
ABSTRACT 

 

MU, GAOYAN. Novel Degradable Polyester Networks for Resisting Protein Adsorption. (Under 

the direction of Dr. Christopher Gorman). 

 

Biofouling of surfaces is a problem that exists in a variety of contexts from the 

attachment of organisms to ship hulls to the reduction of the efficacy of biomedical implants, 

biosensors, and drug carriers. The first step in biofouling is the adsorption of proteins to a surface. 

Therefore, the prevention of protein adsorption is very important. Most invented static surfaces 

retard the adsorption of proteins but the effect needs to be improved.   

In this project, a series of novel degradable polyester networks were invented as the novel, 

dynamic anti-biofouling coatings. First, the alternating co-polyesters composed of diglycolic 

anhydride (DGA) and two epoxides, epoxymethoxytriethylene glycol (ETEG), and a photoactive 

curing agent epoxy-benzophenone (EBP) were synthesized using ring-opening polymerization. 

The precursor co-polyesters were spin-coated on a benzophenone-functionalized silicon wafer to 

form ca. 60 nm thin films. Second, the degradable co-polyesters composed of cyclic ketene 

acetals (CKA), di-(ethylene glycol) methyl ether methacrylate (EGMMA), and a photoactive 

curing agent 4-benzoylphenyl methacrylate (BPMA) were synthesized by radical ring-opening 

polymerization. The precursor co-polyesters were spin-coated on a benzophenone-functionalized 

silicon wafer to form ca. 60 nm thin films, drop-casted on the glass to form ca. 32 μm thick films 

and drop-casted on a silicon wafer to form ca. 4μm thick films. The gel fractions of both 

networks can be adjusted by crosslinker fractions in polymers. These network films were then 

degraded in aqueous buffers of varying pH values. Both the pH of the buffer solutions and the 

gel fractions of the networks affected the degradation rate. The degradation kinetics was studied 

and factors were discussed. The adsorption of bovine serum albumin (BSA) on both coatings 

was also investigated by thickness change, fluorescence intensity quantification of FITC-BSA, 



and BCA assay. The results showed that their protein resistance was better than the reference 

polymers and was influenced by the gel fractions of the networks. Moreover, the film hydration 

and surface hydrophilicity were characterized by swelling ratios and water contact angle 

measurements. The surface morphology was characterized by AFM. The electrochemical 

permeability of spin-coated films was investigated by cyclic voltammetry. The modules and 

stretchability of drop-casting films were measured by cyclic tensile tests. The results show that 

the degree of crosslinking has influence on the mechanical properties of films. The silver 

nanowires-poly(3,4-ethylenedioxythiophene) (PEDOT)-polymer composite film was prepared 

for the potential degradable electrical device substrate. It has performance like conductivity, 

stretchability, degradability, and anti-biofouling capability.  

In conclusion, the novel degradable networks improve protein resistance capability and 

lifetime of coatings. It is also eco-friendly and has good mechanical properties. We believe the 

novel degradable polyester networks invented in this project have application prospects in 

antifouling coatings for biomedical implants, biosensors, wearable and disposable electronic 

devices in the future. 
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Chapter 1. Introduction 

1.1 Biofouling 

Fouling, the accumulation of unwanted material on a solid surface, is undesirable for 

various applications. Two examples are biofilms on surfaces which are created by the 

accumulation of micro-organisms and macro-organisms, and inorganic fouling which is 

composed of deposits from crystallization, corrosion, deposition, and ice.1 The type and extent of 

fouling are determined by local environments. This project focuses on biofouling. Biofouling is 

an entropically favorable process, in which adsorbed biomolecules and organisms substitute for 

ordered-arranged water molecules on surfaces, increasing the entropy of the system. Biofouling 

has been a major issue in marine and medical applications.  

Marine biofouling is typically the accumulation of micro-organisms, plants, and animals 

on artificial surfaces immersed in seawater.2 The most common issue is biofouling on ship hulls. 

Quantities of biomass accumulate on the hulls and that generate high frictional resistance for the 

ship. It increases fuel consumption by up to 40% and overall costs for travel up to 77%.3, 4 

Increased fuel consumption results in greater emission of toxic compounds.5 A great deal of 

energy and time are lost due to the need to clean the fouling on hulls and a large amount of 

harmful waste is generated during the process.3 

In medical applications, infection is caused by the contamination of surgical equipment, 

protective apparel, guide wires, sensors, prosthetic devices, medical implants, and drug delivery 

devices by bacteria, fungi, and viruses.6 About 26% of health-care-related infections are caused 

by device-associated infections, according to the investigation initiated by the Centers for 

Disease Control and Prevention.7 It is also estimated that more than 45% of hospital-relevant 

infections can be traced to biofilm-infected medical devices and 10% of hospital patients 
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contract an infection from a clinical implant, more than 5000 annual deaths caused by 

infections.8 

1.2 History of Antifouling 

The earliest written records of the treatment of ship bottoms are in 5th century B.C, 

which indicates the first antifouling surface was invented before that time.9 Looking back into 

history, marine biofouling of ship hulls is the main driving force for the development of 

antifouling surfaces. In ancient times, the sheathing of ship bottoms was mainly carried out 

against shipworms. The ancient Phoenicians and Carthaginians used pitch and possibly copper 

sheathing on ship bottoms.10 Wax, tar, and asphalt also have been used from very early times.9 

There is a record of using arsenic and sulfur mixed with oil as an antifouling surface in 412 B. 

C.11 Afterward, lead sheathing was the most popular protection of ship bottoms until the 18th 

century. The first successful antifouling surface was copper sheathing in 1625.9 However, with 

the appearing of iron hulls from the late 18th century, the copper sheathing lost popularity due to 

galvanic cell effects. Later, various antifouling paints became popular. The first successful 

polymer antifouling paint for ship hulls may have been an Italian Moravian hot plastic, invented 

by the U.S. Navy in 1906.12 Italian Moravian is a mixture of rosin (a natural resin extract from 

plants) and a copper compound.13 In recent years, with advances in macromolecular synthesis 

and self-assembly, several polymer coatings have been invented as antifouling surfaces. The 

polymer coatings become more and more popular because they are lighter in weight, more 

efficient and cheaper. 

 



 

3 

 

1.3 Anti-fouling Surfaces 

It is very difficult to design an optimal antifouling surface because the process of 

adsorption of biomass on an artificial surface is complicated. Biomass is made of hydrophobic, 

hydrophilic and charged components, and those bio-moieties are so “smart” that they can adjust 

their state to the adsorbing medium very rapidly and efficiently.14 Furthermore, there are 

multiple types of protein that exist in the environment, so it is quite hard to resist adsorption of 

all of them efficiently. If the pH value of the environment is close to the isoelectric point of 

target protein, electrostatic repulsion between protein molecules will be reduced, providing a 

mechanism for their attraction to and accumulation on the surface. On the other hand, most 

proteins have hydrophilic coronas and hydrophobic cores. They can physisorb on hydrophilic 

surfaces by attachment of their coronas to artificial surfaces. Also, if they encounter hydrophobic 

surfaces, they can “open up” and expose their hydrophobic cores to the surfaces. In the first case, 

the physical adsorption is reversible, while in the second case the proteins change their 

conformation state in the irreversible way to boost biofouling. In general, the strategy for 

preventing fouling is minimizing the interaction between biomolecules and artificial surfaces.15 

 

1.3.1 Non-polar hydrophobic antifouling surfaces 

Non-polar hydrophobic antifouling surfaces were invented to prevent protein adsorption 

by decreasing the contact area between the solid surface and water, to minimize the probability 

of biomass reaching the surfaces. For example, poly (dimethylsiloxane) (PDMS) is a well-known 

polymer with good “fouling release” properties. With low surface energy, adhered material is 

easily detached from the surface.  
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Block copolymers with liquid-crystalline, semifluorinated alkyl side chains were 

synthesized to form a highly non-polar, hydrophobic surface.15 As shown in Figure. 1.1, the 

copolymer consists of a polystyrene block to increase solubility in organic solvents. The 

semifluorinated alkyl side chains form a liquid crystalline smectic phase at the polymer/water 

interface. This liquid crystalline structure resists surface reconstruction in a polar environment, 

avoiding the migration of the polar carbonyl groups to the water. The benefit of this liquid 

crystalline polymer is that the energetic penalty of disrupting the fluoroalkyl smectic mesophase 

precludes such restructuring.16 

 

Figure 1.1. Block copolymer with liquid crystalline semifluorinated alkyl side chains 

 

1.3.2 Hydrophilic antifouling surfaces 

Hydrophilic surfaces prevent biomolecule adsorption in another way. The surfaces can 

effectively bind water molecules, forming the hydration layer, and prevent biomolecules 

substituting for water molecules. Poly(ethylene glycol) (PEG) is a well-known hydrophilic 

polymer with good protein resistance ability. With oxygen in the backbone, PEG can form an 

intermolecular hydrogen bond with water to form a hydration layer around it. PEG also has other 



 

5 

 

advantages like non-toxiticity, biocompatibility and miscibility with many solvents.17, 18 In one 

example, a methoxy terminated PEG conjugated to amino acid L-3,4-dihydroxyphenylalanine 

(DOPA) was synthesized (Figure 1.2). 19 The catechol side group of DOPA was designed to 

attach the polymer onto metals, glass and polymer substrates. Titanium substrates coated with 

this polymer can resist adsorption of both green algal spores and diatoms in seawater.19 In 

another examples, the durability of PEG-modified silicon surfaces was investigated by Sharma et 

al. The results show that the surface maintains antifouling properties more than 4 weeks in a PBS 

buffer (pH 7.4) at 37 oC, in 5% CO2.
20 The PEG is relatively more stable than polyethers and 

other hydrophilic polymers which easier undergo oxidative degradation and chain cleavage. 

 

Figure 1.2. Methoxy-terminated PEG, conjugated to DOPA tripeptide 

 

1.3.3 Amphiphilic block copolymers 

Because some micro-organisms are very “smart” and can adjust their conformation to the 

adsorbing medium, amphiphilic block copolymers were utilized to “confuse” them and are 

effective resist various biomolecules, cells, and organisms. No matter whether the proteins 

expose their hydrophilic coronas or their hydrophobic cores to the surface, there is a phase in 

block copolymer that makes protein adsorption thermodynamically unfavorable. 
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Figure 1.3. Antifouling and fouling release block copolymer with amphiphilic PEGylated 

fluoroalkyl side chains. 

 

The polymer with amphiphilic PEG and fluoroalkyl side chain was synthesized.21 After 

spray coating and annealing in air, the functional side chains migrate to the surface due to the 

low surface energy of perfluoroalkyl groups with air. After immersion in water, the PEGylated 

block will migrate to the surface because of the high hydrophilicity of PEGylated groups. This 

copolymer with dynamically switchable surface wettability prevents biofouling efficiently via 

the combination of non-adhesive properties of non-polar hydrophobic fluoroalkyl groups and 

hydrophilic PEGylated groups. 
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Figure 1.4. (Left) Schematic illustrating the structure of polymer networks comprising 

hyperbranched fluoropolymers (HPFP) and poly(ethylene glycol) chains (PEG). (Right) HPFP-

PEG network that contains 45% of PEG exhibit the highest resistance towards protein adsorption 

(Taken from reference 20). 

 

An amphiphilic HPFP-PEG network was also synthesized by Gudipati et al. as an 

antifouling surface.22 The author studied its resistance against a variety of proteins, including 

bovine serum albumin, lectin, and lipopolysaccharides. The results show that the antifouling 

ability is not simply increasing with the weight fraction of PEG but has an  optimal performance 

at an appropriate ratio. As shown in Figure 1.4, the network with 45 wt% PEG has greater 

homogeneity and a lower degree of fouling, while the one with 55 wt% PEG exists with discrete 

hydrophilic and hydrophobic blocks and has a higher degree of fouling.22 

 

1.3.4 Zwitterionic polymers 

To mimic blood cell membranes, polymers incorporating zwitterionic molecules were 



 

8 

 

synthesized.23, 24 The zwitterionic polymer with a disulfide group as shown in Figure 1.5 was 

synthesized and self-assembled on a gold surface.25 It was found to resist non-specific adsorption 

of proteins well. Raman spectroscopy and attenuated total reflection infrared spectroscopyresults 

indicated that the zwitterionic polymers did not perturb the hydrogen-bonded network of water 

adjoining the surface.26 However, the ionic groups and counterions associated with 

polyelectrolytes disturb the water network. This may be evidence that the native hydrogen-

bonded network of water is necessary for antifouling properties.  

 

R= 

 

 

 

Figure 1.5. Antifouling polymers with zwitterionic side chains and a disulfide group for 

attachment to gold substrates 
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Different from PEGylayed polymers which form hydration layers by hydrogen bonding, 

zwitterionic polymers form a hydration layer via charge-induced hydration.27 In recent years, 

zwitterionic polymers have become more popular as they prevent protein binding more 

efficiently than PEG. Secondly, compared with PEGylated polymers which may undergo 

hydrolytic degradation, they are more stable in seawater.28 Various kinds of zwitterionic 

polymers were synthesized and compared. Furthermore, some researchers prepared mixed 

zwitterionic self-assembled monolayers for antifouling, as shown in Figure 1.6. Zwitterionic 

carboxy betaine-thiols (CB-thiols) and sulfobetaine-thiols (SB-thiols) for modification of gold 

substrates to form a functional self-assembled monolayer (SAM) and have good antifouling 

ability after adjusting the ratio of two components.28 

 

 

Figure 1.6. Mixed self-assembled monolayer of SB-thiol and CB-thiol  (Taken from reference 

25). 

 

1.3.5 Degradable polyester brushes 

Polyesters are a good class polymers for eco-friendly materials and biomedical device 

materials due to the degradability and biocompatibility. Our group investigated the degradation 

and protein adsorption behaviors of polyester brushes.29, 30 The polyester brushes can grow from 

substrates and degrade due to the “back-biting” of the hydroxy end group.31, 32 The single 
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polyester brush suppresses protein adsorption for 20 h.30 To extend the lifetime and improve the 

protein resistance efficacy, the polyester brush was modified with oligo (ethylene glycol) (OEG) 

as the outside layer, as shown in Scheme 1.1. This co-polyester brush suppresses protein 

adsorption up to 60 h. The lifetime was extended by blocking the end groups of the brush by the 

OEG layer, which prohibited the proposed back-biting process that effectively degraded the 

polyester. 

 

Scheme 1.1. Synthesis of PGA and OEG co-polymer brushes with (a) OEG as the 

substrate layer, (b) OEG as the outside layer.  (Taken from reference 26) 

(a) 

(b) 

A co-polyester with OEG as a substrate layer and poly (glycolic acid) (PGA) as an 
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outside layer was also synthesized. To prevent the polyester from degrading too fast, a 50% OEG 

block was terminated with a hydroxy group and another 50% with a methoxy group. The results 

show that this co-polyester is degradable and also resists protein very well.30  

 

1.4 Ring-Opening Polymerization (ROP) 

Ring-opening polymerization is a form of chain polymerization, in which the end of the 

polymer chain attacks cyclic monomers to form a longer polymer.33 Most ring-opening 

polymerizations are exothermic, driven by release of ring strain, and the entropy decreases, 

driven by a decrease in translational entropy. The sources for ring strain include angle strain, 

torsion strain, and transannular strain.  The angle strain is distorted from optimum sp3  orbital 

overlap and 109o bond angles in 3,4-membered rings. The torsional strain arises from hydrogen 

atoms eclipse with each other and with nonbonded electrons on heteroatoms in 5- to 7-membered 

rings. The transannular strain is caused by eclipsed interactions with crowding in the interior of 

7- to 10-membered rings. 3- to 4-membered rings always have the largest ring strain, following 

by 8- to 11-membered rings. The ring strains of 5- and 7-membered rings are relatively small. 

The 6- and 12-membered rings have the smallest ring strain. However, for some large ring 

monomers, the ring-opening polymerization is endothermic, arising from intramolecular 

repulsions within the polymer, and the total entropy increases, when the increase in rotational 

entropy more than compensates for the loss in translational entropy. Based on the active center, 

the ring-opening polymerization can be classified as anionic ring-opening polymerization, 

cationic ring-opening polymerization, and radical ring-opening polymerization. In this project, 

anionic ring-opening polymerization and radical ring-opening polymerization were utilized to 

make functional polyesters. 
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1.4.1 Anionic Ring-Opening Polymerization  

Anionic ring-opening polymerization is a kind of chain-growth polymerization where the 

reaction of cyclic monomers are induced by nucleophilic addition of anionic initiator or anionic 

chain end. The monomers are cyclic compounds with high electrophilicity, such as epoxides, 

thiranes, lactones, lactams, N-carboxy anhydrides, and so on. The initiators are various 

nucleophiles, including but not limited to alkyl metals, metal amides, alkoxides, phosphines, 

amines, thiols, alcohols, and onium salts. 

Polyesters can be synthesized by step-polymerization of diols and diacid or by ring-

opening polymerization of lactones. However, those methods limit the scope of polymers and 

properties that can be explored. One way to increase the range of options is to utilize the anionic 

ring-opening polymerization of epoxides and cyclic anhydrides. To produce a  polyester rather 

than a polyether, the alternating copolymerization is required. Coates et al. realized it by 

introducing discrete metal complexes with a nucleophilic cocatalyst in ring-opening 

polymerization. The possible mechanisms were shown in Scheme 1.2. First, an epoxide is 

activated by a metal center and then attacked by a carboxylate, generating an alkoxide, which 

subsequently reacts with an anhydride to form a new ester linkage. After one repeat unit was 

formed, a carboxylate and an open coordination site on the metal center were regenerated. In this 

project, a series of polyesters were synthesized by alternating anionic ring-opening 

polymerization of epoxides and diglycolic anhydride (DGA). 
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Scheme 1.2. Mechanistic Possibilities for Epoxide/Anhydride Copolymerization by Use 

of (salen)MX Complexes. (Taken from reference 54) 

 

1.4.2 Radical Ring-Opening polymerization 

Radical ring-opening polymerization is a chain-growth polymerization where the free 

radical at the propagating chain end reacts with the radical-accepting cite of cyclic monomer, 

following by the ring-opening reaction of cyclic monomer.34 The heteroatoms in cyclic 

monomers can be inherited by polymer. By radical ring-opening polymerization, the cyclic 

monomers can co-polymerize with conventional vinyl monomers like acrylic derivatives. 

However, there are some requirements for cyclic monomers. First, the monomers need a C–C 

double bond to form a radical intermediate. Second, the monomers should have high ring strain 

as a driving force. Third, the radical intermediate should be stabilized. Vinyl cyclopropane and 

cyclic ketene acetals meet those conditions. The mechanism of radical ring-opening 

polymerization of the cyclic ketene acetal is illustrated in Scheme 1.3. Compared with 

alternating anionic ROP, it will be shown that radical ROP can achieve high molecular-weight 

polyesters easily. 
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Scheme 1.3. The mechanism of radical ring-opening polymerization of the cyclic ketene 

acetal (Taken from reference 34, Figure continued) 

 

1.5 Polymer networks 

When bifunctional molecules are linked together, “linear polymers” are achieved. When 

molecules with the functional group of more than two are linked together, the three-dimensional 

(3D) “polymer networks” are achieved. In networks, the bond that links one strand of polymer to 

another is called “junctions” or “crosslinks”. Crosslinking is divided into physical crosslinking 

and chemical crosslinking. In physical crosslinking, the polymer strands are connected by 

physical interactions like Van der Waals interactions, hydrophobic interactions, Coulombic 

interactions, and metal-ligand coordination. In chemical crosslinking, the polymer strands are 

connected by covalent bonds.  

The polymer networks can be classsfied as thermosets, thermoplastics, elastomers, and 

gels. Thermosets are polymer networks where the strands are connected via covalent bonds and 

where the material is used at a temperature well below the glass transition temperature. As long 

as the material is formed, it cannot be remolded. Thermoplastics are polymer networks of 

macromolecules connected by non-covalent interactions. They could be remolded above a 
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certain temperature. Different from thermosets and thermoplastics, elastomers are used at 

temperatures higher than their glass transition temperature. They can be reversibly stretched to 

high extension without breaking. Gels are polymer networks swollen in liquid media like water 

or organic solvents. Gel fraction is defined as the weight ratio of crosslinked polymer to that of 

the polymer before washing by solvent (total weight of crosslinked polymer and uncrosslinked 

polymer). Recently, a synthetic, porous, ultralight material derived from a gel was reported. The 

liquid in the gel was replaced by gas. This kind of polymer network is  called a aerogel. In 

Chapter 2, the polymer networks were prepared by UV crosslinking. The polymer strands were 

connected by covalent bonds. 

 

1.6 Surface Characterization Techniques  

1.6.1 Variable-Angle Spectral Ellipsometry (VASE) 

VASE is a technique to measure layers as thin as 1 nm up to several microns thick. In this 

project, the thickness of spin-coated thin films was measured by VASE. The technique of VASE 

is based on the polarization of a light beam being altered on reflection from a bare or film-coated 

surface. An elliptically polarized light beam is defined by the angular position of the ellipse, the 

shape, and the sense of rotation of the light vector. There are two parameters used to determine 

the state of polarization. The PSI (ψ) indicates the amplitude ratio and the DELTA (Δ) indicates 

the phase difference. These two values are used to calculate the film thickness and refractive 

index. First, the instrument generates linearly polarized light, which interacts with the specimen. 

