed polyketoester channels. A flat film was briefly rinsed with a 

solution of NaOH, hydrolyzing a minimal amount of surface esters into acids and alcohols. 

The process was repeated with a second film that was previously etched using the above 

microfluidic strategy to generate microchannel features.  The result was two pieces of  
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Figure A6. Cross-section of sealed channels. Creating different feature widths and depths is 
straightforward by varying the microfluidic cassette design and the etching conditions, 
respectively. (A) The cross-section of a sealed spiral pattern shows that the etching is precise, 
leading to features that are approximately 250 µm wide and 50 µm deep. B) A channel that is 
approximately 300 µm wide and 50 µm. C) A channel that is approximately 350 µm wide 
and 85 µm deep. 
 

PHa with exposed acids and alcohols, one of the two films being etched. After the two 

segments of polyketoester film were placed in contact with each other, with the NaOH-

washed faces together, the device was placed in an oven for 12 h at 60 °C. The thermal 

curing period allowed surface acids and alcohols from both pieces to cross-link with each 

other, forming new ester bonds. To examine and view the fully enclosed micro-channels, a 

device was cut in half, exposing the cross-section (Figure A6). In order to determine whether  

 

 
Figure A7. Biodegradable microfluidic device. A) By sealing an etched piece of PHa to a 
flat piece, enclosed micro-channels were produced. B) After producing access inlet and outlet 
ports to the channels, an ethanolic solution of black ink was delivered in order to visualize 
the patterns. Scale bars represent 1 cm. 
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the resulting seal was liquid-tight, the PHa device was tested as a microfluidic network. After 

the sealing process, the micro-channels were fairly transparent but still visible (Figure A7A). 

The fluid used to test the utility of PHa in microfluidics was an ethanolic dilution of pen ink. 

As can be seen in Figure A7B, the polyketoester device was sealed in a way that liquid does 

not escape the micro-channels. The fabrication of a chemoselective and biodegradable 

microfluidic chip allows for future applications to focus on a range of applications, including 

artificial vasculature, once the system has been optimized for cell culture conditions. 

 

 
Figure A8. Comparison of the degradation rates for PHa and PHb. The difference in 
degradation rates is controlled by the location of the ketone. When adjacent to an ester (PHa; 
solid line), the ketone causes rapid degradation. However, when the ketone is beta to both 
esters (PHb; dashed line), the rate of degradation is significantly slower. 
 

A.3.5 Etching of Poly(1,2,6-hexanetriol β-ketoglutarate) 

 To ensure that the base etching was chemistry dependent, a control material, 

poly(1,2,6-hexanetriol β-ketoglutarate) (PHb) was also synthesized. The only difference 

between PHa and PHb is the location of the ketone (Figure A1). In PHb, one methylene 

group separates all the esters from the ketone. This spacing minimizes the electron-

withdrawing ability of the ketone and decreases the electrophilicity of the ester carbons. As a 
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result, the degradation rate of PHb is significantly slower than that of PHa (Figure A8). This 

trend is also evident in that PHb cannot be etched under the same conditions as PHa (Table 

1). Aqueous basic solutions are not able to create features in PHb. We believe that NaOH 

solutions are also unable to etch PHb due to the fact that the repeat unit has several acidic 

protons (Supplemental Materials). The presence of multiple β-dicarbonyl species may result 

in deprotonation by NaOH instead of ester hydrolysis. After attempting base as an etchant, 

acid was also attempted to catalyze ester hydrolysis. Using extremely strong H2SO4 

solutions, only shallow channels (~ 2 µm deep) were formed (Figure A9). Again, as a 

control, the acidic solution was used to etch features in PHa. However, these etching 

conditions were unsuccessful. 

 

 
Figure A9. Scanning electron micrographs of acid-etched PHb. Repeated trials only yielded 
shallow channels (~ 2 µm) when PHb was etched using H2SO4 solutions. However, the 
pattern was still etched with a high level of fidelity, as seen in (A) and (B). 
 

A.3.6 Microfluidic Etching by Dissolution 

To determine how flexible the microfluidic etching strategy is for polyesters, we used 

this approach on a common commercially available material, poly(ε-caprolactone) (PCL).  
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PCL was melted and poured into a mold, creating a flat surface upon cooling. After placing a 

microfluidic cassette directly in contact with the PCL film, etching was attempted with basic 

solutions. Neither a 2.5 % nor a 5.0 % solution of NaOH was able to facilitate hydrolysis in a 

manner that led to the formation of micro-channels. This result was likely due to the 

hydrophobic and semi-crystalline characteristics of PCL. However, as PCL is not a cross-

linked material, another option for the etchant was the use of a dissolving solvent. Instead of 

local hydrolytic degradation, local dissolution of the polyester film resulted from the use of 

acetone as the etchant (Supplemental Materials). Etching can also be combined with ligand 

immobilization in many materials based on ring-opening polymerizations due to the 

numerous examples of chemoselective functionalization strategies that have recently been 

described. 16-19 We believe that the microfluidic etching strategy has the potential to allow for 

direct etching and subsequent patterning of a broad range of biodegradable materials. 