The reflected light becomes elliptically polarized light. By measuring the change in polarization 

of light reflected from the surface, the thickness of the thin film can be calculated. The 

ellipsometry overview is shown in Figure 1.7. 
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Figure 1.7. Ellipsometry overview (Taken from Optical Characterizarion By 

Spectroscopic Ellipsometry Ron Synowicki, J.A. Woollam Co., inc) 

1.6.2 Profilometry 

Surface profilometry is a technique in which a diamond stylus, in contact with a sample, 

can measure minute physical surface variations as a function of position. The profilometer can be 

classified as a contact profilometer and a non-contact profilometer. In contact profilometers, a 

diamond stylus is moved vertically in contact with a sample and then moved laterally across the 

sample for a specified distance and specified contact force. In comparison, non-contact 

profilometers detect surfaces by light reflection. The detector does not touch the specimen and 

the speed is high, but the resolution is lower than contact profilometers. 

Atomic force microscopy (AFM) is a very high-resolution type of profilometry. The 

resolution is on the order of fractions of a nanometer. AFM collects surface information by a 

small cantilever over the surface of a sample. When the sharp tip on the end of the cantilever 

scans the surface, the cantilever bends and changes the amount of laser light reflected into the 

detector. Then, the height of the cantilever is regulated to restore the response signal. The 

morphology of the surface was achieved after calculation. The structure of AFM is shown in 
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Figure 1.8. 

 

Figure 1.8. The cartoon of AFM structure. (Taken from Wikipedia) 

 

1.6.3 Water Contact Angle Measurement 

Contact angle, θ, is defined as the angle formed by a liquid at three-phase boundary 

where a liquid, gas, and solid intersect. The liquid droplet maintains its shape on surfaces by 

surface tension, which is the resistance of a liquid to increase in its surface area. At liquid-air 

interfaces, surface tension arises from the greater attraction of liquid molecules to each other 

than to the molecules in the air. The attraction force between the same molecules is called 

cohesive force while those between different molecules are called adhesive force. The balance 

between the cohesion of the liquid and its adhesion to the surfaces determines the contact angle. 

For example, the contact angle of the water droplet on the hydrophobic surface is large because 

the cohesion of water molecules via hydrogen bond is higher than the adhesion. Surface free 

energy is the work that would be necessary to separate a solid from liquid interface. There are 

two methods-static or dynamic contact angle measurement. After the droplet touching surfaces, 

the drop may expand or contract to reach its equilibrium. In the static method, a water droplet 
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sitting on the surface for a long enough time to reach equilibrium. In a dynamic method, the drop 

forms at the end of a retracted hydrophobic needle. The expansion and contraction of the drop 

can be controlled by the needle and the contact angle is measured within a few seconds. In this 

project, static water contact angle measurements were obtained. 

 

1.6.4 Cyclic Voltammetry 

Cyclic voltammetry (CV) is an electrochemical technique utilized to study the reduction 

and oxidation process of the molecules. It can also be used to investigate the electron transfer 

behavior on surfaces. In this project, in order to investigate the electrochemical permeability of 

ferrocyanide in the polyester networks, cyclic voltammetry was employed to monitor electron 

transfer through film surfaces. 

 

Figure 1.9. Schematic representation of an electrochemical cell for CV experiments 

(Taken from reference 35) 

The simple structure of an electrochemical cell for CV experiments is shown in Figure 
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1.9. The electrolyte solution contains an analyte, supporting electrolyte, and solvent. The 

working electrode carries out the electrochemical event of interest. The counter electrode is to 

complete the electrical circuit. The reference electrode provides a reference point against which 

the potential of other electrodes can be measured in an electrochemical cell. With applied 

potential, a current is generated by the heterogeneous electron transfer between electrode and 

analyte. For example, ferrocenium (Fc+) and ferrocene (Fc) are used as analytes. Through the use 

of a potentiostat, a voltage can be applied to the electrode to modulate the energy of the electrons 

in the electrode. If the energy of electrons is higher than the lowest unoccupied molecular orbital 

(LUMO) of Fc+, the electron transfers from the electrode to Fc+, as shown in Figure 1.10. 

 

Figure 1.10. Heterogeneous reduction of Fc+ to Fc. (Taken from reference 35) 

In CV, the current is measured when the working electrode potential is ramped linearly 

versus time. After the set potential is reached, the working electrode potential is ramped in the 

opposite direction, to return to the initial potential. Figure 1.11 shows an example of CV plot. In 

the forward scan, the potential is swept negatively from the starting potential E1 (more positive) 

to the switching potential E2 (more negative). This is referred to as the cathodic trace. With the 

increasing energy of electrons in the electrode, the electrons transfer from electrode to Fc+ in 

solution, generating Fc and a cathodic current. From point A to D, the electrode potential 

increases and Fc+ are reduced to Fc via accepting electrons from electrode. The current increases 

from A to C due to the higher concentration of Fc+ than Fc on the electrode surface. After point 
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C, with the deplete of Fc+ on the surface, more Fc+ need to penetrate Fc diffusion layer from bulk 

to touch the surface for electron transfer. The scan direction is then reversed, and the potential is 

swept positively back to E1, referred to as the anodic trace. The Fc present at the electrode 

surface is oxidized back to Fc+ as the applied potential becomes more positive, and the anodic 

current was generated in this process. Peak anodic current is also observed in this scan. The two 

peaks are separated due to the diffusion of the analyte to and from the electrode.35 The difference 

between the anodic and cathodic peak potentials is called peak-to-peak separation (ΔEp). For 

freely diffusing, electrochemically reversible ferricyanide the peak-to-peak separation should be 

59 mV.  

 

 

Figure 1.11. Voltammogram of the reversible reduction of a 1 mM Fc+ solution to Fc at a scan 

rate of 100 mV s −1 (Taken from reference 35) 

1.7 Research Goals 

The research carried out for this thesis sought to invent the novel degradable antifouling 

coatings for resisting protein adsorption. Previous group members prepared polymer brush-based 

coatings but the thickness could only reach 8-10 nm, limiting the protein resistance ability and 
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lifetime of the coating. In this project, the polyesters were synthesized in solution and spin-

coated on a benzophenone functionalized silicon wafer or drop-casted on glass. Different from 

polymer brush-based coatings, those coatings are highly reproducible and thicker. 

Chapter 2 discusses the polyester synthesized by ring-opening polymerization of 

diglycolic anhydride and epoxides. With q Cr salen catalyst and [PPN]Cl co-catalyst, the a 

polyester was prepared as the result of perfectely alternating copolymerization of diglycolic 

anhydride and various epoxides. The silicon wafer was functionalized with benzophenone. The 

polyester was then spin-coated on a benzophenone functionalized silicon wafer. After UV 

irradiation, with the benzophenone crosslinker in polyester, the polyester was crosslinked and 

anchor on the wafer through a covant bond. The thickness of the coating is ca. 60 nm.  

However, due to the relatively low molecular weights (ca. 4 kg/mol) of polyesters 

synthesized by anionic ring-opening polymerization, the coatings discussed in Chapter 2 have a 

short lifetime and poor mechanical properties. To solve this problem, the new polyesters were 

synthesized by radical ring-opening polymerization, which is discussed in Chapter 3. The high 

molecular weights of the polyesters ( ca. 30-50 kg/mol) were achieved. The degradation and 

protein resistance ability were investigated in Chapter 3. 

In Chapter 4, the polyesters were drop-casted on glass slides to make free-standing films 

with the thickness ca. 32 μm. The mechanical properties of the films were investigated. The 

AgNWs-polyester composite films were also prepared and their mechanical properties and 

conductivity were measured.  

Chapter 5 briefly summarizes the major outcomes of this work and provides insights into 

the outlook on this project. Because there are many applications of sustainable antifouling 

coatings, it would be worthwhile to evaluate the meaning of the synthesis of those novel 
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polyesters and investigation those coatings. Moreover, the future direction is discussed in 

Chapter 5. The imidazole functionalized polyester is looking forward to being synthesized to 

prepare self-healable antifouling coatings. 
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Chapter 2. Degradable Networks Synthesized by 

Epoxides and Diglycolic Anhydride 

2.1 Introduction 

Biofouling of surfaces is a global problem.  Biomass accumulation on ship hulls 

generates high frictional resistance, increasing fuel consumption and overall travel costs up to 

77%.3 Moreover, it is reported that about 26% of health-care-related infections are caused by 

device-associated infections and more than 45% of hospital-relevant infections can be traced to 

biofilm-infected medical devices.7 Biofouling therefore results in large economic losses and 

threatens lives. The first step in biofouling is the adsorption of proteins to a surface.1 Thus, there 

has been considerable effort to prepare surfaces that resist the adsorption of proteins. Various 

anti-biofouling coatings, including poly(ethylene glycol) (PEG) based coatings,36 fouling release 

coatings,37, 38, 39, 40 zwitterionic polymers,41, 42 and amphiphilic polymers43 have been synthesized 

and studied. Many of these retard the adsorption of proteins, but most do not do so for a long 

period (greater than a few hours). Thus, it is of interest to explore strategies that avoid biofouling 

over longer periods of time. 

Here, we report new, dynamic, biodegradable coatings on surfaces and study whether 

they improve the lifetime of surfaces against bio-fouling. Biodegradable polyester44 and other45 

brushes have shown some promise in this regard44, but they are thin (ca. 10 nm) and degrade off 

of the surface relatively quickly. Here, we report the formation of ca. 60 nm thick, surface-

anchored, crosslinked polyester films formed by spin-coating and UV irradiation as a new type 

of dynamic surface to prevent protein adsorption. The crosslink density was controllable by 

altering the mole fraction of crosslinker in the polymer. These films are thicker than polymer 

brushes generated by surface-initiated polymerization, and their preparation process is more 
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convenient and reproducible.46, 47 It will be shown that these films resist bovine serum albumin 

(BSA) adsorption well for up to 38 hours. 

2.2 Results and Discussion 

2.2.1 Preparation of Surface Attached Networks 

The synthesized polyester has a hydrophilic and hydrolyzable backbone. The epoxy 

methoxytriethylene glycol (ETEG) was chosen as one of the epoxide sources to improve the 

hydrophilicity of the side chain. Triethylene glycol groups are also known to resist protein 

adsorption48.36, 49, 50 Another epoxide (epoxy benzophenone (EBP)) was employed as a UV-

active crosslinker that form networks upon UV irradiation. The incorporation of diglycolic 

anhydride is hypothesized to impart functionality similar to that of poly(ethylene glycol) yet 

further incorporates a biodegradable ester linkage.  The chromium salen is a Lewis acid catalyst 

reported by Coates et al.51, 52 [PPN]Cl was used as co-catalyst, introducing chloride ions to 

initiate polymerization and PPN+ as a non-coordinating cation. 

Alternating co-polyesters with different mole fractions of EBP in the feed ratio were 

synthesized by a perfectly alternating ring-opening polymerization of a 200:200:1:1 molar feed 

ratio of anhydride to (total) epoxide to Cr salen catalyst to co-catalyst at 45 oC (Table 2.1).53, 54, 55, 

56 The perfectly alternating co-polymerization was confirmed by 13C NMR, which showed no 

ether linkages in the backbone appearing at 78 ppm (Figure A6). These would be present if there 

were two sequential ring-openings and additions of epoxide, which were not observed. The EBP 

mole fraction in Table 2.1 was determined by 1H NMR integration as described in supporting 

information (Figure A5). Number-average molecular weights and molecular weight dispersity (Ð) 

of polymers were measured by SEC, with polystyrene standards as a reference. The degree of 

polymerization (one epoxide plus one anhydride was regarded as one repeat unit) was calculated. 
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The value of Xavg represents the calculated average number of crosslinked units (EBP) per 100 

polymer chains. These polymers are of relatively low molecular weight and higher polydispersity 

compared to other co-polyesters reported in the literature51.57, 58, 59 However, they were able to be 

spin-coated into thin films (see below) and thus served their purpose.  

 

Table 2.1. Molecular weight-related information of polymers with various crosslinker content 

and corresponding gel fractions and thickness of network films  

EBP Ratio 

(%) 

Mn 

(kg/mol)a 

Ð 𝐷𝑃̅̅ ̅̅ a Xavg Gel fraction  Dry thickness (nm) 

2.2 5.1 1.6 49 66 0.37 ± 0.02 28 ± 1.1 

2.4 4.2 1.8 40 62 0.57 ± 0.03 41 ± 0.44 

3.6 3.0 1.6 29 65 0.58 ± 0.01 42 ± 0.75 

3.4 6.8 1.9 65 136 0.60 ± 0.01 42 ± 1.0 

3.5 3.4 1.4 33 70 0.60 ± 0.01 36 ± 0.49 

3.7 4.1 1.6 39 96 0.68 ± 0.02 44 ± 0.43 

4.3 4.3 1.5 41 112 0.74 ± 0.01 44 ± 0.83 

3.7 5.0 1.6 48 111 0.76 ± 0.03 41 ± 0.72 

5.0 6.6 1.8 63 190 0.81 ± 0.01 44 ± 0.83 

5.0 4.1 1.8 39 120 0.85 ± 0.01 64 ± 0.79 

5.8 4.6 1.7 44 151 0.86 ± 0.01 66 ± 1.2 

6.1 3.7 1.8 36 134 0.88 ± 0.01 67 ± 1.7 

6.7 3.5 1.5 34 134 0.90 ± 0.02 70 ± 0.30 
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Table 2.1. (continued) 

6.9 4.6 1.7 44 193 0.92 ± 0.01 73 ± 2.4 

6.7 3.7 1.7 36 147 0.93 ± 0.01 63 ± 2.4 

10 3.9 1.4 38 240 0.94 ± 0.02 60 ± 0.92 

aBased on SEC measurements versus polystyrene standard  

Surface attached networks. After synthesizing precursor copolymers, the copolymers 

were anchored on the substrated and crosslinked. Benzophenone (BP) can act as a photo-active 

crosslinker.60, 61 Under the irradiation of UV light, the BP units form triplet C•-O• bi-radicals. 

Those radicals will promiscuously abstract hydrogen atoms from adjacent groups, creating two 

radicals that recombine to form a covalent bond. A BP-terminated triethoxysilane was spin-

coated from toluene solutions onto thin silica layers on silicon wafers to prepare BP-

functionalized silicon wafers. Solutions of the BP-containing ter-polyesters were then spin-

coated onto these wafers as described in the experimental section. These samples were irradiated 

to simultaneously crosslink the films and covalently anchor them to the substrate(Figure 2.1).  
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Figure 2.1.  Cartoon illustrating the formation of crosslinked films anchored covalently 

to the surface via the BP groups.

The benzophenone adlayer acts as surface anchors and suppresses delamination of the 

polymer film from the substrate after UV irradiation.62 After measuring their thicknesses, the 

specimens were incubated in tetrahydrofuran (THF) for 18 h, removed, dried, and their 

thicknesses were again measured to determine their gel fraction (Table 2.1). As the irradiation 

time increased, the gel fraction increased until a plateau was reached (Figure 2.2). All samples 

were irradiated under 30 mW/cm2 UV light for 5 mins to maximize the crosslink density. It was 

then verified that no further changes in gel fraction occurred due to further irradiation with 

ambient light. As expected, the EBP/ETEG ratio affected the final gel fraction of the sample. 
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Specifically, the Xavg values correlated with the EBP ratio in the monomer feed. Likewise, the gel 

fraction correlated with EBP ratio and Xavg, with larger gel fractions found for samples with 

larger Xavg values for most cases. We prepared samples with gel fractions ranging from ~ 0.4 to 

~ 0.9. 

 

 

Figure 2.2. Gel Fraction versus irradiation time of samples with different percentage of 

EBP incorporation (Figure continued) 

 

2.2.2 Degradation of Networks 

The hydrolytic degradation of polyesters has been studied in detail. These studies include 

the effects of pH and gel fraction on the rate and mechanism of degradation.63 The effects of 

crosslinking and solvent composition on the degradation of polyesters have been studied 

previously in bulk, but not in thin films.64, 65, 66, 67, 68 Network films with different gel fractions 
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were immersed in PBS solutions at various pH values, taken out, and their thickness was 

measured by VASE. 
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Figure 2.3. Percentage change of thickness of samples with different gel fractions 

(GF = 0.57, 0.76, 0.88) in PBS buffer solution (ionic strength = 1 M) with various pH values.  In 

Figure 2.3a, each data point is the average value of 3 measurements on different films. In Figure 

2.3a and 2.3c, each data point is the average value of 3 measurements on different locations of 

the film. The error bars are smaller than the size of the plot symbols used. The variability in the 

gel fraction of the samples in each plot is in the range of ± 1% to ± 5%. 
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Figure 2.3 shows the percent change in thickness of the gel over time for 3 different gel 

fractions. The percentage change in thickness was calculated from ht/h0 where ht represents 

thickness at each specific time and h0 is the initial thickness before extraction with THF. The data 

in Figure 2.3 indicate that the degradation rate of the networks increases with increasing pH. The 

most likely mechanism of degradation of the networks involves ester hydrolysis. This hydrolysis 

is both acid- and base-catalyzed, but base-catalyzed hydrolysis is faster.69 To support this 

mechanism, 40 mg polymer (5% EBP) was dissolved in 0.8 mL THF, mixed with 2.6 mL 0.10 M 

KOH methanol solution, and shaken for 1 day. After the completion, the residue was analyzed by 

1H and 13C NMR (Figure 2.4 and 2.5). The signals of the methylene groups adjacent to the ester 

groups at 4.25 ppm, 4.48 ppm (1H NMR), 69.21 ppm, and 67.92 ppm (13C NMR) disappeared. 

The ester hydrolysis can also be catalyzed by acid but requires a lower pH than the range 

examined in Figure 2.6. 
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Figure 2.4. 1H NMR of polyester before (red) and after (blue) degradation in basic 

solution 

 

 

Figure 2.5. 13C NMR of polyester before (red) and after (blue) degradation in basic 

solution 

Immersing the films in more acidic solutions (pH from 1 to 3) resulted in faster 

degradation than at pH 6.4 (Figure 2.6).  
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Figure 2.6. Degradation of polymers under acidic conditions shown as a percentage 

change in thickness versus immersion time. Values were obtained by ellipsometry. 

 

The degradation mechanism of the thin film in buffer solution was also studied by ATR-

FTIR spectroscopy. The polymer was spin-coated on a gold surface, crosslinked by UV 

irradiation, and then immersed in pH 7.4 buffer solution overnight. Surface functional groups of 

the thin film before and after degradation was analyzed by ATR-FTIR, as shown in Figure 2.7. 

After degradation, the carbon-oxygen single bond signal at 1240 cm-1 decreased, and that of the 
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hydroxyl at 3300 cm-1 increased. From these data, we conclude that the degradation of the 

network is via ester hydrolysis. 

 

Figure 2.7. ATR-FTIR spectra of polyester network film spin-coated on a gold surface 

(blue) and incubated in pH 7.4 buffer solution overnight (red). 

 

The data in Figure 2.3 also indicates that degradation is faster in networks with lower gel 

fractions. Examining these data more closely, at lower gel fraction, the rate of the decrease of 

film thickness was exponential. In contrast, at higher gel fractions, the rate of the decrease of 

film thickness was close to linear. These behaviors suggest a change in the kinetics of 

degradation as gel fraction varies from low to high. The exponential decrease is a hallmark of 1st 

order kinetics, while a linear decrease is a hallmark of 0th order kinetics. For example, the 

network with a 0.57 gel fraction (Figure 2.3a) displays 1st order degradation kinetics.  
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−𝑑ℎ

𝑑𝑡
= 𝑘1 ⋅ ℎ                                     (1) 

which, integrated, gives 

ℎ𝑡 = ℎ0 ⋅ 𝑒
−𝑘1𝑡 (2)  

In eqs 1 and 2, h0 is the thickness at time zero, ht is the thickness at time t, and k1 is rate 

constant. On the other hand, there is a linear decrease in thickness with increasing time for a 

higher gel fraction (0.88) sample (Figure 2.3c), which follows the 0th order degradation kinetics 

(see eqs 3 and 4). The degradation rate is independent of the thickness of the film. 

−𝑑ℎ

𝑑𝑡
= 𝑘0  (3)  

which, integrated, gives 

ℎ𝑡 = ℎ0 − 𝑘0𝑡  (4)  

Figure 2.8a plots the apparent 1st order rate constant (k1) for low gel fraction samples, and 

Figure 2.8b plots the apparent 0th order rate constant (k0) for high gel fraction samples. In both 

cases the rate constant decreases with decreasing pH.  The 1st order rate constant appears to be 

independent of the gel fraction at a given pH.  The 0th order rate constants decrease with 

increasing gel fraction. A rationale for this behavior is given below. 
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Figure 2.8.  (a) Plot of 1st order rate constant versus gel fraction in the low gel fraction 

range and (b) plot of zeroth order rate constant versus gel fraction in the high gel fraction range 

in PBS buffer solution with different pH values. Each data point is the average value of 3 

measurements on different locations of the film. Some error bars are smaller than the size of the 

plot symbols used. 

There are two possible ways to explain why films with lower gel fractions degrade faster. 

The first one is that there is a higher probability of releasing a segment for a given number of 

cleaved ester bonds in a low gel fraction network. This is illustrated in the cartoon in Figure 2.9a. 

Conversely, in a higher gel fraction network with a higher crosslink density, there is a lower 

probability of releasing a segment for the same number of cleaved ester bonds (Figure 2.9b). The 

second explanation is, when the gel fraction is low, water molecules can penetrate the network 

more efficiently, hydrolyze the network more extensively, and carry the degraded segments out. 

However, if the gel fraction is high, the mobility of water molecules will be restricted. Therefore, 

the hydrolysis is limited mainly to the water/film interface. This latter explanation is consistent 
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with the observations that the degradation of high gel fraction networks is independent of 

thickness (0th order kinetics). In contrast, the degradation of low gel fraction networks depends 

on the thickness (1st order kinetics). 

 

 

 

Figure 2.9. Degradation of crosslinked network thin film in PBS buffer solution via 

hydrolysis of the ester is controlled by the probability of releasing segments (a) or mobility of 

water molecules in the networks (b). 
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To verify that the degradation of the networks was not caused by the main-chain scission 

induced by osmotic pressure due to solvent swelling,70 thin films with different gel fractions 

were immersed in dry DCM. DCM was chosen because it does not induce hydrolysis of ester 

linkages and swells the polyester gel very well (with a swelling ratio of 5.20). After 24 hours, the 

thicknesses of all films did not change, suggesting this mechanism for main-chain scission is not 

operative here. 

2.2.3 Protein Adsorption 

Protein adsorption behaviors of these films were studied in stock solution with different 

protein concentrations and ionic strengths. We found that the BSA adsorption is slower in higher 

ionic strength PBS solution. There are two explanations. First, to adsorb on the surfaces, BSA 

needs to expose, at least partially, its hydrophobic core to the surfaces by changing its 

conformation. However, the increasing salt concentration will stabilize the native BSA 

conformation through interaction between phosphate and BSA, and this effect decreases the 

adsorption efficiency.71 Moreover, ions can also destabilize the hydrophobic interaction between 

protein and the polymer film.72 The first set of conditions employed a 1 mg/mL albumin-

fluorescein isothiocyanate conjugate protein in phosphate-buffered saline (PBS) with a pH of 7.4 

and a total ionic strength of 1 M. In this case, the amount of protein adsorbed on surfaces is too 

small to observe a change in film thickness. Thus, the samples were taken out of the protein 

solution at various times and observed under a fluorescence microscope. The adsorbed protein 

was estimated to be proportional to the measured fluorescence intensity. The images in Figure 
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2.10 are collected by fluorescence microscope after immersing 2.5%, 3.5%, 4.3%, 5%, 7.5%, 10% 

EBP feed ratio networks in FITC-BSA stock solution for 47.5 hours at room temperature. 

 

Figure 2.10.  Fluorescence microscopy images showing BSA adsorption on thin films 

with various EBP ratio (a-f: 2.5%, 3.5%, 4.3%, 5%, 7.5%, 10%) after 47.5 h immersion in FITC-

BSA stock solution. The scale bars are 50 μm. 

 

By integrating the fluorescence intensity of each image, intensity versus time plots were 

constructed (Figure 2.11). The fluorescence intensity reflects the relative amount of FITC-BSA 

adsorbed. The networks with low gel fraction resisted protein adsorption compared with a 

polystyrene and polyether  reference (Figure 2.11). The latter has a similar structure to the 

polyesters but has a non-degradable ether backbone. It permits a reasonable comparison of the 

protein resistance between chemically similar, static and dynamic surfaces. The results indicate 

that the amount of FITC-BSA adsorbed on polyester networks is lower than on polystyrene; and 
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smaller amount of FITC-BSA adsorbed on low gel fraction networks compared with static 

polyether film for a long period of time. However, relatively more FITC-BSA adsorption was 

observed on high gel fraction networks. Three reasons might explain this behavior. First, protein 

adsorption is driven by the hydrophobic interactions between proteins and surfaces. As EBP is 

hydrophobic, networks with more EBP expose more hydrophobic segments to protein, making 

protein adsorption favorable. Second, the more lightly crosslinked networks are more extensively 

hydrated (see below), and a hydrated network is more hydrophilic and less prone to protein 

adsorption. Third, the degradation of the network with a high gel fraction is slower than that of 

networks with a lower gel fraction. The degradation rate of higher gel fraction networks might be 

slower than the rate of protein adsorption, so degradation may have less of a role in shedding (e.g. 

sloughing off) any adsorbed protein, in which case protein accumulates on the surface. 
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Figure 2.11. Plot showing fluorescence intensity of thin films with different gel fractions 

immersed in a stock solution with pH 7.4, ionic strength 1 M, 1 mg/mL fluorescently-labelled 

BSA at specific immersion times.  

 

The second set of conditions employed a 3 mg/mL BSA solution in phosphate-buffered 

saline (PBS) with a pH of 7.4 and a total ionic strength of 100 mM. The protein is more likely to 

adsorb on the surface under these conditions due to the higher concentration and lower ionic 

strength. For each gel fraction, we prepared two networks. One was incubated in PBS solution, 

and another was incubated in the BSA stock solution for comparison. The two wafers were 

agitated under identical conditions and for the same duration. Both specimens were removed at 

the same time, and their thicknesses were measured. In Figure 2.12, the red lines indicate the 

thickness of the film in the BSA stock solution at various total immersion times, and the black 

lines indicate the thickness of the film in PBS solution. The blue line, obtained by subtracting the 
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black line from the red line, represents the net, adsorbed BSA thickness. This analysis does, 

admittedly, assume that the film degradation is identical under the two conditions. Error bars 

within a given sample are small as stated in the caption to Figure 2.12.  However, we 

acknowledge that there likely is variability from sample to sample.  However, preparing multiple 

samples with identical thicknesses and gel fractions is difficult or impossible. The variability of 

the gel fraction of the samples in each plot is in the range of ± 1% to ± 5%. Within this 

uncertainty, however, the stated conclusions are still valid.  In Figure 2.12a, the BSA starts to 

adsorb on the surface after complete film degradation. In Figure 2.12b-e, there is little protein 

adsorbed on the surfaces. Thus, these films resist protein adsorption for their entire lifetimes.  In 

Figure 2.12f, the BSA starts to adsorb on the surface after 27 hours immersion, arising from the 

high gel fraction of the network. The effect of gel fraction on antifouling capability of the 

network was discussed previously.  Although the error bars are very small for each experiment, 

the calculation of protein thickness ignores the effect of transiently adsorbed protein on the 

degradation of the networks, which may contribute to uncertainty in the values. 
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Figure 2.12. Plots showing the thickness of thin films with various gel fractions 

immersed in BSA-PBS solution (ionic strength 100 mM, pH 7.4, BSA 3 mg/mL) for various 

times. Thicknesses were obtained via ellipsometry.  

 

PS and polyether (Figure S9) coatings were prepared and immersed in BSA stock 

solutions for comparison. Figure 2.13 illustrates that the PS coating resisted significant protein 

adsorption for ca. 18 hours. The static polyether coating resisted protein adsorption for ca. 28 

hours and the dynamic polyester coatings resisted protein adsorption for ca. 38 hours. Therefore, 

the dynamic polyester surfaces have better protein resistance under these conditions. It is 

observed that there is always 2 nm protein adsorbed on all surfaces after immersion in the BSA 



 

45 

 

solution. This phenomenon for BSA was also reported in the literature.44, 73 It is possible that 

BSA reversibly attached to surfaces in a dynamic equilibrium.  

 

 

Figure 2.13. Plots showing calculated BSA thickness on polyester, PS and polyether thin 

films.  Each data point is the average value of 3 measurements on different locations of the film. 

Some error bars are smaller than the size of the plot symbols used. 

 

2.2.4 Characterization of Film Hydration and Surface Hydrophilicity 

Although the adsorption of proteins could have been inhibited by the degradation of the 

networks and sloughing off of any initially adsorbed protein, there is evidence that the relative 

hydration and thus hydrophilicity of the networks may play a role. Thus the swelling behavior 

and water contact angles of the films were investigated. These are two, complementary ways to 

judge the hydration and hydrophilicity of the films. 
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The swollen thickness of the thin films was measured by VASE following a literature 

procedure.73 After measuring the thickness of the dry film, an ellipsometry cell was filled with 

approximately 100 mL of DI water, the sample was immersed and left for 1 min to reach 

equilibrium, and then the thickness of the film in water was measured and marked as 𝑑𝑤𝑒𝑡. The 

swelling ratio of the film () was calculated using eqs 5 and 6. 

𝛼 = 
𝑑𝑤𝑒𝑡

𝑑𝑑𝑟𝑦
  (5)  

The solvent fraction () describing the water content in the network was calculated as  

φ=1-
1

𝛼
  (6)  

   

 

Figure 2.14. (a) Plot of the swelling ratios of networks with different gel fractions in DI 

water.  (b)  Plot showing water contact angle of polymer thin films with different gel fractions.  

Some error bars are smaller than the size of the plot symbols used. 
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Figure 2.14a plots the swelling ratio of polyesters as a function of gel fraction. For 

comparison, the swelling ratios of synthesized polyether with 5% crosslinker and polystyrene are 

2.47±0.14 and 0.97±0.07 respectively. The degree of swelling is influenced strongly by the gel 

fraction of the networks. The networks with low gel fraction exhibit a large degree of swelling. 

With the increase of the gel fraction, the degree of swelling decreases. The swelling behavior 

correlates with the hypothesis given previously for the degradation kinetics. At a low gel fraction, 

water can penetrate the network freely and network chains are more flexible. At a higher gel 

fraction, the mobility of water molecules is restricted and network chains are less flexible, so 

swelling ratio and solvent fraction are lower. Moreover, the swelling ratio at low gel fraction 

might also be affected by imperfect networks. The network may swell to a different extent in 

different locations on samples with a low gel fraction. We used average thickness measured by 

VASE to calculate the swelling ratio. 

These data are consistent with a highly hydrated film being more resistant to protein 

adsorption. Genzer et al. determined that the amount of fibrinogen (Fg) adsorbed on hydrogel 

substrates depends on the degree of crosslinking and the swelling capacity of networks.73 This 

previous work was focused on resisting fibrinogen adsorption by poly(N‑isopropylacrylamide) 

hydrogels in contrast to the work here which focuses on BSA resistance by the novel polyester 

networks.  Nevertheless, there are behaviors that are profitably compared.  They concluded that, 

for hydrophilic coatings, the enthalpy contribution to the protein adsorption process could be 

ignored. Therefore, the Gibbs free energy of adsorption was dominated by entropy change during 



 

48 

 

the process. Although entropy increases when the proteins penetrate the networks, it does not 

compensate for entropy loss due to reduced freedom of the swollen chains. Such entropically 

driven resistance was termed “entropic shielding.” The higher swelling ratio of lower gel fraction 

networks indicates a higher degree of freedom, in which the system needs to sacrifice more 

entropy for the adsorption of proteins. Therefore, the protein adsorption on highly swollen 

networks are entropically unfavorable.73  

To judge the relative hydrophilicity of the coatings, they were characterized by water 

contact angle measurements. A graph showing how the contact angle varied with gel fraction is 

given in Figure 2.14b. For comparison, the water contact angles of spin-coated polyether with 5% 

crosslinker and polystyrene surfaces are 49±4.7o and 90±0.5o respectively.  We recognize that 

contact angles, as defined by the Young’s equation, are measured on impenetrable surfaces. Still, 

within the samples, the water contact angle varied substantially (ca. 30°) in our systems. This 

phenomenon is not surprising since the EBP units were expected to impede the hydrophilicity of 

the overall polymer. Moreover, the higher degree of crosslinking afforded by films with a greater 

percentage of EBP units reduced the degree of hydration of the films, also rendering them less 

hydrophilic. It is reasonable to imagine that hydrophilicity differences play a role in the relative 

affinity of proteins to adsorb to the various films.   
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2.2.5 Atomic Force Microscope Charaterization 

To probe the onset of protein adsorption and morphology of the surface, atomic force 

microscopy (AFM) was performed. A set of samples synthesized with 7.5% EBP feed ratio was 

prepared and crosslinked. These specimens were immersed in a 3 mg/mL BSA stock solution for 

2 h, 10 h, and 24 h. These samples were chosen to give a reasonably long time window before 

the complete degradation of the film occurred. Representative AFM images are shown in Figure 

2.15. The bright areas are interpreted as BSA islands and dark areas as regions of pitting.  Figure 

2.15a shows the AFM image of the film before incubation in BSA solution. The RMS value of 

the surface is 0.18 nm, indicating the surface was relatively uniform.  For comparison, the RMS 

roughness of the polyether sample was 0.35 nm and the RMS roughness of the polystyrene 

sample was 0.72 nm.  In Figure 2.15b, some accumulation of BSA is visible at 2 h. The height of 

these islands is greater than that expected for a monolayer of BSA (monomeric BSA has 

dimensions of 4 × 4 × 14 nm3).74 This indicates that BSA forms islands on the films suggesting 

that BSA has a greater affinity to adhere to itself than to the films. At 10 h (Figure 2.15c) and 

24 h (Figure 2.15d) time points, one can note an increase in the background roughness of the 

film and some pitting. These features are consistent with the hydrolytic degradation of the films. 

There is less protein accumulation observable compared to the sample prepared with a 2 h 

incubation time in BSA solution, indicating desorption of BSA. 
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Figure 2.15.  AFM images showing the surface morphology of 7.5% EBP polyester after 

immersing in 3 mg/mL BSA, pH=7.4, ionic strength = 100 mM PBS buffer solution after (a) 0h, 

(b) 2 h, (c) 10 h , and (d) 24 h . 

2.2.6 Electrochemical Permeability 

It was found that water molecules fill in polyester networks with low gel fraction. This 

begs the questions: Can small molecules permeate this network? If so, how does the gel fraction 

of the network affect this behavior? To examine these questions, cyclic voltammetry (CV) was 

utilized to investigate the electrochemical permeability of the polyester networks. To answer the 

question whether small molecules could permeate this network, gold substrates spin-coated with 

polyester network were prepared as working electrodes. If this thin film is semipermeable, the 
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magnitude of the peak current indicates the diffusion of ferricyanide through network.75 If there 

is no peak current, electron transfer has been blocked by the polyester network. Furthermore, the 

pH value of electrolyte solution can be adjusted and the access of ferricyanide to the electrode as 

a function of the degree of degradation of the network can be investigated.  These data will 

reflect both how polyester networks degrade and the mobility of small molecules in the networks. 

Cleaned gold surfaces were characterized by the CV as described in the experimental 

section.   At a scan rate of 1 mV/s, the peak separation measured was 62 mV, as shown in Figure 

2.16, very close to 59 mV, which is the theoretical peak separation for a one-electron couple. 75  

 

 

Figure 2.16. The CV of the cleaned gold surface at a scan rate of 1 mV/s in 10 mM 

ferricyanide/ 1 M KNO3 solution. 
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Self-Assembled-Monolayers (SAMs) of dibenzophenone disulfides were prepared on the 

gold surfaces to be used as anchors for a polyester layer analogous to what was performed on 

silicon substrates. The cleaned gold surfaces were immersed in 1 mM dibenzophenone disulfide 

solution of DCM for 3 days. However, there was no peak current observed in CV experiment for 

dibenzophenone disulfide anchored gold surfaces. It was concluded that the dibenzophenone 

disulfide SAM blocked electron transfer. To solve this problem, a mixed SAM of 

dibenzophenone disulfide and β-mercaptoethanol was prepared, because a β-mercaptoethanol 

SAM will not significantly reduce the rate of electron transfer.76 After immersion of gold in 1 

mM dibenzophenone disulfide/ 4 mM β-mercaptoethanol solution of DCM for 24 h, the samples 

were taken out and measured by CV at a scan rate of 10 mV/s as shown in Figure 2.17, which 

indicates electron transfer to the surface. 

 

 



 

53 

 

 

Figure 2.17. The CV of mixed Self-Assembly-Monolayer (SAM) of dibenzophenone 

disulfide and β-mercaptoethanol with a ratio of 1:4 gold surface at a 10 mV/s scan rate in 10 mM 

ferricyanide/ 1 M KNO3 solution.  

 

Attenuated Total Reflection - Fourier Transform Infrared Spectroscopy (ATR-FTIR) was 

used to characterize the mixed SAM gold surface produced via immersion in 1 mM 

dibenzophenone disulfide/ 4 mM mercaptoethanol solution of DCM for 24 h. As shown in 

Figure 2.18, there are clear signals of hydroxyl groups, alkane and carbonyl groups. Therefore, it 

was concluded that the mixed SAM gold surface was prepared successfully. 
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Figure2.18. ATR-FTIR of mixed SAM of dibenzophenone disulfide and 

β-mercaptoethanol with a ratio of 1:4 on the gold surface. 

 

The polyesters synthesized were spin-coated on these functionalized gold surfaces then 

anchored and crosslinked by UV irradiation. The degradable polyester networks with different 

gel fraction were prepared on gold surface, making them available for electrochemical study. 

One specimen (coated with 0.92 gel fraction network) was assembled in a Bowden style cell35 

and 4 mM ferricyanide PBS solution with pH of 8.2 was used as electrolyte solution. The 
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overlapped CVs taken at various time points are shown in Figure 2.19. 

 

Figure 2.19. CVs of polyester network with a gel fraction of 0.92 on the SAM-modified 

gold surface described above in 4 mM ferricyanide, pH 8.2, 1 M PBS buffered electrolyte 

solution at various time points. The scan rate was 10 mV/s. 

 

To illustrate the net change in electrochemical permeability over the course of the 

experiment, CVs at 0 h and 84.5 h are shown in Figure 2.19. At the start of the experiment, there 

is no obvious peak current, which indicates that the highly cross-linked network blocks the mass 

transport of redox species to and from the electrode or blocks electron transfer between electrode 
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and redox species. It partially answered the question proposed earlier: Small molecules cannot 

permeate a network with a high gel fraction.  

 

Figure 2.20. CVs of network with 0.92 gel fraction on gold surface in 4 mM ferricyanide, 

pH 8.2, 1 M PBS buffered electrolyte solution at 0 h and 84.5 h. The Cell was placed on a shaker 

with 200 rpm at RT. The scan rate was 10 mV/s. 

 

Figure 2.21 shows the current versus time at 0.25 V. With longer immersion time, the 

network degrades, and the reduction current increases. This result indicates that the highly cross-

linked network blocks mass transport efficiently and only slightly permits electron transfer. With 

the degradation of the network, the mesh size of the network increases and molecules starts to 

penetrate the network. After 84.5 hours of immersion, obvious reduction and oxidation currents 
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appear, indicating the network has degraded completely. This time corresponds to the time 

required for the complete degradation of a network with this gel fraction. 

 

Figure 2.21. Current versus time at 0.25 V of the CVs of network with 0.92 gel fraction 

on gold surface in 4 mM ferricyanide, pH 8.2, 1 M PBS buffered electrolyte solution at 0 h and 

84.5 h. 

 

Then a film with the same gel fraction was immersed in 4 mM ferricyanide PBS solution 

with a pH of 6.4 for comparison. (The scan rate was changed to 50 mV/s by mistake). As shown 

in Figure 2.22, there is no obvious current before 82 h immersion in buffer solution and a 

relatively weak current observed after 82 h immersion. It indicates that after 82 h, the 
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degradation makes the crosslink density of the network lower than the specific value where small 

molecules could penetrate the network.  

 

Figure 2.22. CVs of network with 0.92 gel fraction on gold surface in 4 mM ferricyanide, 

pH 6.4, 1 M PBS buffered electrolyte solution at various time points. The scan rate was 50 mV/s. 

 

2.2.7 Synthesis of polyesters with longer ethylene glycol side chains and zwitterionic side 

chain by epoxides and DGA 

Epoxides are highly designable monomers. Epoxides with different side chains are able 

to be synthesized on demand. By alternating ring opening polymerization, polyesters with 

various functional side chains can be synthesized. The epoxides can be modified by ethylene 
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glycols, zwitterions, antibacterial molecule or other functional groups. This work also broadens 

the horizon of modified polyesters. Ethylene glycol side chains are hydrophilic and 

conformationally flexible, rendering protein adsorption thermodynamically unfavorable.61 In 

order to improve the hydrophilicity of the polyester, the epoxide with longer ethylene glycol (EG) 

tail has been synthesized. Moving forward, both of these molecules will be incorporated into 

analogous polyesters with DGA and EBP. Moreover, the epoxides can be modified by 

antibacterial molecule or other functional groups. This work also broadens the horizon of 

modified polyesters. 

Zwitterionic polymers form a hydration layer via charge-induced hydration. Compared 

with PEGylated polymers which eventually are found to degrade via hydrolysis, they are 

expected to be more stable in seawater. Therefore, the synthesis of a zwitterionic epoxide was 

undertaken. It was planned to incorporate this epoxide into a copolyester in a manner analogous 

to what was done on EG-derived epoxides. The resulting zwitterionic polyesters can then be 

studied using the protocol described above. The target epoxide is molecule c shown in Scheme 

2.1 The initial plan was to prepare it from the alkene as shown in Scheme 2.1.   

Scheme 2.1. Synthesis of 3-(dimethyl(oxiran-2-ylmethyl)ammonio)propane-1-sulfonate 

 

Various epoxidizing agents were reacted with the alkene to obtain the desired product. 

However, all trials were unsuccessful (Table 2.2). The strong electron-withdrawing ammonium 
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group decreases the electron density on olefin to make the epoxidation difficult. Asensio et al. 

showed that epoxidation of dimethyl, allylamine was difficult for similar reasons.77 They turned 

to methyl(trifluoromethyl) dioxirane (TFDO), but, in the case of the molecule a in Scheme 2.1, 

even use of this reagent was not successful. 