A.4 Conclusions 

 We have described a straightforward, flexible, and inexpensive method to etch 

polyketoester PHa films. The location of the ketone, alpha to the ester, renders PHa 

extremely sensitive to aqueous solutions of base, allowing for microfluidic etching with 

NaOH solutions to generate patterned micron-scale channels. In addition, the presence of a 

ketone allowed for chemoselective immobilization of oxyamine-modified ligands, enabling 

the design of functionalized and tailored micro-channels. Furthermore, by sealing an etched 

film to a second flat surface of PHa, a biodegradable microfluidic device could be designed.  

The microfluidic strategy can also be used to introduce etched features into commercially 

available, semi-crystalline polyesters, such as poly(ε-caprolactone). Future work will 

continue to explore PHa as a biodegradable and alternative material for use in microfluidic 
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devices and the etching potential of commercially available polyesters. Particular effort will 

be focused on the design of delivery vehicles and 3 –dimensional cell scaffolds for tissue 

engineering applications using this technology.   
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A.7 Supplemental Materials 

 

Figure A-S1. Etched patterns in PBa.  

 

 

Figure A-S2. Etched patterns in PGa.  
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Figure A-S3. Acetone was used to etch poly(ε-caprolactone). Although the pattern 

transferred with high fidelity (left), the features are extremely rough (right). 

 
Scheme A-S1. Potential Cause for Base Resistance of PHb 

 

 

Table A-S1. Mechanical Characteristics of Polyketoester Elastomers 

Polyketoester 
Weight Loss 

(°C)a 
  5%           10% 

YM b (MPa) 
UTS b 

(MPa) 

RS b 

(%) 

n b 

(mmol/L) 

Qs
 c 

(%) 

PHa 306            346 656.2 30.1 21 87900 3.9 

PHb 297            330 0.69 0.36 68 92.8 16.5 

a Determined by TGA. b Determined by Instron. c Extracted in THF for 24 h at 25 °C. 
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Figure B1. Fully labeled 1H spectrum of OErGl. 

 

 

Figure B2. Fully labeled 1H spectrum of OErAd. 
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Figure B3. Fully labeled 1H spectrum of OErPi. 

 

 

Figure B4. Fully labeled 1H spectrum of OErSu. 
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Figure B5. Fully labeled 1H spectrum of OErAz. 

 

 

Figure B6. Fully labeled 1H spectrum of OErSe. 
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Figure B7. Fully labeled 1H spectrum of OErDo. 

 

  

Figure B8. Fully labeled 1H spectrum of OErTe.  
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Figure C1. IR spectrum of PGa in THF. 

 

 

Figure C2. IR spectrum of PBa in THF. 
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Figure C3. IR spectrum of PHa in THF. 

 

 

Figure C4. Cells on material 2C, partially functionalized with H2NO-GRGDS. A small drop 

of soluble H2NO-GRGDS was placed on the surface of the film and allowed to react. After 

rinsing and seeding cells, the border is apparent by viewing where cells did and did not 

attach. 
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Figure D1. Fully labeled 1H spectrum of PP-CHDM in deuterated DMSO. 
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Figure D2. Fully labeled 1H spectrum of PP-HD in deuterated DMSO. 
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Figure D3. Fully labeled 1H spectrum of PP-CHDM functionalized with O-

allylhydroxylamine in deuterated DMSO. 
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Figure D4. Fully labeled 1H spectrum of PP-HD functionalized with O-allylhydroxylamine 

in deuterated DMSO. 
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Figure D5. Embossed films of materials 3 (A) and 5 (B) were fabricated by cross-linking in 

the presence of a PFPE mold. 
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Figure D6. Oxyamine- and hydrazide-containing ligands employed during polymer 

functionalization studies. 

 
Table D1. Thermogravimetric Analysis of Poly(Diol 4-Ketopimelate -co- Diol Citrate) a 

Elastomer 5 % (°C) 10 % (°C) 50 % (°C) 

1 307.0 335.2 438.3 
2 310.8 339.8 442.2 
3 313.2 343.5 446.8 
4 290.7 323.7 428.3 
5 296.7 328.9 429.1 
a determined by TGA in N2 (10 °C/min). 

 

Table D2. Contact Angle Measurements of Functionalized Polyketoester Films a 

Ligand Contact Angle (°) 

- 88.10 ± 0.55 
1 74.84 ± 0.89 
2 77.48 ± 0.62 
3 74.80 ± 0.50 
4 77.19 ± 0.49 

a material 5 was used in all functionalization studies. 
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Figure E1. Fully labeled 1H spectrum of PP1, PP2, and PP3 in deuterated chloroform. 

 

 

Figure E2. Fully labeled 1H spectrum of PP4 in deuterated dimethyl sulfoxide. 
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Figure E3. Fully labeled 1H spectrum of PP5 in deuterated chloroform. 

 

 

Figure E4. Fully labeled 1H spectrum of PP6 in deuterated chloroform. 
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Figure E5. Fully labeled 1H spectrum of PP7 in deuterated chloroform. 

 

 