Table 2.2.  Summary of epoxidation of alkene group of molecule a 

Reactants Oxidizing Agent 

Solvent and 

concentration 

Temperature and 

Time 

Results 

ADAPSa m-CPBAd 2 eq 

0.025 M in 

DCMe+MeCNf 

0 oC  , 24 h 

No 

reaction 

ADAPSa m-CPBA 2 eq 

0.025 M in 

DCM+MeOH 

RT for 5 days + 

reflux 100 oC, 12 h 

No 

reaction 

NDAAb m-CPBA 2 eq 

0.0315 M in 

DCM+MeCN 

RT for 3 days 

No 

reaction 

ADAPSa m-CPBA 2 eq 0.025 M in MeOH RT for 1 day 

No 

reaction 

NDAAb m-CPBA 1.5 eq 0.25 M in DCM RT for 1 day 

No 

reaction 

ADAPSa dioxrane 1.2 eq 

0.067 M in 

acetone 

RT for 5 days 

No 

reaction 

ADAPSa 

m-

CPBA+dioxrane 

1+0.6 eq 

0.11 M in 

acetone+DCM 

RT for 2 day 

No 

reaction 
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Table 2.2. (continued) 

ADAPSa tBuOOH 4 eq 0.056 M in MeCN RT for 2 day 

No 

reaction 

ADAPSa tBuOOH 4 eq 

0.05 M in 

water+MeCN 

RT for 2 day 

No 

reaction 

ADAPSa dioxrane 2 eq 

0.025 M in 

acetone+MeCN 

Sonication 5 mins+ 

stir 1 day 

No 

reaction 

ADAPSa dioxrane 2 eq 

0.025 M in 

acetone+H2O 

Sonication 5 mins+ 

stir 1 day 

No 

reaction 

ADAPSa 

m-

CPBA+dioxrane 

1+1 eq 

0.036 M in 

acetone+H20 

Sonication 5 mins+ 

stir 1 day 

No 

reaction 

ADAPSa m-CPBA 2 eq 0.05 M in water RT for 2 days 

No 

reaction 

NDAAb m-CPBA 2 eq 0.05 M in ether RT for 2 days 

No 

reaction 

1-octene 

m-CPBA 1.33 

eq 

0.1 M in DCM RT overnight 

Yield: 

76% 

NDAAb 

m-CPBA 1.33 

eq 

0.1 M in DCM RT for 4 days 

No 

reaction 

ADAPSa TFDOg 1.2 eq 0.33 M in water RT for 12 h No 

reaction 
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a3-(allyldimethylammonio)propane-1-sulfonate; bN,N-dimethylallylamine; 

c(dimethyl(oxiran-2-ylmethyl)ammonio)propane-1-sulfonate; d meta-chloro-perbenzoic acid; 

edichloromethane; facetonitrile; gmethyl(trifluoromethyl)dioxirane. 

 

Given the lack of success of the route above, a new synthetic route was tried (Scheme 

2.2). However, 1H NMR indicated that the product was not the target one. It appears that the 

oxygen of hydroxyl group attacked the carbon near ammonium and the ammonium moiety was 

eliminated instead of bromide anion. 

 

Scheme 2.2. Synthesis of 3-((3-bromo-2-hydroxypropyl)dimethylammonio)propane-1-

sulfonate and 3-(dimethyl(oxiran-2-ylmethyl)ammonio)propane-1-sulfonate by nucleophilic 

substitution 
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We met some problems in synthesizing zwitterionic polyester in this way and will discuss 

the new synthetic route in Chapter 3. 

2.3 Conclusions 

We prepared surface-attached degradable polyester networks and investigated their 

degradation, protein resistance, hydrophilicity, and swellability. The crosslink density was tuned 

by altering the mole fraction of EBP in the polymer (from 2.5% to 10%). Networks with lower 

EBP mole fraction had lower gel fractions, higher swelling ratios, and faster degradation, which 

followed 1st order degradation kinetics. Conversely, networks with higher EBP mole fraction had 

higher gel fractions, lower swelling ratios, and slower degradation, and their degradation 

followed 0th order kinetics. The network degradation was accelerated under basic or acidic 

conditions, consistent with previously observed rates of ester hydrolysis. The adsorption of BSA 

on surface-attached polyester networks was also studied under different concentrations and ionic 

strength. The results showed that the novel dynamic surfaces resisted BSA adsorption better than 

PS or static, polyether-based surfaces with a similar chemical structure. The networks with lower 

crosslink densities resist BSA better through entropic shielding and faster degradation, while 

densely crosslinked networks exhibit more BSA adsorption due to increased hydrophobic-

hydrophobic interaction between networks and BSA and slower degradation. This work sets a 

precedent for resisting protein adsorbption via eco-friendly, dynamic surfaces, and we believe 

these dynamic surfaces could be highly impactful for the field of biomedical implants, biosensors, 

and drug carriers in the future. 
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2.4 Experimental 

2.4.1 Materials 

Diglycolic anhydride (DGA), epichlorohydrin, potassium dihydrogen phosphate, 

potassium phosphate dibasic, sodium hydride, sodium hydroxide, hydrochloride acid, 4-hydroxyl 

benzophenone, allyl bromide, potassium carbonate, triethoxysilane, platinum/carbon, magnesium 

sulfate, chromium salen, bis(triphenylphosphine) iminium chloride ([PPN]Cl), 0.8 M 

phosphazene base P4-t-Bu solution in hexane, sodium phenylmethanolate, bovine serum albumin 

(BSA), Albumin-fluorescein isothiocyanate conjugate (fluorescent BSA) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). All solvents were obtained from VWR (Atlanta, GA, 

USA). Silicon wafers were purchased from ePAK International Inc (Austin, TX, USA). 

2.4.2 Instrumentation 

All monomers and polymers were characterized by proton nuclear magnetic resonance 

(1H NMR, 400 MHz) spectroscopy and carbon-13 nuclear magnetic resonance (13C NMR, 100 

MHz) spectroscopy (Varian USA or Bruker USA). The silicon wafers were cleaned using a 

UVO-cleaner (Model No. 42, Jelight Company, Inc. 2 Mason, Irvine, CA, USA). The polymer 

films were deposited by a spin coater (PNM32 model, Headway Research, Inc., USA). The 

molecular weights of polymers were determined by size exclusion chromatography (SEC) – 

Shimadzu2.0. (Shimadzu Corporation, Columbia, MD, USA). The thickness of thin films was 

measured by variable-angle spectroscopic ellipsometry (VASE, J.A. Woollam, USA). An 

Omnicure series-1000 UV lamp activated the photo active-crosslinking reactions at a wavelength 
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of 365 nm (Lumen Dynamics, USA). The UV light intensity was examined by an ILT1400-A 

radiometer/photometer (International Light Technology, USA). The coatings containing 

fluorescent BSA were observed under Olympus BX61 Fluorescence Microscope (Olympus, 

USA). The morphology of surfaces was investigated via Atomic Force Microscopy (AFM) using 

an Asylum MFP-3D classic Atomic Force Microscope (Oxford Instruments, USA). The water 

contact angles were measured using a Rame Hart contact angle goniometer. The surface 

functionality was characterized by Fourier Transform- Infrared spectroscopy (FT-IR) in ATR 

(attenuated total internal reflectance) mode (Nicolet 6700 by Thermo Scientific). 

2.4.3 Synthesis of molecules and preparation of Surface-Attached Cross-Linked Networks 

Synthesis of epoxymethoxytriethylene glycol (ETEG). A two-necked round-bottomed 

flask was loaded with 6.92 g of sodium hydride (60% in oil) and purged with nitrogen. The flask 

was filled with 50 mL of hexanes via syringe and stirred. The sodium hydride was allowed to 

settle, and the hexanes were removed via syringe. This washing process was repeated three times. 

After the last hexane wash, 30 mL of THF was added to the flask. The flask was placed in an ice 

bath, and 25 mL of triethylene glycol monomethylether was slowly added via a pressure-

equalizing addition funnel. The reaction was allowed to react for two hours at room temperature 

in a water bath. The flask was placed in an ice bath, and 25 mL of epichlorohydrin was slowly 

added via a pressure-equalizing addition funnel. The reaction was allowed to react for 16 hours 

at room temperature and refluxed for 4 hours. Upon completion, the raw product was centrifuged. 

The salt was washed two times with tetrahydrofuran (THF), and the THF was combined with the 
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organic solution. The solvents were removed via rotatory evaporation. The final product was 

distilled under vacuum to give 25 g of a transparent liquid (76% yield).  

 

Scheme 2.3. Synthesis of epoxymethoxytriethylene glycol (ETEG) 

 

1H-NMR (400 MHz; CDCl3): δ7.26 (s, CDCl3), 3.76 (dd, 1H), 3.64 (br, 10H), 3.53 (m, 

2H), 3.40 (dd, 1H), 3.36 (s, 3H), 3.14 (m, 1H), 2.77 (m, 1H), 2.58 (m, 1H). 13C-NMR (100 MHz; 

CDCl3): δ 77.16 (CDCl3), 71.9, 71.9, 70.7, 70.5, 59.0, 50.8, 44.2.  

 

Synthesis of epoxy-benzophenone (EBP). 3.0 g (15 mmol) of 4-hydroxybenzophenone 

was dissolved in 25 mL (320 mmol) of epichlorohydrin in a 100 mL round bottom flask, and 1.0 

g (25 mmol) of sodium hydroxide beads were added. The reaction was refluxed for 5 hours at 

130°C (see Scheme 2.4). The raw product was filtered, and the solid residue was washed with 

diethyl ether. The organic phases were combined and washed with water 3 times and dried with 

anhydrous magnesium sulfate. The solvent was removed by rotatory evaporation and a solid 

white product (2.5 g) was obtained (65% yield).  
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Scheme 2.4. Synthesis of epoxy-benzophenone (EBP) 

 

1H-NMR (400 MHz; CDCl3): δ 7.80 (m, 4H), 7.47 (m, 3H), 7.26 (s, CDCl3), 7.00 (m, 

2H), 4.32 (m, 1H), 4.04 (m, 1H), 3.40 (m, 1H), 2.95 (m, 1H), 2.79 (m, 1H). 13C-NMR (100 MHz; 

CDCl3): δ 195.5, 162.0, 138.2, 132.6, 132.0, 130.7, 129.8, 128.2, 114.2, 77.16 (CDCl3), 68.9, 

49.9, 44.6.  

 

Alternating copolymerization of diglycolic anhydride and two epoxides. DGA and 

EBP were dried by azeotropic distillation with dry benzene and stored in a glove box. Toluene 

was distilled and stored in a glove box. ETEG was distilled and stored over molecular sieves in a 

glove box. A 4 mL vial equipped with a stir bar was flame dried and immediately transferred into 

the glove box.  Then, 0.23 g (2.0 mmol) DGA, 0.051 g (0.20 mmol) EBP, 0.37 mL (0.18 mmol) 

ETEG, 0.006 g (0.01 mmol) chromium salen and 0.005 g (0.01 mmol) [PPN]Cl were dissolved 

in 0.3 mL toluene in this vial. The solution was stirred for 3 days at 45oC in the glove box (see 

Scheme 2.5). Upon completion, the solvent was removed by rotatory evaporation. A few drops 

of dichloromethane (DCM) were added, and the solution was precipitated in 20 mL diethyl ether. 

The polymer was collected after centrifugation and dried under a high vacuum overnight. The 
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example described here is the polymer with 5% mole EBP. For all samples, the product was a 

viscous, off-yellow liquid (97% yield). 

 

Scheme 2.5. Ring-opening polymerization of diglycolic anhydride and two epoxides 

 

1H-NMR (400 MHz; CDCl3): δ 7.79 (m, 4H), 7.59 (m, 3H), 7.26 (s, CDCl3), 6.98 (m, 

2H), 5.28 (m, 1H), 4.47 (m, 1H), 4.25 (s, 5H), 3.62 (br, 14H), 3.38 (s, 3H). 13C-NMR (100 MHz; 

CDCl3): δ 169.5, 138.0, 132.6, 132.1, 129.8, 128.3, 114.1, 77.16 (CDCl3), 72.3, 71.9, 70.9, 70.6, 

70.4, 69.1, 68.4, 68.3, 67.9, 67.8, 66.0, 63.1, 59.0, 53.4. 

 

Synthesis of polyether. ETEG and EBP were purified by the same method described in 

Section 2.3. A 4 mL vial equipped with a stir bar was flame dried and immediately transferred 

into a glove box. In the glove box, 220 μL (0.96 mmol) ETEG, 30 mg (0.11 mmol) EBP, 1.3 mg 

(0.010 mmol) sodium phenylmethanolate, 80 μL (0.064 mmol) phosphazene base P4-t-Bu 
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solution and 80 μL toluene were mixed and stirred for 3 days at room temperature (see Scheme 

2.6). Upon completion, the solvent was removed by rotatory evaporation. The polymer was 

precipitated in cold hexane to obtain a clear, viscous liquid (90% yield).  

Scheme 2.6. Ring-opening polymerization of epoxy-benzophenone (EBP) and 

epoxymethoxytriethylene glycol (ETEG) 

 

1H-NMR (400 MHz; CDCl3): δ 7.79 (m, 4H), 7.59 (m, 3H), 7.26 (s, CDCl3), 6.98 (m, 

2H), 3.73 (br, 15H), 3.48 (s, 3H), 2.65 (d, 2H). 13C-NMR (100 MHz; CDCl3): δ 132.5, 129.6, 

128.2, 114.2, 78.8, 77.16 (CDCl3), 72.5, 71.9, 71.3, 70.8, 70.6, 70.5, 69.6, 67.1, 59.0, 37.3. 

Preparation of polymer anchored on the silicon substrate. 4-[3-

(Triethoxysilyl)propyloxy]-benzophenone (TESPBP) was synthesized following the procedure 

provided in the literature, as shown in Scheme 2.7.73 30 mmol of freshly prepared TESPBP were 

dissolved in toluene and spin-coated onto the UVO-cleaned silicon wafer (1500 rpm, 45 s 

spinning). Next, the sample was annealed in the oven overnight at 110°C, followed by extraction 
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in toluene and drying under N2 gas. A functionalized silicon wafer coated with 2-3 nm of 

TESPBP was obtained. Polyester samples were dissolved in dry dioxane and filtered through a 

0.2 μm PTFE membrane to prepare 20 mg/mL stock solution. The polymer solutions were then 

spin-coated onto the TESPBP-functionalized silicon wafer (2500 rpm, 30 s spinning). The 

prepared layer was illuminated with UV light at 365 nm with a dosage of 30 mW/cm2 for 5 mins. 

The specimen was then extracted with THF overnight to remove any uncrosslinked polymer 

from the substrate leaving the crosslinked polyester network attached to the substrate (50-75 nm).  

 

Scheme 2.7. Synthesis of 4-[3-(Triethoxysilyl)propyloxy]- benzophenone (TESPBP) 

 

Allyloxy benzophenone:  1H-NMR (400 MHz; CDCl3): δ 7.79 (m, 4H), 7.59 (m, 3H), 

7.26 (s, CDCl3), 6.07 (m, 1H), 5.37 (m, 2H), 4.63 (d, 2H). 13C-NMR (100 MHz; CDCl3): δ 195.5, 

162.2, 138.3, 132.5, 131.9, 130.3, 130.0, 129.7, 128.4, 128.2, 118.2, 114.3, 77.16 (CDCl3), 68.9. 

TESPBP: 1H-NMR (400 MHz; CDCl3): δ 7.79 (m, 4H), 7.59 (m, 3H), 7.26 (s, CDCl3), 

6.07 (m, 1H), 4.02 (t, 2H), 3.78 (q, 6H), 1.93 (m, 2H), 1.23 (t, 9H), 0.78 (t, 2H).  13C-NMR (100 
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MHz; CDCl3): δ 195.5, 162.2, 138.3, 132.5, 131.8, 129.9, 129.7, 128.2, 114.0, 77.16 (CDCl3), 

70.1, 59.2, 58.5, 58.4, 22.7, 18.1, 6.5. 

Preparation of polymer anchored on the gold substrate. In order to acquire good FT-

IR signals of the spin-coated films, gold substrates were utilized. To covalently anchor a 

polyester film on gold, the gold surface was functionalized by benzophenone disulfide. This 

molecule was synthesized as follows.  A 100 mL Schlenk flask was charged with allyloxy 

benzophenone (600 mg, 2.52 mmol, 1 equiv), AIBN (0.30 mmol, 50 mg, 0.12 equiv), MeCOSH 

(6.30 mmol, 450 μL, 2.5 equiv), and anhydrous THF (10 mL). The resulting solution was 

degassed 3 times with N2. The mixture was stirred and maintained at 60oC for 3 days (see 

Scheme 2.8). The mixture was then concentrated and purified by mobile phase liquid 

chromatography (DCM:Hexane = 2:1) to give 800 mg S-(3-(4-benzoylphenoxy)propyl) 

ethanethioate (Yield: 76%). 

Scheme 2.8. Synthesis of S-(3-(4-benzoylphenoxy)propyl) ethanethioate 

 

1H-NMR (400 MHz; CDCl3): δ 7.78 (m, 4H), 7.55 (t, 1H), 7.60 (t, 2H), 6.94 (d, 2H), 7.26 

(s, CDCl3), 4.08 (t, 2H), 3.06 (t, 2H), 2.34 (s, 3H), 2.09 (m, 2H). 13C-NMR (100 MHz; CDCl3): δ 

195.9, 162.4, 138.3, 132.6, 131.9, 130.2, 129.8, 128.2, 114.1, 77.1 (CDCl3), 66.4, 30.7, 29.3, 

26.0. 
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To a solution of S-(3-(4-benzoylphenoxy)propyl) ethanethioate (800 mg, 2.54 mmol, 1 eq) 

in MeOH–THF (26 mL, 1:1) was added powdered lithium hydroxide (6.26 mmol, 150 mg, 2.46 

eq). The mixture was stirred 24 h open to air, and concentrated HCl (1 mL) was then added. The 

mixture was concentrated and extracted with DCM (3 times). The organic phases were combined, 

dried with anhydrous magnesium sulfate, and concentrated (see Scheme 2.9). Column 

chromatography (DCM:Hexane = 2:1) gave 400 mg product. (Yield: 58%).   

 

Scheme 2.9. Synthesis of (((disulfanediylbis(propane-3,1-diyl))-bis(oxy))-bis (4,1-

phenylene))bis(phenylmethanone)  

 

1H-NMR (400 MHz; CDCl3): δ 7.78 (m, 8H), 7.55 (t, 2H), 7.60 (t, 4H), 6.94 (d, 4H), 7.26 

(s, CDCl3), 4.09 (t, 4H), 2.85 (t, 4H), 2.17 (m, 4H). 13C-NMR (100 MHz; CDCl3): δ 195.5, 162.4, 

138.3, 132.6, 131.9, 130.2, 129.7, 128.2, 114.0, 77.1 (CDCl3), 66.4, 34.9, 28.6.  

Self-Assembled-Monolayers (SAMs) of dibenzophenone disulfides were prepared by 

immersing cleaned gold surfaces in 1 mM dibenzophenone disulfide solution of DCM for 3 days. 

Then the polyester was spin-coated on gold surfaces analogous to what was performed on 

silicon/silica previously.  
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Synthesis of methoxytetraethylene glycol and epoxymethoxyhexaethylene glycol 

The procedure was following the synthesis of ETEG in Chapter 3. The epoxy 

methoxytetraethylene glycol (n=4) was purified by distillation under vacuum to give a yield of 

40%. However, when the repeat unit of EG is 6, the boiling point of the monomer is too higher 

for distillation even under vacuum. Therefore, the epoxymethoxyhexaethylene glycol (n=6) was 

purified by mobile phase liquid chromatography to give a yield of 28%. 

 

Scheme 2.10. Synthesis of methoxytetraethylene glycol and epoxymethoxyhexaethylene 

glycol 

 

 

Synthesis of N,N-Dimethyl(3-butenyl)amine 

Quantities of 563 µL (5.00 mmol) dimethyl amine, 5 mL DMSO, 182 µL HCl, and 1 mL 

aqueous formaldehyde (35% in water) was loaded into a 50 mL Schlenk flask equipped with a 

stir bar. After pump/fill degassing 3 times with N2, the reaction was stirred for 2 h. Next, 845 µL 

(10.0 mmol) allyl bromide, 100 mg CuI (0.500 mmol), 975 mg granulated zinc (15.0 mmol), and 

1.14 mL (20.0 mmol) acetic acid was added into the flask. After another 3 pump/fill degas cycles 

with N2, the solution was stirred for 2 days at RT. The product was extracted with diethyl ether 3 

times. 
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Scheme 2.11. Synthesis of N,N-Dimethyl(3-butenyl)amine 

 

 

 

Synthesis of Synthesis of 3-(allyldimethylammonio)propane-1-sulfonate 

947 µL (8.00 mmol) of N,N-Dimethylallylamine and 527 µL (6.00 mmol) of 1,3-propane 

sultone was dissolved in 10 mL dichloromethane in a 25 mL round bottom flask and was stirred 

for 12 h. After recrystallization in acetone and methanol, 450 mg of product was harvested (36% 

yield) 

 

Scheme 2.12. Synthesis of 3-(allyldimethylammonio)propane-1-sulfonate 

 

 

 

Synthesis of 3-((3-bromo-2-hydroxypropyl)dimethylammonio)propane-1-sulfonate 

In this reaction, 207 mg (1.00 mmol) of reactant a, 480 mg (3.00 mmol) Br2, and 4 mL DI 

water was added in 10 mL round bottom flask and was stirred at 40oC for 12 h. The extra 

reactants were removed by rotatory evaporation and the bromohydrin was obtained in 71% yield. 
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To attempt to convert the bromohydrin into the epoxide, 100 mg (0.329 mmol) reactant c, 135 

mg NaH in oil (3.29 mmol), and 10 mL DMSO were added in 25 mL round bottom flask at 0oC 

under N2. After stirring for 1 h, the temperature was increased to RT and the reaction mixture 

was stirred for 16 h, following by reflux for 2 h. The solution was centrifuged and supernatant 

was collected. The DMSO was distilled off under vacuum. 

 

2.4.4 Studies of Surface-Attached Cross-Linked Networks 

Determination of gel fraction. Gel fraction (Pgel) was calculated according to eq1. We 

used VASE to measure the film thickness of the deposited layers. After spin-coating and 

crosslinking, the initial film thickness h0 was measured. The film was extracted in THF overnight,  

dried with N2, and the layer thickness ht was measured to determine the value of Pgel.  

𝑃𝑔𝑒𝑙 =
ℎ𝑡

ℎ0
 (1)    

Degradation of network films. The degradation of the polyester network was 

investigated based on the thickness change of samples immersed in PBS solution with various 

pH values. The PBS solution was prepared by potassium dihydrogen phosphate and potassium 

phosphate dibasic with 1 M ionic strength. The pH values were adjusted to 6.4, 7.0, 7.4, 8.2 via 

hydrochloric acid and sodium hydroxide. Only small amounts of acid or base were required, so 

the change in ionic strength was minimal.  Wafers were immersed in PBS solutions in 20 mL 

vials and placed on the shaker at 200 rpm. Wafers were taken out of the buffer solution at 
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specific time points, washed by DI water, dried with N2 gas, and the film thickness was 

measured via VASE.  

 

Protein adsorption. Protein solutions with different concentrations (1 mg/mL and 3 

mg/mL) were prepared by dissolving albumin-fluorescein isothiocyanate conjugate protein or 

BSA in PBS solution. The polyester network coatings were immersed in these solutions in 20 

mL vials and placed on a shaker table at 150 rpm. The specimens were taken out at specific time 

intervals, washed with DI water, and dried with N2. Any change in film thickness was measured 

via VASE and the specimen was observed under a fluorescence microscope. The albumin-

fluorescein isothiocyanate conjugate protein has 7-12 moles of fluorescein isothiocyanate (FITC) 

per mole of albumin. The excitation and emission wavelength for FITC are 495 nm and 519 nm. 

Integrated fluorescence intensity over a 100 µm × 100 µm region was obtained using ImageJ.78  

 

Contact Angle Measurements. Wettability of the surface attached networks was 

characterized by contact angle measurements using Ramé-Hart contact angle goniometer (model 

no. 100-00, Succasunna, NJ) equipped with a liquid dispenser, camera, and image-processing 

software. A drop of DI water with volume of ~ 5 μL was placed on the wafer and the static 

contact angles were measured. The average contact angle was determined over 3-5 

measurements. 
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Swelling of Network Films. The swollen thickness of the film was measured by 

ellipsometer equipped with a liquid cell. The cell was filled with ca. 100 mL DI water. The 

specimen was immersed in DI water for 1 min to reach equilibrium. The reflectivity scans were 

recorded at a 70° angle of incidence in the 400−1000 nm spectral range in 60 steps (10 

nm/step).73  

 

Preparation of Bulk Gel. A polyester with 7.5% EBP feed ratio was dissolved in THF to 

make 200 mg/mL polymer solution. Then the solution was drop-coated on a glass slide. The slide 

was placed in a vacuum oven at 60 oC for 3 hours. The specimen was then irradiated under 370 

nm UV light with a dosage of 40 mW/cm2 for 2 hours to make the gel. Then, the gel was 

extracted in THF to remove any un-reacted materials that are not part of the gels and dried under 

vacuum. 

 

Swelling of Bulk Gels. The gel was transferred into a small, tared vial and weighed with 

an accuracy of 0.1 mg. The gel was immersed in DCM for 2 hours to reach the equilibrium. The 

solvent was removed by micro-pipette, and the total weight of the vial and the swollen gel was 

recorded until the weight variation was <0.5%. The swelling ratio of bulk gels were calculated as  

bulk

3 1
polymer solvent polymersolvent

D

polymer polymer solvent

V V m

V m






   +
= = +      

   

                                   (2) 

In eq 2, msolvent and mpolymer represent the masses of the solvent and the polymer, 
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respectively, and ρ polymer and ρ solvent indicate the densities of the polymer and solvent, 

respectively.73 The calculated swelling ratio of 5% mole EBP gel in DCM is 5.20. 
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Chapter 3. Degradable Networks Synthesized by Cyclic Ketene 

 Acetals and Methacrylates 

3.1 Introduction 

In Chapter 2, the degradable polyesters synthesized by epoxides and DGA were spin-

coated and crosslinked to prepare network films. The films show controllable degradation and 

good protein resistance capability. However, the lifetimes of those coatings are short due to fast 

degradation and limited thickness. The degradation is fast because of the high content of the ester 

backbone and the low crosslink density of the networks. The thickness of the film is limited by 

the spin-coat technique. Also, the poor mechanical properties of those coatings arise from the 

low molecular weight. We synthesized new polyesters with a lower ester ratio in their backbone 

and with higher molecular weights to solve those problems.is Compared with ring-opening 

polymerization (ROP) of epoxides and anhydrides, polyesters synthesized by radical ring-

opening polymerization (RROP) have higher molecular weights and a lower ester ratio in the 

backbone. 2-methylene-1,3,6-trioxocane was chosen as CKA to provide a hydrophilic and 

degradable backbone. EGMMA was chosen as one of the methacrylate sources to improve the 

hydrophilicity of the side chain. The second methacrylate BPMA was utilized not only as a 

crosslinker but also to anchor the polymer on a benzophenone functionalized silicon wafer by a 

covalent bond. The polymers were spin-coated and drop-casted to form thin films with 

thicknesses ca. 60 nm and 32 μm respectively. Both of them were crosslinked to form a network 

after 370 nm UV irradiation. Compared with our last work, those new films have a longer 
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lifetime and better mechanical properties. The mechanical properties of free-standing films will 

be discussed in Chapter 4. 

3.2 Results and Discussion 

The cyclic ketene acetal (CKA) 2-methylene-1,3,6-trioxocane was chosen to provide a 

hydrophilic and degradable backbone as polymerization of this monomer leads to ester linkages 

in the backbone. Di-(ethylene glycol) methyl ether methacrylate (EGMMA) was chosen as a 

comonomer to improve the hydrophilicity of the side chain and to retard protein adsorption in the 

short term. A second methacrylate, 4-benzoylphenyl methacrylate (BPMA) was utilized as a 

promiscuous UV crosslinker. A benzophenone functionalized silicon wafer was used to 

covalently anchor the polymer to the surface during the UV crosslinking step. Thin films ca. 60 

nm and 32 μm were prepared by spin-coating and drop-casting respectively. Both coated 

polyesters were crosslinked to form networks after 370 nm UV irradiation. Compared with our 

previous work, those new films have a longer lifetime and better mechanical properties, which 

are controllable by the fraction of crosslinker. We also implanted silver nanowires into the 

polyester films. This functional composite material has electrical conductivity, degradability, 

stretchability, and anti-biofouling ability. 

3.2.1 Reactivity Ratio and Molecular Weights  

Co-polyesters with different fractions of monomers were synthesized. However, the 

structure of the monomers is sufficiently different to beg the question as to what the reactivity 

ratios of the three monomers are.  The mole fractions of monomers in polymers were determined 
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by 1H NMR integration as described in supporting information. To investigate monomer 

reactivity ratios of terpolymer, 9 samples were prepared. These monomer reactivity ratios are 

defined as:  

11 11 22
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Table 3.1. Feed ratios and mole fractions in polymers 

Samples f1 f2 f3 F1 F2 F3 

1 0.01 0.3 0.69 0.031 0.62 0.349 

2 0.02 0.1 0.88 0.034 0.675 0.291 

3 0.01 0.513 0.471 0.089 0.737 0.235 

4 0.01 0.513 0.471 0.095 0.773 0.132 

5 0.075 0.49 0.435 0.125 0.62 0.248 

6 0.038 0.472 0.489 0.094 0.783 0.123 

7 0.05 0.5 0.45 0.074 0.735 0.191 

8 0.035 0.476 0.489 0.044 0.771 0.185 

9 0.2 0.5 0.3 0.159 0.628 0.213 

f1, f2, f3 represent feed ratios of BPMA, EGMA, CKA. F1, F2, F3 represent mole 

fractions of BPMA, EGMA, CKA in polymers. 

 

The feed ratios and mole fractions in polymers were summarized in Table 1. Although 

the calculation of reactivity ratios for copolymers composed of two monomers is relatively 
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straightforward, a terpolymer system is more complex.  Reactivity ratios of each of the 

monomers were calculated using equations from the literature. 79, 80, 81, 82  Because it was not 

possible to obtain analytical fits to the system of equations, a Monte Carlo-based simulated 

annealing fitting routine was constructed and used.   

We define the reactivity ratios using equations (S1)-(S6): 

 

 Equations (S7)-(S12) link the mole fraction of species “j” in the copolymer (Fj) to the 

mole fraction of the same species in solution (fj). 

𝑟12 =
𝑘11

𝑘12
           (S1) 

𝑟13 =
𝑘11

𝑘13
           (S2) 

𝑟21 =
𝑘22

𝑘21
           (S3) 

𝑟23 =
𝑘22

𝑘23
           (S4) 

𝑟31 =
𝑘33

𝑘31
           (S5) 

𝑟32 =
𝑘33

𝑘32
           (S6) 
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We seek solutions to equations (S7)-(S12) numerically using Monte Carlo fitting using 

the Metropolis algorithm.  Specifically, we start with guesses for r12, r13, r21, r23, r31, and r32 

and evaluate φ using equation (S13). 

 

We pick a random reactivity ratio in the next step and alter its value by either 

incrementing or decrementing it by 0.01 (note: this value can be adjusted to be smaller or larger).  

We then calculate a new value of φ (φnew) and compare it to the old one (φold).  If φnew ≤ φold 

we accept the new value of the reactivity ratio.  If φnew > φold, we calculate 

 

We generate a random number RND.  If RND>P, we accept the new value of the 

reactivity ratio; otherwise, we reject it.  The value 0.2 in equation (S13) is chosen to slow down 

𝐴 = 𝑓1  
𝑓1

𝑟21𝑟31
+

𝑓2

𝑟21𝑟32
+

𝑓3
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      (S7) 

𝐵 = 𝑓2  
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𝐶 = 𝑓3  
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𝐵
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𝐶

𝐴+𝐵+𝐶
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𝐴
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             (S13) 

𝑃 = 0.2 ∗ exp − Φ𝑛𝑒𝑤 −Φ𝑜𝑙𝑑                     (S13) 
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the convergence rate.  We found this value empirically to be the optimal choice.  Values >0.2 

often led to unstable solutions.  Values <0.2 resulted in solutions “frozen” local minima.  This 

procedure minimizes φ and leads to the final solution.   

We repeat the above procedure until the values of the reactivity ratios do not change by 

more than 2% over the previous 1,000 iteration steps.  It typically takes 10,000-50,000 Monte 

Carlo steps to arrive at the final solution, depending on the initial guesses for the reactivity ratios.   

We repeat the whole process with new guesses for the reactivity ratios; we run 10-15 

independent runs and average the values to obtain the final reactivity ratio values.  We noticed 

that in a few sinstances, the solution became unstable when using certain initial values of the 

reactivity ratios.  We discarded those cases for further consideration. 

The average reactivity ratios of 15 sets were: 

  

12 13 21

23 31 32

, , ,

28.1 2

0.0460 0.0250 0.3

.1, 0.311 0.125, 0.0273 0.0116
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r r r
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=  =  = 

  

 

The results indicate EGMA prefers to react with itself while CKA and BPMA prefer to 

react with either of the other monomers.  These values also allow us to control the composition 

of the polymers from the feed ratios of the monomers. 
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 Figure 3.1. 

Reactivity ratios of monomers. 1 represents BPMA, 2 represents EGMA, 3 represents CKA 

 

The Number-average molecular weights, weight-average molecular weights, and PDI of 

polymers were measured by Size-exclusion Chromatography (SEC) with polystyrene standard 

reference. The molecular weights are in a range of 30 kDa to 50 kDa, which are much higher 

than the polyesters achieved by ring-opening polymerization of epoxides and anhydrides (ca. 4K) 

previously.   

Table 3.2. Molecular weights of polyesters  
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Table 3.2. (continued) 

aBased on GPC measurements versus polystyrene standards (table continued) 

 

3.2.2 Preparation of Thin Films  

We and others have previously used benzophenone (BP) containing units to 

promiscuously cross-link and covalently anchor polymer layers to surfaces.83, 84 Under UV 

irradiation, the BP units form triplet C•-O• bi-radicals. Those radicals abstract an adjacent 

hydrogen atom, creating two carbon-based radicals (C•−C•) which combine to form a covalent 

C-C linkage both between polymer chains and with the surfaces, forming surface-bound 

networks. With the same strategy, the polyester with BP units were coated onto the glass slides 

and crosslinked by UV irradiation. After measuring their thicknesses, the specimens were 

incubated in tetrahydrofuran (THF) overnight to wash off uncrosslinked material. After drying 

1 34.8 59.8 1.69 

2 30.9 51.8 1.68 

3 38.6 66.9 1.73 

4 40.5 106 2.61 

5 29.5 67.3 2.28 

6 31.8 57.1 1.80 

7 51.6 99.9 1.93 

8 33.2 62.3 1.88 

9 32.5 59.5 1.83 
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the specimens, the thicknesses were measured again to determine their gel fraction. The gel 

fraction increases with BP fraction in polymer at a constant UV dose. The polyesters were also 

drop-casted on glass substrates, following by UV irradiation to make films ca. 32 μm. The 

processes are illustrated in Figure 3.2. 

 

Figure 3.2.  Cartoon illustrating the formation of spin-coated film and drop-casted film. 

 

3.2.3 Degradation of Thin Films  

Previous works show that the degradation of polyester films is affected by pH and gel 

fraction.29 The degradation of drop-cast and spin-coated films with different gel fractions in 

buffer solution with different pH were studied as follows. Specimens with different gel fractions 

were immersed in PBS solution with various pH values, taken out and measured thickness. The 

thickness of spin-coated films was measured by VASE, and the thickness of drop-cast films was 

measured by profilometry. Figure 3.3 shows the percentage thickness change versus the time of 
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spin-coated films. The percentage change in thickness was calculated by ht/h0 where ht 

represents thickness at each specific time and h0 is the initial thickness before extraction with 

THF. 

Figure 3.3. Plots showing the percentage change of thickness of samples of surface-

anchored, crosslinked polymers with different gel fractions (GF=0.36, 0.50, 0.73, 0.88) in PBS 

buffer solution (ionic strength = 1 M) with various pH values. Thicknesses were determined via 

ellipsometry. Initial thicknesses of the films varied between 60 and 65 nm.  All data points were 

the average values of 3 measurements with error bar. 

The data in Figure 3.3 indicate that the degradation rate of the networks increases with 

increasing pH. Base-catalyzed hydrolysis of a polyester backbone is the most likely mechanism 
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of degradation. To further investigate the degradation mechanism, 5 mg of polyester was 

dissolved in 10% NaOH solution for one day. After the completion, the residue was analyzed by 

1H NMR. The ester signals at 2.1 ppm and 4.26 ppm disappeared (Figure 3.4). This observation 

is consistent with base-catalyzed hydrolysis of the ester backbone consistent with reports of the 

degradation of similar polyesters. ref us and also ask me for some references Therefore, it is 

reasonable that the degradation rate increases when the pH increases from 6.4 to 8.2.  

 

Figure 3.4. Red and blue proton NMR spectrums refer to polyester before and after 

degradation respectively. 

 

The data in Figure 3.3 also indicates that the degradation is slower for a higher gel 

fraction network. After fitting those data to the function, we found that the rates of the decrease 

of film thickness were closer to exponential at gel fractions of 0.36, 0.50, 0.73, while closer to 
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linear at gel fraction of 0.88. The exponential decrease is a hallmark of 1st order kinetics, while a 

linear decrease is a hallmark of 0th order kinetics.  

Consistent with our previous study, there are two reasons for this trend. Firstly, there is a 

higher chance for lower gel fraction networks releasing a segment, compared with higher gel 

fraction networks, if the same amount number of ester backbone cleavages. Secondly, water 

molecules hydrolyze the network with low gel fraction more extensively, and carry the degraded 

segments out more efficiently, while. In contrast, the degradation of high gel fraction networks 

was restricted on to take place on the surface. Therefore, the degradation is faster for lower gel 

fraction networks and follows 1st order kinetics, while slower for higher gel fraction networks 

and follows the 0th order kinetics. However, compared with the films previously studied, the 

degradations are slower and not perfectly fitting functions because the polymers are more 

hydrophobic. The hydration of the low gel fraction networks is not as large as the previous films, 

which makes the degradation across the whole network partially restricted. The slower 

degradation is also attributed to lower ester bond ratio in the backbone and poorer hydration. 

Therefore, the lifetime of films is longer due to slow degradation. For lower gel fraction (ca. 

0.50), the lifetime of film in pH 8.2 PBS solution is over 300 hours. This behavior compares to 

only an 8 h lifetime for films reported previously. For higher gel fraction (ca. 0.88), the lifetime 

of previously reported films was 40 hours in pH 8.2 PBS solution. The films reported here only 

degrade by 5% after 300 hours, meaning the lifetime of the coatings are much longer.  
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Degradation of drop-cast samples was also investigated. The thickness of these films was 

characterized by profilometry. The polyester with 5% BPMA was drop-casted to make three 

films that were ca. 32 μm thick, and the films were immersed in PBS solution with pH values of 

6.4, 7.0, and 8.2 respectively. The percentage thickness changes versus immersion time plot was 

shown in Figure 3.5. The plot indicates that the thicknesses of films were invariant after 10 days 

immersion in pH 6.4 and 7.0 PBS solution and only decrease 9% in pH 8.2 PBS solution. It 

means that the thicker film made by drop-casting dramatically improve the lifetime, compared 

with 60 nm spin-coated samples, but they still degrade.  We could hydrate these films and 

measure thickness changes to see if they have more restricted hydration due to their increased 

thickness 
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Figure 3.5. Degradation of drop-cast films in PBS solutions. All data points were the average 

values of 3 measurements on different locations of the same sample, and error bars represent one 

standard deviation of the average. 

 

3.2.4 Protein Adsorption  

The extent of protein adsorption on these films was studied using stock solutions with 

different BSA concentrations and ionic strength.85 The effects of ionic strength on BSA 

adsorption have been discussed. Under the first set of conditions, a 1 mg/mL albumin-fluorescein 

isothiocyanate conjugate protein in phosphate-buffered saline (PBS) with a pH of 7.4 and a total 

ionic strength of 1 M was employed. Under these conditions, the amount of protein adsorbed on 

0 2 4 6 8 10
0

0.6

0.7

0.8

0.9

1

P
e

rc
e

n
ta

g
e

 C
h

a
n

g
e

 i
n

 T
h

ic
k
n

e
s
s

Time (day)

 pH=6.4

 pH=7.0

 pH=8.2



 

93 

 

the surfaces is too small to be quantified by a thickness change. Instead, the wafers were taken 

out of the protein solution at various times and observed under a fluorescence microscope. The 

amount of BSA adsorbed was quantified by integrating the fluorescence intensity of a fixed area 

in each of the images. Figure 3.6 shows fluorescent BSA adsorbed on a thin film with a 7.5% 

feed ratio of BPMA after immersing in-stock solution for 17, 65, 86, and 256 hours. 

 

Figure 3.6.  Fluorescence microscopy images showing BSA adsorption on thin films 

after the different time (a-d: 17, 65, 86, and 256 hours). 

By integrating the fluorescence intensity of each image, intensity versus time plots was 

constructed (Figure 3.7). The adsorption of BSA on the film with a gel fraction of 0.88 was 

compared with a polyester previously reported, polystyrene and a polyether. It has a similar 
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structure to the polyesters synthesized in this work but has a non-degradable ether backbone, 

which permits a reasonable comparison of the protein resistance between chemically similar, 

static, and dynamic surfaces. The result indicates that the film synthesized in this work has 

similar protein resistance ability compared to films prepared previously and films of the 

analogous polyether.  All of these films resist protein adsorption better than polystyrene. 

Hydrophobic interactions between protein and surfaces drive protein adsorption. The backbone 

and ethylene glycol side chain in this polyester improve the hydrophilicity of the film. It is easier 

to form a hydration layer on these surfaces and resist protein adsorption. Although this film has 

lower hydrophilicity and slower degradation compared to those reported previously, it does not 

affect the resistance to protein adsorption under these conditions. Under these conditions, a 

dynamic surface does not display an advantage because protein adsorption is so minimal. 
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Figure 3.7. Plot showing fluorescence intensity of thin films of this work, previous work, 

polystyrene, and polyether immersed in a stock solution with pH 7.4, ionic strength 1 M, 1 

mg/mL fluorescently-labeled BSA at specific immersion times. 

 

In the second set of conditions, a 3 mg/mL BSA solution in phosphate-buffered saline 

(PBS) with a pH of 7.4 and a total ionic strength of 100 mM was employed. BSA adsorption is 

more facile with a higher concentration and a lower ionic strength than in the first set of 

conditions. Films with 1%, 2%, 3.5%, and 5% BPMA were prepared. For each BPMA ratio, two 

specimens were prepared. One was incubated in PBS solution, and another was incubated in the 

BSA stock solution for comparison. The two wafers agitated under identical conditions and for 

the same periods. Both specimens were removed at the same time, and their ellipsometric 
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thicknesses were measured. In Figure 7, the black line indicates the thickness of the specimen 

incubated in PBS solution at various total immersion times. The red line indicates the thickness 

of the specimen incubated in PBS-BSA solution.  The blue line, achieved by subtracting the 

black line from the red line, represents the net, adsorbed BSA thickness. It is assumed that the 

films degraded identically under the two conditions. All the specimens resist BSA very well for 

at least 50 hours. The specimen with a 5% BPMA ratio adsorbed more BSA. There are several 

possible reasons for this behavior. First, the hydrophobic BPMA will increase the hydrophobic 

interaction between BSA and the surface. Second, the networks with higher BPMA ratios and 

thus higher gel fractions degrade slower. Degradation may have less of a role in sloughing off 

any adsorbed protein. Third, the hydration of the film decreases with increasing gel fraction. The 

effects of hydration on protein adsorption will be discussed later. 
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Figure 3.8. Plots showing the thickness of thin films with various BPMA ratio immersed 

in BSA-PBS solution (ionic strength 100 mM, pH 7.4, BSA 3 mg/mL) for various times. 

Thicknesses were obtained via ellipsometry. All data points were the average values of 3 

measurements with error bar. 

 

For comparison, polystyrene (PS), polyether, previous polyester and this work polyester 

films with similar gel fraction (0.8) were prepared and incubated in PBS-BSA solution. Figure 

3.9 indicates that the BSA starts to grow on PS surface after ca. 18 hours and grow on polyether 

surface after ca. 28 hours. The previous polyester surface resist BSA well until ca. 38 hours and 
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the surfaces prepared in this work resist BSA very well until at least 50 hours. The outstanding 

resistance to BSA adsorption ability arises from hydrophilicity, degradability and longer lifetime 

of the film. It is observed that there is always 2 nm of protein adsorbed on all surfaces after 

immersion in the BSA solutions.73 It is possible that, initially, BSA reversibly attaches to the 

surfaces in a dynamic equilibrium.1 

 

 

Figure 3.9. Plots showing calculated BSA thickness on polyester, PS, previous polyester 

film and polyether film prepared in this work. 
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Bicinchoninic Acid (BCA) protein assay 

The BSA adsorbed on drop-casted films were quantified by BCA protein assay. After 

immersion in BSA solution, two samples were inserted in a designed thin layer cell. The cell was 

filled with 5 wt.% aqueous sodium dodecyl sulfate (SDS) solution. The adsorbed BSA was 

removed by sonication for 30 min. The BSA concentration of the collected solution was 

measured using a commercial, BCA assay kit. The working solution was prepared by mixing 

reagent A (3 mL) and reagent B (60 μL) with a ratio of 50:1. A 150 μL aliquot of the collected 

protein solution was added to 3 mL of the working solution and then incubated at 37° oC for 30 

min. The absorption of the solution at 562 nm was measured using a UV-Vis spectrometer. For 

comparison, the polymethyl methacrylate (PMMA) and polystyrene (PS) films were also 

prepared by the same method. All samples were immersed in 3 mg/mL BSA stock solution for 

24 hours. The specimens were then taken out, and the amounts of adsorbed protein were 

quantified by a BCA assay. The calculated adsorbed BSA amount for each sample are 

summarized in Figure 3.10. The results show that the polyester films only adsorb 2.31 μg/cm2 

BSA, much less than the BSA adsorbed on PS, PMMA, and polyether films. This experiment 
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reconfirms the BSA resistance ability of the synthesized polyester films.

 

Figure 3.10. BSA adsorbed on different surfaces after 24 hours immersion quantified by 

BCA assay. Each data is the average value of 6 measurements on different samples. (Figure 

continued) 

 

3.2.5 Characterization of Film Hydration and Surface Hydrophilicity  

In addition to sloughing off protein via degradation of the network, the film hydration 

and surface hydrophilicity may also have influences on protein adsorption.73, 86 Therefore, the 

swelling ratio of spin-coating films in deionized water and water contact angle of films were 

measured.  

 

2.31

4.55 3.98

4.27

Polyester Polystyrene PMMA Polyether
0

1

2

3

4

5

6

7

8

9

B
S

A
 o

n
 s

u
rf

a
c
e
 (

μ
g
/c

m
2
)



 

101 

 

The measurement of the swelling ratio of spin-coated films followed the procedure in the 

literature.73 After washing by THF, the “dry” thickness of the film was measured. Then, the 

sample was immersed in DI water and left for 1 min to reach equilibrium. The thickness of the 

film in water was measured and marked as 𝑑𝑤𝑒𝑡. The swelling ratio of the film () was calculated 

as 

 

𝛼 = 
𝑑𝑤𝑒𝑡

𝑑𝑑𝑟𝑦
  (7)  

   

Figure 3.11 plots the relationship between the swelling ratio and gel fractions. The degree 

of swelling is strongly affected by the gel fraction of the network. The swelling ratio increases 

proportionally with decreasing gel fraction, indicating that the hydration is greater for lower gel 

fraction networks.  This behavior is understandable because the strands of the chains are more 

flexible in lower gel fraction networks. The swelling ratio affects protein adsorption by “entropic 

shielding”. Genzer et al. pointed out that the fibrinogen (Fg) adsorption on hydrogel substrates 

was influenced by the degree of crosslinking and the swelling capacity of networks. They 

proposed that the enthalpy contribution to the protein adsorption process is negligible for 

hydrophilic coatings. Therefore, the entropy change dominates the Gibbs free energy of the 

adsorption process. Moreover, the entropy loss due to reduced freedom of the swollen chains 

overcomes the increasing entropy from the mix of protein and network. The higher swelling ratio 

of networks with lower gel fractions indicates more degrees of freedom, and thus the system 
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needs to sacrifice more entropy for protein adsorption. Therefore, the protein adsorption on 

highly swollen networks is entropically less favorable than on less swollen networks. 

 

Figure 3.11. Swelling ratio of spin-coating films with different gel fractions 

 

The swelling ratio of drop-casting films was also measured. A piece of free-standing film 

was weighed and immersed in water for 2 hours to reach equilibrium. The solvent was removed 

by micro-pipette, and the new weight was recorded until the weight variation was <0.5%. The 

swelling ratio of bulk gels was calculated as shown in eq 8. 
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In eq 8, msolvent and mpolymer represent the masses of the solvent and the polymer, 

respectively, and ρpolymer (1.18 g/mL) and ρsolvent (1 g/mL) indicate the densities of the 

polymer and solvent, respectively.11 The calculated swelling ratio of the sample with 0.8 gel 

fraction in water is 1.05, which is close to the result of spin-coating films. The thickness of the 

film does not have large influence on the hydration of the film. 

To judge the hydrophilicity of the spin-coating thin films with different gel fractions, they 

were characterized by water contact angle measurements. Figure 3.12 summarized water contact 

angles of films with varying fractions of gel. The water contact angles are in the range of 67o to 

73o, meaning all the surfaces are relatively hydrophilic. There is no obvious relationship between 

water contact angle and gel fraction. Although different gel fraction films contain various BPMA 

ratio, that does not have pronounced influences on the hydrophilicity of the overall polymer due 

to the alkyl-bonded backbone of polymers. 
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Figure 3.12. Water contact angle of spin-coated films with different gel fraction 

 

3.2.6 Zwitterionic polyesters synthesized by CKA and methacrylates  

In Chapter 2, the synthesis of a zwitterionic epoxide was not successful. Therefore, the 

zwitterionic methyl acrylate was synthesized for the radical ring-opening polymerization, as 

shown in Scheme 3.1 and 3.2. The experimental procedures are shown in Section 3.3. Next, the 

zwitterionic polyester was synthesized by radical ring-opening polymerization (see Scheme 3.3). 

The zwitterionic methyl acrylate cannot dissolve in most organic solvents due to its high polarity. 

Dimethylformamide and acetonitrile were tried as  solvents, however, the zwitterionic methyl 

acrylate has poor solubility in that solvent and did not participate in the polymerization. Finally, 

we found that the mixture of methanol and water is able to dissolve all monomers and initiators.  
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Scheme 3.1. Synthesis of 2-(dimethylamino)ethyl methacrylate

  

Scheme 3.2. Synthesis of the zwitterionic methyl acrylate 

 

Scheme 3.3. Synthesis of zwitterionic polyester by radical ring opening polymerization 

 

We successfully synthesized zwitterionic polyester. However, the solubility of the 

polymer is poor in all solvents at room temperature but could dissolve in hot water. To prepare 

the spin-coat film, the polymer was dissolved in water and heated to 60oC, then spin-coated 



 

106 

 

immediately following the procedure in Chapter 2. However, the surface of the spin-coated film 

is quite heterogenous. It might be caused by poor solubility of the polymer. Therefore, the study 

of thin films focused on the polyester with ethylene glycol side chain. 

3.3 Conclusions 

In conclusion, the novel degradable anti-biofouling polyester coatings with different gel 

fractions were prepared by spin-coating and drop-casting. The degradation, protein adsorption 

behavior, hydrophilicity, hydration, and mechanical properties were investigated. The BSA 

resistance ability of those coatings is better than PS and hydrophilic polyether. By adjusting the 

crosslinker ratio in the polyester, the lifetime and mechanical properties of the coatings can be 

controlled. Compared with polyester synthesized by ring-opening polymerization, the polyester 

synthesized in this work achieves higher molecular weights, thus they have a longer lifetime and 

potential better mechanical properties, which makes the coatings more applicable. 

3.4 Experimental 

3.4.1 Materials 

Chloroacetaldehyde dimethyl acetal, diethylene glycol, ethylene glycol, p-toluenesulfonic 

acid, tert-butyl alcohol, silver nitrate, potassium tert-butoxide, 18-crown-6, methacryloyl 

chloride, 4-hydroxyl benzophenone, allyl bromide, potassium carbonate, triethoxysilane, 

platinum/carbon, magnesium sulfate, di-(ethylene glycol) methyl ether methacrylate (EGMMA), 

potassium dihydrogen phosphate, potassium phosphate dibasic, sodium hydroxide, hydrochloride 

acid, bovine serum albumin (BSA), Albumin-fluorescein isothiocyanate conjugate (fluorescent 
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BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All solvents were obtained 

from VWR (Atlanta, GA, USA). Silicon wafers were purchased from ePAK International Inc 

(Austin, TX, USA).  

3.4.2 Instrumentation 

All monomers and polymers were characterized by proton nuclear magnetic resonance 

(1H NMR, 400 MHz) spectroscopy and carbon-13 nuclear magnetic resonance (13C NMR, 100 

MHz) spectroscopy (Varian USA or Bruker USA). The silicon wafers were cleaned using a 

UVO-cleaner (Model No. 42, Jelight Company, Inc. 2 Mason, Irvine, CA, USA). The polymer 

films were deposited by a spin coater (PNM32 model, Headway Research, Inc., USA). The 

molecular weights of polymers were determined by size exclusion chromatography (SEC) – 

Shimadzu2.0. (Shimadzu Corporation, Columbia, MD, USA). The thickness of thin films was 

detected by variable-angle spectroscopic ellipsometry (VASE, J.A. Woollam, USA). An 

Omnicure series-1000 UV lamp activated the photo active-crosslinking reactions at a wavelength 

of 365 nm (Lumen Dynamics, USA). The UV light intensity was examined by an ILT1400-A 

radiometer/photometer (International Light Technology, USA). The coatings containing 

fluorescent BSA were observed under Olympus BX61 Fluorescence Microscope (Olympus, 

USA). The water contact angles were measured using a Rame Hart contact angle goniometer.  

3.4.3 Preparation of Thin Films 

Synthesis of cyclic ketene acetals (CKA) 

28 mL diethylene glycol (0.30 mol) and 34 mL chloroacetaldehyde dimethyl acetal (0.30 
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mol) were mixed in a 250 mL round bottom flask equipped with a 10-cm Vigreaux column. 75 

mg p-toluenesulfonic acid (0.43 mmol) was added into the flask. The reaction was heated at 

115oC for 4 hours. After the calculated amount of methanol has been collected, the reaction was 

cool down. The crude product was distilled under vacuum to get 21.1 g (0.13 mol) 2-

(chloromethyl)-1,3,6-trioxocane as crystal in room temperature. (43% yield). 

16.7 g (0.1 mol) 2-(chloromethyl)-1,3,6-trioxocane and 1.2 g 18-crown-6 (4.5 mmol) 

were dissolved in 30 mL tert-butyl alcohol in a 250 mL round bottom flask. 9.6 g (87 mmol) 

potassium tert-butoxide was added into the flask slowly. The reaction was refluxed overnight at 

110°C. After cooling down, the crude product was centrifuged at 2500 rpm for 5 mins. The 

supernatant liquid was collected and tert-butyl alcohol was removed by rotatory evaporation. The 

residue was fractionated twice through a 10-cm Vigreaux column to give 4.0 g (0.031 mol) 2-

methylene-1,3,6-trioxocane as clear liquid (43% yield). 

Scheme 3.4. Synthesis of cyclic ketene acetals (CKA) 

 

 

Synthesis of 4-benzoylphenyl methacrylate (BPMA) 

3.97 g (20mmol) 4-hydroxybenzophenone and 3.1 mL (22 mmol) triethylamine were 
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dissolved in DCM (40 mL) in a 250 mL round bottom flask. 2.17 mL (22 mmol) methacryloyl 

chloride was dissolved in 23 mL DCM and added dropwise to the flask at 0 oC. The reaction 

mixture was stirred at 0–5°C for 4h. The precipitated triethylammonium chloride was filtered off 

and the residue reaction solution was washed twice with 1M HCl solution, a saturated aqueous 

NaHCO3 solution, and deionized water. The extracted organic phase was dried with anhydrous 

magnesium sulfate and the solvent was removed by rotary evaporator to yield 4.4 g (17 mmol) 4-

benzoylphenyl methacrylate (BPMA) as white solid. (83% yield) 

 

Scheme 3.5. Synthesis of 4-benzoylphenyl methacrylate (BPMA) 

 

 

Radical ring-opening polymerization of CKA and two methacrylates 

0.41 mL (2.2 mmol) di-(ethylene glycol) methyl ether methacrylate (EGMMA), 85 mg 

(0.32 mmol) 4-benzoylphenyl methacrylate (BPMA) and 60 mg (0.36 mmol) 

azobisisobutyronitrile (AIBN) were dissolved in 3 mL dimethylformamide (DMF) in 50 mL 

Schlenk flask equipped with stir bar. Then 0.30 mL (1.9 mmol) freshly distilled 2-methylene-
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1,3,6-trioxocane was added into the flask with cooling. The resulting solution was degassed 3 

times with N2. The mixture was stirred and maintained at 70oC for 3 days. Upon completion, the 

solvent was removed by rotatory evaporation. A few drops of dichloromethane (DCM) were 

added, and the solution was precipitated into 20 mL diethyl ether. The polymer was collected 

after centrifugation and dried under high vacuum overnight. The example described here is the 

polymer with 7.5% BPMA. For other BPMA content samples, we adjusted the ratio of 

monomers. For all samples, the product was a clear, viscous liquid (97% yield). 

Scheme 3.6. Radical ring-opening polymerization  

 

 

Synthesis of 2-(dimethylamino)ethyl methacrylate 

2.0 mL (20 mmol) N,N-dimethylethanolamine and 3.1 mL (22 mmol) triethylamine were 

dissolved in 40 mL dichloromethane (DCM) in 250 mL round bottom flask equipped with stir 

bar. The flask was placed in an ice bath and 2.2 mL (22 mmol) methacryloyl chloride was 

dissolved in 23 mL DCM and dropwise add in the flask by addition funnel under cooling. After 

stirring at 0 to 4 oC for 12 hours, the solution was filtered out salts, following by washing with 
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water, saturated sodium bicarbonate solution and saturated sodium chloride. The organic phases 

was dried over anhydrous sodium sulfate. After evaporation solvent, the 2.0 mL product was 

yielded as light yellow liquid. (60% yield) 

Synthesis of the zwitterionic methyl acrylate 

2.13 mL (12 mmol) 2-(dimethylamino)ethyl methacrylate and 20 mg hydroquinone were 

dissolved in 10 mL acetone in 100 mL round bottom flask with stir bar. The flask was placed in 

ice bath. 1.46 g (12 mmol) 1,2-oxathiolane 2,2-dioxide was dissolved in 10 mL acetone and 

dropwise add in the flask via addition funnel. After stirring for 12 hours under room temperature, 

the white solid was filtered and re-stir in 50 mL clean acetone for 4 hours. After filtration and 

solvent removal, 2.84 g product was given as white solid. (80% yield) 

Synthesis of zwitterionic polyester by radical ring opening polymerization 

400 mg (1.43 mmol) zwitterionic methyl acrylate, 50 mg (0.19 mmol) 4-benzoylphenyl 

methacrylate (BPMA) and 60 mg (0.36 mmol) azobisisobutyronitrile (AIBN) were dissolved in 3 

mL methanol/water (1:1) mixture in 50 mL Schlenk flask equipped with stir bar. Then 0.40 mL 

(2.5 mmol) freshly distilled 2-methylene-1,3,6-trioxocane was added into the flask with cooling. 

The resulting solution was degassed 3 times with N2. The mixture was stirred and maintained at 

70oC for 3 days. Upon completion, the solvent was removed by rotatory evaporation. The 

product was the fragile off-yellow solid. (85% yield) 

Preparation of spin-coated polyester network films  

Freshly prepared TESPBP were dissolved in toluene and spin-coated onto the UVO-
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cleaned silicon wafer (1500 rpm, 45 s spinning). Then, the sample was annealed in the oven 

overnight at 110°C, followed by extraction in toluene and drying under N2 gas. A functionalized 

silicon wafer coated with 2-3 nm of TESPBP was obtained. Polyester samples were dissolved in 

dry dioxane and filtered through a 0.2 μm PTFE membrane to prepare 20 mg/mL stock solution. 

The polymer solutions were then spin-coated onto the TESPBP-functionalized silicon wafer 

(2500 rpm, 30 s spinning). The prepared layer was illuminated with UV light at 365 nm with a 

dosage of 30 mW/cm2 for 5 mins. The specimen was then extracted with THF overnight to 

remove any uncrosslinked polymer from the substrate leaving the crosslinked polyester network 

attached to the substrate (60-75 nm).  

Preparation of drop-casted polyester network films 

Polyesters were dissolved in distilled THF and filtered through a 0.2 μm PTFE membrane 

to prepare 50 mg/mL stock solution. The stock solutions were drop-casted on the clean glass 

slides and placed in vacuum oven at 60 oC for 5 hours. Then the specimens were moved out and 

irradiated under UV light at 375 nm with a dosage of 40 mW/cm2 for 3 hours. After wash by 

methanol, the drop-casted films (ca. 32 μm) were prepared. 

 

3.4.4 Studies of thin films 

Determination of gel fraction, the investigation of degradation, protein adsorption, 

hydrophilicity, and hydration of the spin-coated films follow procedure in Chapter 2. The 

degradation of drop-casted films was studied by the thickness change of samples immersed in 
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PBS solution with various pH values (6.4, 7.0, 7.4, 8.2). The PBS solution was prepared by 

potassium dihydrogen phosphate and potassium phosphate dibasic with 1 M ionic strength. The 

drop-casted films on glass substrates were immersed in PBS solutions in 20 mL vials and placed 

on the shaker at 200 rpm. Wafers were taken out of the buffer solution at specific time points, 

washed by DI water, dried with N2 gas, and the film thickness was measured via profilometry. 

The samples used in mechanical properties section were pattern in dog bone shape by 

CO2 laser cutter (power 6%, speed 100%). The thermomechanical behavior was characterized by 

DMA (TA instrument DMA 850). The stress-strain behaviors of polymers were captured by 

running the cyclic tensile test with a strain rate 0.5%/s at room temperature. The thermal 

transitions of polymers were captured by running temperature sweep from -70oC to 150oC at 1 

Hz oscillation frequency and 0.1% oscillation strain in tensile mode.   
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Chapter 4. Degradable Substrate for Flexible Electrical Device 

4.1 Introduction 

Traditional electrical devices are fabricated on inorganic silicon or glass substrates, which 

make the electrical devices heavy and non-flexible. In recent years, more and more polymers 

have been utilized as substrates for electrical devices. The polymer substrates make the electrical 

device flexible and light. In addition, degradable polymers have been utilized to make 

degradable electronic devices. There are some natural enzymatic degradable materials like 

cellulose, alginate, dextran, collagen, silk, and chitosan that were considered to be used as 

substrates of body-implanted electronic devices.87,88,89 However, these materials are not 

reproducible for each batch and have inherent bioactivity. They could, for example, trigger an 

immune response when they are introduced into the body. On the other hand, synthesized 

polymers are reproducible, have more predictable physical properties and controllable 

degradation profiles, and are biologically inert.  There are many commercially available 

degradable polymers like polylactide, PLA; polycaprolactone, PCL; polyglycolide, PGL, which 

contain ester bonds that could be hydrolyzed. In Chapter 3, novel polyesters were synthesized 

that are degradable, antifouling, have controllable crosslinked density, and are easy to be 

engineered. Those properties give the polyester the good potential to be used as the degradable 

substrate for body implanted electrical devices. In Chapter 4, the polyesters were drop-casted to 

prepare free-standing films. The mechanical properties of the films were measured. The AgNWs-
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polyester composite films were prepared. This functional composite material has electrical 

conductivity, degradability, stretchability, and anti-biofouling ability. 

4.2 Results and Discussion 

4.2.1 Mechanical Properties 

The drop-casted films with 3.5%, 5%, and 7.5% crosslinker were prepared as described 

in Chapter 3 then cut to dumbbell-shape for mechanical properties measurements. To investigate 

the mechanical behaviors of polyester, cyclic tensile tests were performed at room temperature. 

Each sample was stretched to 10%, 20%, and 30% strains with a strain rate at 0.5%/s. The 

modules of films were calculated by the slope of the tangent of stress-strain plots. The modules 

for each sample are summarized in Table 4.1. The modulus increases rapidly with the 

crosslinking ratio.  

Table 4.1. Mechanical properties of drop-coating films with different crosslinker ratio 

Crosslink Ratio 3.50% 5% 7.50% 

Tg (
o
C) 30 54 83 

Modulus (Mpa) 6 ± 0.5 143 ± 14 601 ± 31 

Hysteresis  (%) 0 3 4 

Stretchability V.Good Moderate Moderate 

 

As shown in Figure.4.1 a, when the samples with 3.5% crosslinker were stretched to the 

presetting strains, there is no obvious hysteresis. After 3 loading−unloading cycles, the strain 
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returned to its original value, revealing the good stretchability of the film. However, the film 

with a 5% crosslinker did not return to its original length,  leaving a notable hysteresis after the 

applied strain, as shown in Figure 4.1 b. After the first loading−unloading cycle at a strain of 20% 

and second cycle at a strain of 30%, there is 3.0% and 6.3% hysteresis after stretching 

respectively. The 7.5% crosslinker film has larger hysteresis of 4.0% and 10% after 10% and 

20%strain respectively, as shown in Figure 4.1 c.  

 

Figure 4.1. Cyclic tensile tests of drop-casted films with (a) 3.5% crosslinker, (b) 5% 

crosslinker, and (c) 7.5% crosslinker at room temperature. 
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The difference in mechanical behavior might arise from different chain flexibility of 

networks with various crosslink densities. The more lightly crosslinked networks could store 

large elastic potential energy. Therefore, the macroscopic stretching of film with low crosslink 

density can be realized by conformation change of polymer chains. However, the higher 

crosslink density network chains are not as flexible. When the film was stretched, the covalent 

bonds may have  broken to generate an unrecoverable shape change of the film. 87 
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Figure 4.2. Dynamic mechanical analysis temperature sweep of drop-casting films with 

(a) 3.5% crosslinker, (b) 5% crosslinker, and (c) 7.5% crosslinker.  (Figure continued) 

 

To study the flexibility of chains in films with different crosslink density film densities, 

the glass transition temperature (Tg) was measured by dynamic mechanical analysis temperature 

sweep via TA instrument DMA 850. As shown in Figure 4.2, the Tg increases with the 
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crosslinker ratio, indicating the chain flexibility is lower for a higher crosslink density network. 

It supports the explanation of different yield points for samples.  

 

Figure 4.3. Comparison of modulus and Tg of synthesized polyester with commercial 

degradable polymers 

 

Figure 4.3 shows the comparison of mechanical properties between commercial 

degradable polymers and this work. Also, we could control the mechanical properties were 

controlled over such an in the broad range by adjusting the crosslinker crosslink density ratio in 

the polymers. The modules could reach a very low range, meaning the material could be very 

soft and flexible, which is an advantage for body-implant devices or bio-sensor. The large range 
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of Tg provides the choice of applying the material in the glassy state or rubber-like state. The 

elongation of the film can reach 40% (Figure 4.4) and the mechanical behaviors do not change 

after 3 loading-unloading cycles for low crosslink density film, giving the material nice 

stretchability. 

 

Figure 4.4. Stress-strain plot of drop-casted film with 3.5% crosslinker 
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4.2.2 Silver Nanowires-Polyester Composite Film 

Because this novel film has characteristics of good mechanical flexibility or stretchability, 

appropriate and controllable moduli, degradability, anti-biofouling ability, and high transparency, 

it is a good candidate for the substrates of wearable and disposable electronic devices, compliant 

solar cells, biomedical implants, and biosensors. Silver nanowires were chosen as conductive 

embedded material due to the low-coat, high conductivity, and their ability to undergo solution-

based processing. To realize this target, 15 to 20 nm silver nanowires were embedded in the 

polyester film. The fabrication process was shown in Figure.4.5. The thickness of the film is 45 

to 50 μm and there are 7wt% of AgNWs in the film.   

 

Figure 4.5. Cartoon of fabricating silver nanowires-polyester composite films 

To demonstrate the conductivity of the composite film, the LED device was fabricated as 

shown in Figure 4.6. The LED bulb was placed on the glass slide, connected by two pieces of 

composite films. The film was connected to the power by copper wires. The bright light 

illustrates the conductivity of the AgNWs-polyester films. 
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Figure 4.6. The photograph of LED device 

The resistance of the film before and after the strain was also measured. After 10% strain, 

the resistance increases 57%. After releasing of the film, the final resistance was 26% larger than 

the initial resistance. 

Although it has been proved that the AgNWs-polyester composite is conductive, the 

conductivity is poor, compared with AgNWs layer. We think there are two reasons. The first 

reason is when the film was removed from the glass substrate by the blade, the AgNWs layer 

might be slightly damaged. The defects on the surface will depress the conductivity of the film. 

The second reason might be the dispersion of AgNWs into the polyester stock solution when the 

polyesters were drop-casted onto the AgNWs layer. The polymers inserting into AgNWs are 

going to block the electron conduction. To solve those problems, poly(3,4-

ethylenedioxythiophene) (PEDOT) was introduced into the composite films, as shown in Figure 

4.7. 
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Figure 4.7. Drop-cast layers of polyester-PEDOT-AgNWs composite films 

In Figure 4.7, the PEDOT AI 4083 was spin-coated (2500 rpm, 30s) as the bottom layer. 

After annealing at 150oC for 10 min, the AgNWs was drop-casted on the surface. Instead of 

using the polyester stock solution for drop-casting, after annealing AgNWs at 150oC for 30 min, 

the PEDOT PH 1000 was spin-coated (2500 rpm, 30s). After annealing at 150oC for 10 min, 50 

mg/mL polyester in THF was drop-casted on the surface. There is around 7wt% AgNWs in the 

composite film. The polyester was crosslinked by UV irradiation as the method described. The 

specimen was then immersed in DI water for 2 hours to remove the sacrificial PEDOT AI 4083 

layer. With this method, the composite film was peeled off from the glass substrate easily 

without damage of the AgNWs layer. The interlayer PEDOT PH 1000 was not only highly 

conductive but also prevents the dispersion of AgNWs into the polyester layer. By this method, 

the conductivity of the composite film was improved and there is no obvious decrease in 
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conductivity after 5 days in an ambient environment with the shield of the polyester protect 

coating.  

4.2.2.1 Transmittance 

As a potential electrical device substrate, we are interested in the transmittance of the 

pure polyester film and the AgNWs-PEDOT-polyester composite films. The transmittance of 

pure polyester film was shown in Figure 4.8 

 

Figure 4.8. The transmittance curve of polyester film. The value in the plot is the  

average measurements of 3 samples. The error is around ± 3%. 

It shows that the transmittance of pure polyester film is very good. The transmittance is 

above 90% in the range of visible light wavelength. However, the transmittance is very poor for 
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the composite films as shown in Figure 4.9. The transmittance is lower than 5% in the range of 

visible light wavelength. The optical opacity of the film arises from the layer of AgNWs. 

 

Figure 4.9. The transmittance curve of AgNWs-polyester composite film. The value in 

the plot is the average measurements of 3 samples. The error is around ± 3%. 

 

4.2.2.2 Resistance 

The sheet resistances of the composite films were measured by HEWLETT PACKARD 

4156B precision semiconductor parameter analyzer. The composite film was cut to 1.5 cm x 0.3 

cm rectangles. 4 points on the corners of the rectangles were chosen for the test points. At each 

point, the copper wire was sealed by silver paste after annealing at 60oC for 30 min. 4 electrodes 
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were connected to the copper wires to read the sheet resistance. After calculation, the sheet 

resistance of the composite film is 1.84±1.53 Ω. After 5% stretching of the film, the sheet 

resistance become 3.34±2.33 Ω. Although the sheet resistance of the film increases after the 

stretching, the conductivity is still good.  

4.2.2.3 Stress-strain 

The Stress-strain curve of the composite film was shown in Figure 4.10. The modulus is 

10.0 MPa and there is no obvious hysteresis after 8% strain, which means the film keeps the 

good stretchability after implanted with AgNWs and PEDOT layers. 

 

Figure 4.10. Cyclic tensile tests of drop-casted films with 5% crosslinker at room temperature. 
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4.3 Conclusions 

In this Chapter, drop-casting free-standing polymer films and AgNWs-polyester comosite 

films were prepared. Their mechanical properties and conductivity before and after stretching 

were measured. The results show that the polyetser films retain the good mechanical properties 

after implanted with AgNWs and the conductivity of the composite films are not harshly 

damaged by stretching, making this composite films an excelent potential substrate materials for 

degradable felxible electrical devices. 

4.4 Experimental 

4.4.1 Materials 

Poly(vinylpyrrolidone) (PVP), Copper(II) chloride, ethylene glycol (EG), silver nitrate, 

PEDOT AI 4083, PEDOT PH 1000 were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

All solvents were obtained from VWR (Atlanta, GA, USA). 

4.4.2 Instrumentation 

The mechanical properties and glass transition temperatures of drop-coating films were 

measured by TA instrument DMA 850. The sheet resistance was measured by HEWLETT 

PACKARD 4156B precision semiconductor parameter analyzer. The transmittance spectra of 

films were obtained using ultraviolet-visible spectroscopy with an Ocean Optics Jazz 

spectrometer. 
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4.4.3 Preparation of Films 

Synthesis of silver nonawires 

0.36 g PVP were dissolved in 30 mL ethylene glycol (EG) in 250 mL round equipped 

with stir bar. 825 μL of a 4 mM CuCl2 in EG was injected into the PVP solution. The reaction 

was stirred at 155 oC for 15 min, following by adding 0.36 g (2.1 mmol) dissolved in 30 mL EG 

via addition funnel. The mixed solution was heated for 1.5 hours. After cooling down, the Ag 

NWs were purified by centrifuging in ethanol and acetone repeatedly. 124 mg Ag NWs were 

obtained after removing solvent (80% yield). The lengths of the resulted Ag NWs are around 15-

20 nm. The images were shown in figure S1. 

Preparation of drop-casted polyester network films  

Polyesters were dissolved in distilled THF and filtered through a 0.2 μm PTFE membrane 

to prepare 50 mg/mL stock solution. The stock solutions were drop-casted on the clean glass 

slides and placed in vacuum oven at 60 oC for 5 hours. Then the specimens were moved out and 

irradiated under UV light at 375 nm with a dosage of 40 mW/cm2 for 3 hours. After washing 

with methanol, the drop-casted films (ca. 32 μm) were prepared. 

Preparation of AgNWs-polyester composite films 

AgNWs were dissolved in ethanol to prepared 5 mg/mL stock solution, following by 

drop-casting on glass slides at 50 oC for 3 times. The specimens were annealed at 150oC for 30 

mins. Then the polyesters were dissolved in distilled THF and filtered through a 0.2 μm PTFE 

membrane to prepare 50 mg/mL stock solution. The stock solutions were drop-casted on the 
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AgNWs coated glass slides and placed in vacuum oven at 60 oC for 5 h.  The film was then 

irradiated under UV light at 375 nm with a dosage of 40 mW/cm2 for 3 h. 

Preparation of AgNWs-PEDOT-polyester composite films 

2.5 × 2.5 cm2 glass slides were cleaned by solvents and dried by nitrigen. The glass slides 

were then cleaned by UVO-cleaner for 10 min. Next, the PEDOT AI 4083 was spin-coated on 

the glass slide with 2500 rpm for 30s. After annealing on hot plate at 150 oC for 10 min, 5 

mg/mL AgNWs in ethanol was drop-casted on the surface. 600 μL AgNWs solution was used 

each time and repeated for 3 times, following by annealing at 150 oC for 30 min. The PEDOT PH 

1000 was then spin-coated on AgNWs layer with 2500 rpm for 30s, following by annealing at 

150 oC for 10 min. At last, 50 mg/mL polyester in THF was drop-casted on the substrate. The 

specimen was placed into vacuum oven at 60 oC for 4 hours. The film was then irradiated under 

UV light at 375 nm with a dosage of 40 mW/cm2 for 3 h. 

4.4.4 Characterization of mechanical properties  

The samples used in mechanical properties section were pattern in dog bone shape by 

CO2 laser cutter (power 6%, speed 100%). The thermomechanical behavior was characterized by 

DMA (TA instrument DMA 850). The stress-strain behaviors of polymers were captured by 

running the cyclic tensile test with a strain rate 0.5%/s at room temperature. The thermal 

transitions of polymers were captured by running temperature sweep from -70C to 150C at 1 Hz 

oscillation frequency and 0.1% oscillation strain in tensile mode.  
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Chapter 5. Future Work 

Self-healable and degradable antifouling coatings 

The roughness of the surfaces affects protein adsorption. The scratched surfaces are 

vulnerable to biofouling. To solve this problem, a novel polyester that is hydrophilic and self-

healable was envisioned. Instead of using benzophenone as the crosslinker, imidazole could play 

a role of crosslinker in polymers. Different from forming covalent bonds by UV irradiation, the 

imidazole could form dynamic and reversible coordination bonds, giving self-healable property 

of the polymer. Therefore, it was proposed to use (1H-imidazol-1-yl)methyl methacrylate 

substituting BPMA in the second polyester system to synthesized self-healable and degradable 

antifouling coatings. The design of the polyester was shown in Scheme 5.1. It is designed to not 

only retain the hydrophilicity and degradability but also have self-healing capability given by the 

imidazole side chain. 

Scheme 5.1. Radical ring-opening polymerization of self-healable polyester 

 

 



 

131 

 

REFERENCES 

1. Bixler Gregory, D.; Bhushan, B., Biofouling: lessons from nature. Philos. Trans. R. Soc. A 

2012, 370 (1967), 2381-2417. 

 

2. Yebra, D. M.;  Kiil, S.; Dam-Johansen, K., Antifouling technology—past, present and future 

steps towards efficient and environmentally friendly antifouling coatings. Prog. Org. Coat. 2004, 

50 (2), 75-104. 

 

3. Abbott, A.;  Abel, P. D.;  Arnold, D. W.; Milne, A., Cost–benefit analysis of the use of TBT: 

the case for a treatment approach. Sci. Total Environ. 2000, 258 (1), 5-19. 

 

4. Champ, M. A., A review of organotin regulatory strategies, pending actions, related costs and 

benefits. Sci. Total Environ. 2000, 258 (1), 21-71. 

 

5. Kausar, A., Polymer coating technology for high performance applications: Fundamentals and 

advances. J. Macromol. Sci. A. 2018, 55 (5), 440-448. 

 

6. Damodaran, V. B.; Murthy, N. S., Bio-inspired strategies for designing antifouling 

biomaterials. Biomater. Res. 2016, 20 (1), 18. 

 

7. Magill, S. S.;  Edwards, J. R.;  Bamberg, W.;  Beldavs, Z. G.;  Dumyati, G.;  Kainer, M. A.;  

Lynfield, R.;  Maloney, M.;  McAllister-Hollod, L.;  Nadle, J.;  Ray, S. M.;  Thompson, D. L.;  

Wilson, L. E.; Fridkin, S. K., Multistate point-prevalence survey of health care-associated 

infections. The N. Engl. J. Med. 2014, 370 (13), 1198-208. 

 

8. Lovetri, K.;  Gawande, P.;  Yakandawala, N.; Madhyastha, S., Biofouling and anti-fouling of 

medical devices. 2010; p 105-128. 

 

9. Holzapfel, M., The Corrosion and Fouling of Iron Ships: Antifouling Compositions. Shipping 

and Mercantile Gazette 1889. 

 

10. Masseille, H., Notes sur la sallsure et les procédés d'entretien des carènes Immergées. . 

Peintures Pigments Vernis 1933, 10, 232-234. 1933. 

 

11. Culver, H. E. a. G. G., The Book of Old Ships. 1928. 

 

12. Wehmhoff, B. L., A. M. Jordan, and H. C. Knight., Hot Plastic Ship Bottom Paints. Chern. 

Warfare Service 1929, 15, 675-680. 



 

132 

 

13. With, G. d., Polymer Coatings: A Guide to Chemistry, Characterization, and Selected 

Applications. 2018. 

 

14. Genzer, J.; Efimenko, K., Recent developments in superhydrophobic surfaces and their 

relevance to marine fouling: a review. Biofouling 2006, 22 (5-6), 339-60. 

 

15. Krishnan, S.;  Weinman, C. J.; Ober, C. K., Advances in polymers for anti-biofouling 

surfaces. J. Mater. Chem. 2008, 18 (29), 3405-3413. 

 

16. Krishnan, S.;  Wang, N.;  Ober, C. K.;  Finlay, J. A.;  Callow, M. E.;  Callow, J. A.;  Hexemer, 

A.;  Sohn, K. E.;  Kramer, E. J.; Fischer, D. A., Comparison of the Fouling Release Properties 

of Hydrophobic Fluorinated and Hydrophilic PEGylated Block Copolymer Surfaces:  

Attachment Strength of the Diatom Navicula and the Green Alga Ulva. Biomacromolecules 

2006, 7 (5), 1449-1462. 

 

17. Schilp, S.;  Kueller, A.;  Rosenhahn, A.;  Grunze, M.;  Pettitt, M. E.;  Callow, M. E.; Callow, 

J. A., Settlement and adhesion of algal cells to hexa(ethylene glycol)-containing self-

assembled monolayers with systematically changed wetting properties. Biointerphases 2007, 2 

(4), 143-150. 

 

18. Ma, H.;  Hyun, J.;  Stiller, P.; Chilkoti, A., “Non-Fouling” Oligo(ethylene glycol)- 

Functionalized Polymer Brushes Synthesized by Surface-Initiated Atom Transfer Radical 

Polymerization. Adv. Mater. 2004, 16 (4), 338-341. 

 

19. Statz, A.;  Finlay, J.;  Dalsin, J.;  Callow, M.;  Callow, J. A.; Messersmith, P. B., Algal 

antifouling and fouling-release properties of metal surfaces coated with a polymer inspired by 

marine mussels. Biofouling 2006, 22 (6), 391-399. 

 

20. Sharma, S.;  Johnson, R. W.; Desai, T. A., Evaluation of the Stability of Nonfouling Ultrathin 

Poly(ethylene glycol) Films for Silicon-Based Microdevices. Langmuir 2004, 20 (2), 348-356. 

 

21. Krishnan, S.;  Ayothi, R.;  Hexemer, A.;  Finlay, J. A.;  Sohn, K. E.;  Perry, R.;  Ober, C. K.;  

Kramer, E. J.;  Callow, M. E.;  Callow, J. A.; Fischer, D. A., Anti-Biofouling Properties of 

Comblike Block Copolymers with Amphiphilic Side Chains. Langmuir 2006, 22 (11), 5075-

5086. 

 

22. Gudipati, C. S.;  Finlay, J. A.;  Callow, J. A.;  Callow, M. E.; Wooley, K. L., The Antifouling 

and Fouling-Release Perfomance of Hyperbranched Fluoropolymer (HBFP)−Poly(ethylene 

glycol) (PEG) Composite Coatings Evaluated by Adsorption of Biomacromolecules and the 



 

133 

 

Green Fouling Alga Ulva. Langmuir 2005, 21 (7), 3044-3053. 

 

23. Hayward, J. A.; Chapman, D., Biomembrane surfaces as models for polymer design: the 

potential for haemocompatibility. Biomaterials 1984, 5 (3), 135-142. 

 

24. Ishihara, K.;  Aragaki, R.;  Ueda, T.;  Watenabe, A.; Nakabayashi, N., Reduced 

thrombogenicity of polymers having phospholipid polar groups. J. Biomed. Mater. Res. 1990, 

24 (8), 1069-1077. 

 

25. Kitano, H.;  Kawasaki, A.;  Kawasaki, H.; Morokoshi, S., Resistance of zwitterionic telomers 

accumulated on metal surfaces against nonspecific adsorption of proteins. J. Colloid Interface 

Sci. 2005, 282 (2), 340-348. 

 

26. Kitano, H.;  Tada, S.;  Mori, T.;  Takaha, K.;  Gemmei-Ide, M.;  Tanaka, M.;  Fukuda, M.; 

Yokoyama, Y., Correlation between the Structure of Water in the Vicinity of Carboxybetaine 

Polymers and Their Blood-Compatibility. Langmuir 2005, 21 (25), 11932-11940. 

 

27. Chen, Y.; Luo, S.-C., Synergistic Effects of Ions and Surface Potentials on Antifouling 

Poly(3,4-ethylenedioxythiophene): Comparison of Oligo(Ethylene Glycol) and 

Phosphorylcholine. Langmuir 2019, 35 (5), 1199-1210. 

 

28. Wang, Y.-S.;  Yau, S.;  Chau, L.-K.;  Mohamed, A.; Huang, C.-J., Functional Biointerfaces 

Based on Mixed Zwitterionic Self-Assembled Monolayers for Biosensing Applications. 

Langmuir 2019, 35 (5), 1652-1661. 

 

29. Hu, X.;  Hu, G.;  Crawford, K.; Gorman, C. B., Comparison of the growth and degradation 

of poly(glycolic acid) and poly(ε-caprolactone) brushes. J. Polym. Sci., Part A: Polym. Chem. 

2013, 51 (21), 4643-4649. 

 

30. Hu, X.; Gorman, C. B., Resisting protein adsorption on biodegradable polyester brushes. 

Acta Biomater. 2014, 10 (8), 3497-3504. 

 

31. Xu, L.;  Crawford, K.; Gorman, C. B., Effects of Temperature and pH on the Degradation of 

Poly(lactic acid) Brushes. Macromolecules 2011, 44 (12), 4777-4782. 

 

32. Xu, L.; Gorman, C. B., Poly(lactic acid) brushes grow longer at lower temperatures. J. 

Polym. Sci., Part A: Polym. Chem. 2010, 48 (15), 3362-3367. 

 

33. Penczek, S.; Moad, G., Glossary of terms related to kinetics, thermodynamics, and 



 

134 

 

mechanisms of polymerization (IUPAC Recommendations 2008). Pure Appl. Chem. 2008, 80 

(10), 2163-2193. 

 

34. Shiro Kobayashi, K. M., Encyclopedia of Polymeric Nanomaterials. Springer-Verlag Berlin 

Heidelberg: 2015; p LIV, 2672. 

 

35. Elgrishi, N.;  Rountree, K. J.;  McCarthy, B. D.;  Rountree, E. S.;  Eisenhart, T. T.; Dempsey, 

J. L., A Practical Beginner’s Guide to Cyclic Voltammetry. J. Chem. Educ. 2018, 95 (2), 197-

206. 

 

36. Kousar, F.;  Malmström, J.;  Swift, S.;  Ross, J.;  Perera, J.; Moratti, S. C., Protein-Resistant 

Behavior of Poly(ethylene glycol)-Containing Polymers with Phosphonate/Phosphate Units on 

Stainless Steel Surfaces. ACS Appl. Polym. Mater. 2021, 3 (5), 2785-2801. 

 

37. Hu, P.;  Xie, Q.;  Ma, C.; Zhang, G., Silicone-Based Fouling-Release Coatings for Marine 

Antifouling. Langmuir 2020, 36 (9), 2170-2183. 

 

38. Xu, B.;  Liu, Y.;  Sun, X.;  Hu, J.;  Shi, P.; Huang, X., Semifluorinated Synergistic 

Nonfouling/Fouling-Release Surface. ACS Appl. Mater. Interfaces 2017, 9 (19), 16517-16523. 

 

39. Sun, X.;  Wu, C.;  Hu, J.;  Huang, X.;  Lu, G.; Feng, C., Antifouling Surfaces Based on 

Fluorine-Containing Asymmetric Polymer Brushes: Effect of Chain Length of Fluorinated 

Side Chain. Langmuir 2019, 35 (5), 1235-1241. 

 

40. Bixler, G. D.; Bhushan, B., Biofouling: lessons from nature. Philosophical Transactions of 

the Royal Society A: Mathematical, Physical and Engineering Sciences 2012, 370 (1967), 

2381-2417. 

 

41. Lin, X.;  Jain, P.;  Wu, K.;  Hong, D.;  Hung, H.-C.;  O’Kelly, M. B.;  Li, B.;  Zhang, P.;  

Yuan, Z.; Jiang, S., Ultralow Fouling and Functionalizable Surface Chemistry Based on 

Zwitterionic Carboxybetaine Random Copolymers. Langmuir 2019, 35 (5), 1544-1551. 

 

42. Brown, M. U.;  Triozzi, A.; Emrick, T., Polymer Zwitterions with Phosphonium Cations. J. 

Am. Chem. Soc. 2021, 143 (17), 6528-6532. 

 

43. Guo, H.;  Chen, P.;  Tian, S.;  Ma, Y.;  Li, Q.;  Wen, C.;  Yang, J.; Zhang, L., Amphiphilic 

Marine Antifouling Coatings Based on a Hydrophilic Polyvinylpyrrolidone and Hydrophobic 

Fluorine–Silicon-Containing Block Copolymer. Langmuir 2020, 36 (48), 14573-14581. 

 



 

135 

 

44. Hu, X.; Gorman, C. B., Resisting protein adsorption on biodegradable polyester brushes. 

Acta Biomater. 2014, 10 (8), 3497-3504. 

 

45. Xu, B.;  Feng, C.;  Lv, Y.;  Lin, S.;  Lu, G.; Huang, X., Biomimetic Asymmetric Polymer 

Brush Coatings Bearing Fencelike Conformation Exhibit Superior Protection and Antifouling 

Performance. ACS Appl. Mater. Interfaces 2020, 12 (1), 1588-1596. 

 

46. Xu, B.;  Feng, C.;  Hu, J.;  Shi, P.;  Gu, G.;  Wang, L.; Huang, X., Spin-Casting Polymer 

Brush Films for Stimuli-Responsive and Anti-Fouling Surfaces. ACS Appl. Mater. Interfaces 

2016, 8 (10), 6685-6692. 

 

47. Feng, C.; Huang, X., Polymer Brushes: Efficient Synthesis and Applications. Acc. Chem. Res. 

2018, 51 (9), 2314-2323. 

 

48. Kankate, L.;  Werner, U.;  Turchanin, A.;  Gölzhäuser, A.;  Grossmann, H.; Tampé, R., 

Protein resistant oligo(ethylene glycol) terminated self-assembled monolayers of thiols on 

gold by vapor deposition in vacuum. Biointerphases 2010, 5 (2), 30-36. 

 

49. Li, S.;  Guo, Z.;  Zhang, H.;  Li, X.;  Li, W.;  Liu, P.;  Ren, Y.; Li, X., ABC Triblock 

Copolymers Antibacterial Materials Consisting of Fluoropolymer and Polyethylene Glycol 

Antifouling Block and Quaternary Ammonium Salt Sterilization Block. ACS Appl. Bio Mater. 

2021, 4 (4), 3166-3177. 

 

50. Shuai, C.-X.;  He, Y.;  Su, P.;  Huang, Q.;  Pan, D.;  Xu, Q.;  Feng, D.; Jiang, Y., Integration 

of PEGylated Polyaniline Nanocoatings with Multiple Plastic Substrates Generates 

Comparable Antifouling Performance. Langmuir 2020, 36 (31), 9114-9123. 

 

51. DiCiccio, A. M.; Coates, G. W., Ring-Opening Copolymerization of Maleic Anhydride with 

Epoxides: A Chain-Growth Approach to Unsaturated Polyesters. J. Am. Chem. Soc. 2011, 133 

(28), 10724-10727. 

 

52. DiCiccio, A. M.;  Longo, J. M.;  Rodríguez-Calero, G. G.; Coates, G. W., Development of 

Highly Active and Regioselective Catalysts for the Copolymerization of Epoxides with Cyclic 

Anhydrides: An Unanticipated Effect of Electronic Variation. J. Am. Chem. Soc. 2016, 138 

(22), 7107-7113. 

 

53. Longo, J. M.;  Sanford, M. J.; Coates, G. W., Ring-Opening Copolymerization of Epoxides 

and Cyclic Anhydrides with Discrete Metal Complexes: Structure–Property Relationships. 

Chem. Rev. 2016, 116 (24), 15167-15197. 



 

136 

 

54. Huijser, S.;  HosseiniNejad, E.;  Sablong, R.;  de Jong, C.;  Koning, C. E.; Duchateau, R., 

Ring-Opening Co- and Terpolymerization of an Alicyclic Oxirane with Carboxylic Acid 

Anhydrides and CO2 in the Presence of Chromium Porphyrinato and Salen Catalysts. 

Macromolecules 2011, 44 (5), 1132-1139. 

 

55. Winkler, M.;  Romain, C.;  Meier, M. A. R.; Williams, C. K., Renewable polycarbonates and 

polyesters from 1,4-cyclohexadiene. Green Chem. 2015, 17 (1), 300-306. 

 

56. Liu, Y.;  Guo, J.-Z.;  Lu, H.-W.;  Wang, H.-B.; Lu, X.-B., Making Various Degradable 

Polymers from Epoxides Using a Versatile Dinuclear Chromium Catalyst. Macromolecules 

2018, 51 (3), 771-778. 

 

57. Hu, L.-F.;  Zhang, C.-J.;  Chen, D.-J.;  Cao, X.-H.;  Yang, J.-L.; Zhang, X.-H., Synthesis of 

High-Molecular-Weight Maleic Anhydride-Based Polyesters with Enhanced Properties. ACS 

Appl. Polym. Mater. 2020, 2 (12), 5817-5823. 

 

58. Ye, S.;  Wang, W.;  Liang, J.;  Wang, S.;  Xiao, M.; Meng, Y., Metal-Free Approach for a 

One-Pot Construction of Biodegradable Block Copolymers from Epoxides, Phthalic 

Anhydride, and CO2. ACS Sustainable Chem. Eng. 2020, 8 (48), 17860-17867. 

 

59. Chen, C.-M.;  Xu, X.;  Ji, H.-Y.;  Wang, B.;  Pan, L.;  Luo, Y.; Li, Y.-S., Alkali Metal 

Carboxylates: Simple and Versatile Initiators for Ring-Opening Alternating Copolymerization 

of Cyclic Anhydrides/Epoxides. Macromolecules 2021, 54 (2), 713-724. 

 

60. Wu, Q.; Qu, B., Photoinitiating characteristics of benzophenone derivatives as new initiators 

in the photocrosslinking of polyethylene. Polym. Eng. Sci. 2001, 41 (7), 1220-1226. 

 

61. Yu, L.;  Hou, Y.;  Cheng, C.;  Schlaich, C.;  Noeske, P.-L. M.;  Wei, Q.; Haag, R., High-

Antifouling Polymer Brush Coatings on Nonpolar Surfaces via Adsorption-Cross-Linking 

Strategy. ACS Appl. Mater. Interfaces 2017, 9 (51), 44281-44292. 

 

62. Carroll, G. T.;  Sojka, M. E.;  Lei, X.;  Turro, N. J.; Koberstein, J. T., Photoactive Additives 

for Cross-Linking Polymer Films:  Inhibition of Dewetting in Thin Polymer Films. Langmuir 

2006, 22 (18), 7748-7754. 

 

63. Hu, X.;  Hu, G.;  Crawford, K.; Gorman, C. B., Comparison of the growth and degradation 

of poly(glycolic acid) and poly(ε-caprolactone) brushes. J. Polym. Sci., Part A: Polym. Chem. 

2013, 51 (21), 4643-4649. 

 



 

137 

 

64. Zheng, N.;  Xu, Y.;  Zhao, Q.; Xie, T., Dynamic Covalent Polymer Networks: A Molecular 

Platform for Designing Functions beyond Chemical Recycling and Self-Healing. Chem. Rev. 

2021, 121 (3), 1716-1745. 

65. Muroya, T.;  Yamamoto, K.; Aoyagi, T., Degradation of cross-linked aliphatic polyester 

composed of poly(ɛ-caprolactone-co-d,l-lactide) depending on the thermal properties. Polym. 

Degrad. Stab. 2009, 94 (3), 285-290. 

 

66. Amsden, B. G.;  Tse, M. Y.;  Turner, N. D.;  Knight, D. K.; Pang, S. C., In Vivo Degradation 

Behavior of Photo-Cross-Linked star-Poly(ε-caprolactone-co-d,l-lactide) Elastomers. 

Biomacromolecules 2006, 7 (1), 365-372. 

 

67. Gu, X.;  Raghavan, D.;  Nguyen, T.;  VanLandingham, M. R.; Yebassa, D., Characterization 

of polyester degradation using tapping mode atomic force microscopy: exposure to alkaline 

solution at room temperature. Polym. Degrad. Stab. 2001, 74 (1), 139-149. 

 

68. Abeysinghe, H. P.;  Edwards, W.;  Pritchard, G.; Swampillai, G. J., Degradation of 

crosslinked resins in water and electrolyte solutions. Polymer 1982, 23 (12), 1785-1790. 

 

69. Jung, J. H.;  Ree, M.; Kim, H., Acid- and base-catalyzed hydrolyses of aliphatic 

polycarbonates and polyesters. Catal. Today 2006, 115 (1), 283-287. 

 

70. Messmer, D.;  Bertran, O.;  Kissner, R.;  Alemán, C.; Schlüter, A. D., Main-chain scission of 

individual macromolecules induced by solvent swelling. Chem. Sci. 2019, 10 (24), 6125-6139. 

 

71. Jeyachandran, Y. L.;  Mielczarski, E.;  Rai, B.; Mielczarski, J. A., Quantitative and 

Qualitative Evaluation of Adsorption/Desorption of Bovine Serum Albumin on Hydrophilic 

and Hydrophobic Surfaces. Langmuir 2009, 25 (19), 11614-11620. 

 

72. Luey, J.-K.;  McGuire, J.; Sproull, R. D., The effect of pH and NaCl concentration on 

adsorption of β-lactoglobulin at hydrophilic and hydrophobic silicon surfaces. J. Colloid 

Interface Sci. 1991, 143 (2), 489-500. 

 

73. Pandiyarajan, C. K.; Genzer, J., Effect of Network Density in Surface-Anchored Poly(N-

isopropylacrylamide) Hydrogels on Adsorption of Fibrinogen. Langmuir 2017, 33 (8), 1974-

1983. 

 

74. Wright, A. K.; Thompson, M. R., Hydrodynamic structure of bovine serum albumin 

determined by transient electric birefringence. Biophys. J. 1975, 15 (2 Pt 1), 137-141. 

 



 

138 

 

75. Gorman, C. B.;  Miller, R. L.;  Chen, K.-Y.;  Bishop, A. R.;  Haasch, R. T.; Nuzzo, R. G., 

Semipermeable, Chemisorbed Adlayers of Focally-Substituted Organothiol Dendrons on Gold. 

Langmuir 1998, 14 (12), 3312-3319. 

76. Gorman, C. B., Unpublished work. 

 

77. Asensio, G.;  Mello, R.;  Boix-Bernardini, C.;  Gonzalez-Nunez, M. E.; Castellano, G., 

Epoxidation of Primary and Secondary Alkenylammonium Salts with Dimethyldioxirane, 

Methyl(trifluoromethyl)dioxirane, and m-Chloroperbenzoic Acid. A General Synthetic Route 

to Epoxyalkylamines. J. Org. Chem. 1995, 60 (12), 3692-3699. 

 

78. Schneider, C. A.;  Rasband, W. S.; Eliceiri, K. W., NIH Image to ImageJ: 25 years of image 

analysis. Nat. Methods 2012, 9 (7), 671-675. 

 

79. Kazemi, N.;  Duever, T. A.; Penlidis, A., Design of Optimal Experiments for 

Terpolymerization Reactivity Ratio Estimation. Macromol. React. Eng. 2015, 9 (3), 228-244. 

 

80. Kazemi, N.;  Duever, T.; Penlidis, A., Demystifying the estimation of reactivity ratios for 

terpolymerization systems. AIChE J. 2014, 60. 

 

81. Scott, A. J.; Penlidis, A., Binary vs. ternary reactivity ratios: Appropriate estimation 

procedures with terpolymerization data. Eur. Polym. J. 2018, 105, 442-450. 

82. Pujari, N. S.;  Wang, M.; Gonsalves, K. E., Co and terpolymer reactivity ratios of chemically 

amplified resists. Polymer 2017, 118, 201-214. 

 

83. Wu, Q.; Qu, B., Photoinitiating characteristics of benzophenone derivatives as new initiators 

in the photocrosslinking of polyethylene. Polym. Eng. Sci. 2001, 41 (7), 1220-1226. 

 

84. Yu, L.;  Hou, Y.;  Cheng, C.;  Schlaich, C.;  Noeske, P.-L. M.;  Wei, Q.; Haag, R., High-

Antifouling Polymer Brush Coatings on Nonpolar Surfaces via Adsorption-Cross-Linking 

Strategy. ACS Appl. Mater. Interfaces 2017, 9 (51), 44281-44292. 

 

85. Bratek-Skicki, A.;  Eloy, P.;  Morga, M.; Dupont-Gillain, C., Reversible Protein Adsorption 

on Mixed PEO/PAA Polymer Brushes: Role of Ionic Strength and PEO Content. Langmuir 

2018, 34 (9), 3037-3048. 

 

86. Peñaflor Galindo, T. G.; Tagaya, M., Interfacial Effect of Hydration Structures of 

Hydroxyapatite Nanoparticle Films on Protein Adsorption and Cell Adhesion States. ACS Appl. 

Bio Mater. 2019, 2 (12), 5559-5567. 

 



 

139 

 

87. Xu, J.;  Chen, W.;  Wang, C.;  Zheng, M.;  Ding, C.;  Jiang, W.;  Tan, L.; Fu, J., Extremely 

Stretchable, Self-Healable Elastomers with Tunable Mechanical Properties: Synthesis and 

Applications. Chem. Mater. 2018, 30 (17), 6026-6039. 

88. Hsieh, M.-c.;  Kim, C.;  Nogi, M.; Suganuma, K., Electrically conductive lines on cellulose 

nanopaper for flexible electrical devices. Nanoscale 2013, 5. 

 

89. Xu, J.;  Chen, W.;  Wang, C.;  Zheng, M.;  Ding, C.;  Jiang, W.;  Tan, L.; Fu, J., Extremely 

Stretchable, Self-Healable Elastomers with Tunable Mechanical Properties: Synthesis and 

Applications. Chem. Mater. 2018, 30 (17), 6026-6039. 

 



 

140 

 

APPENDICES 

  



 

141 

 

Appendix A.  1 H and 13 C NMR Spectra 

 

 

Figure A1. 1H NMR of ETEG 

 

 

Figure A2. 13C NMR of ETEG 
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Figure A3. 1H NMR of EBP 

 

 

Figure A4. 13C NMR of EBP 
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Figure A5. 1H NMR of polyester (sample 2) . A refers to methoxy end group of ETEG. F refers 

to benzophenone. C refers to DGA. Integration of C/5 : A/3 : F/9 gives the mole ratio of 

DGA:ETEG:EBP 

 

Figure A6. 13C NMR of polyester 
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Figure A7. 1H NMR of allyloxy benzophenone 

 

 

Figure A8. 13C NMR of allyloxy benzophenone 
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Figure A9. 1H NMR of polyether 

 

 

Figure A10. 13C NMR of polyether 
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Figure A11. 1H NMR of TESPBP 

 

 

 

Figure A12. 1H NMR of TESPBP 
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Figure A13. 1H NMR of S-(3-(4-benzoylphenoxy)propyl) ethanethiolate 

 

 

 

Figure A14. 13C NMR of S-(3-(4-benzoylphenoxy)propyl) ethanethiolate 
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Figure A15. 1H NMR of dibenzophenone disulfide 

 

Figure A16. 13C NMR of dibenzophenone disulfide 
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Figure A17. 1H NMR of 2-(chloromethyl)-1,3,6-trioxocane 

 

 

Figure A18. 13C NMR of 2-(chloromethyl)-1,3,6-trioxocane 
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Figure A19. 1H NMR of cyclic ketene acetal 

 

Figure A20. 13C NMR of cyclic ketene acetal 
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Figure A21. 1H NMR of BPMA 

 

Figure A22. 13C NMR of BPMA 
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Figure A23. 1H NMR of polyester. “g” refers to methoxy end group of ETEG. “a” refers to 

benzophenone. “h” refers to DGA. Integration of h/2 : g/3 : a/9 gives the mole ratio of 

DGA:ETEG:EBP. 

 

Figure A24. 13C NMR of polyester 
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Appendix B.  Degradation fitting curves 

 

Figure B1. The degradation fitting curve of the network with the gel fraction of 0.57 

 

Figure B2. The degradation fitting curve of the network with the gel fraction of 0.60 
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Figure B3. The degradation fitting curve of the network with the gel fraction of 0.72 

 

Figure B4. The degradation fitting curve of the network with the gel fraction of 0.76 
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Figure B5. The degradation fitting curve of the network with the gel fraction of 0.81 

 

Figure B6. The degradation fitting curve of the network with the gel fraction of 0.86 
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Figure B7. The degradation fitting curve of the network with the gel fraction of 0.88 

 

Figure B8. The degradation fitting curve of the network with the gel fraction of 0.92  
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Figure B9. The degradation fitting curve of the network with the gel fraction of 0.93 
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Appendix C.  AFM roughness images 

 

Figure C1. Roughness characterization of the polyester film by AFM  
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Figure C2. Roughness characterization of the polyether film by AFM   
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Figure C3. Roughness characterization of the polystyrene film by AFM 

 

 


