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Protein adsorption is one of the first events to occur upon implantation of a 

biomaterial, and can modulate both the initial and long-term cellular response. 

Poly(ethylene glycol) (PEG) is often copolymerized with other biomedical polymers to 

control and reduce protein adsorption. The thermodynamic incompatibility stemming 

from copolymerization of a highly hydrophilic polymer such as PEG with a copolymer 

often results in phase separation. The spatial distribution of phase-separated structures 

may allow for protein adsorption to occur even in PEG-containing polymers. Physical 

properties that affect phase separation, such as polymer molecular weight and 

polydispersity, may also play a role in modifying protein adsorption behavior.  
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To study the physicochemical factors that modulate phase separation and 

subsequent protein adsorption and cell attachment, a model random multiblock 

hydrophobic-hydrophilic copolymer system consisting of desaminotyrosyl-tyrosine ethyl 

ester (DTE) as the hydrophobic component and PEG as the hydrophilic component was 

investigated. The effect of systematic changes in PEG molecular weight and PEG 

composition on phase separation was explored. The spatial effects of phase separation on 

protein adsorption were examined using proteins with different dimensions. Additional 

changes in physicochemical properties were achieved by isolating specific molecular 

weight chains from certain polymer compositions. Finally, the effects of phase separation 

on cell attachment and spreading were examined.  

Variations in PEG content and molecular weight produced clear, systematic 

changes in the spatial distribution of hydrophobic and hydrophilic regions within each 

polymer composition. The effects of phase separation were initially inconclusively linked 

to protein adsorption behavior. However, variations in polymer molecular weight and 

chain distribution within certain polymer compositions appear to modulate protein 

adsorption capabilities. Phase separation also appears to play a significant role in cell 

attachment and spreading. While intermediate amounts of PEG repelled cells and 

proteins, high amounts of PEG caused cells to increase spreading on the polymeric 

substrates. The increased spreading was linked to dynamic overexpression of integrin α5 

over time. The results of this study elucidate additional design parameters in the rational 

design of biomaterials, and also suggest that intermediate amounts of PEG may be 

optimal for developing cell-repellent surfaces.   
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PLGA – poly(lactic-co-glycolic acid) 

Py – pyridine 

QCM-D – quartz crystal microbalance with dissipation 

QPCR – quantitative polymerase chain reaction 

SAND – small angle neutron diffractomemter at Argonne National Laboratories 

SANS – small angle neutron scattering 

TEM – transmission electron microscopy 

TFA – trifluoroacetic acid 



 

xxv 

 

Tg – glass transition temperature 

TGA – thermogravimetric analysis 

THF – tetrahydrofuran 

Tm – melting temperature 

TP – triphosgene 

Z-P – Zernicke-Prins 

 

Small angle neutron scattering terms 

 

q – scattering vector (Å-1) 

dΣ/dΩ – absolute intensity (cm-1). For purposes of this thesis, it is analogous to I(q).  

d-spacing – center-to-center distance between hydrated domains (Å) 

I0 – initial intensity 

R – radius of scattering bodies 

σ – the spread in d (lower value indicates more uniformity in distances, and vice versa) 

ICDS – central diffuse scattering intensity 

Rg – radius of gyration 

 

Quartz crystal microbalance with dissipation terms 

 

f – frequency (Hz) 

d – dissipation (unitless) 

m – Voigt mass (kg/m2) 
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C – Sauerbrey constant, 17.7 ng/(Hz-cm2) 

δ – Voigt layer thickness (m) 

ρ – Voigt layer density (kg/m3) 

 

Contact angle/surface energy terms 

 

θa – advancing contact angle (°) 

θd – receding contact angle (°) 

γl – total liquid surface tension (mJ/m2) 

γl
d – dispersive component of the liquid (mJ/m2) 

γl
p – polar component of the liquid (mJ/m2) 

γs – total surface energy (mJ/m2) 

γs
p – polar component of the surface (mJ/m2) 

γs
d – dispersive component of the surface (mJ/m2) 
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1. Introduction 

 

1.1. Protein adsorption – general phenomena and driving forces 

 

Protein adsorption is often considered to be the “first observable event” at the 

fluid-material interface [1]. Proteins in solution that come in contact with a material 

surface will adsorb within minutes. This event has significant implications in a number of 

industries. In marine applications, barnacles, mussels, and algae can stick to equipment 

and ship hulls through protein-mediated means, resulting in decreased efficiency and 

speed [2-3]. In the food industry, undesired protein adsorption from bacterial secretions, 

known as fouling, can contaminate food processing equipment and product [4]. Similarly, 

protein adsorption predictably plays a large role in the performance of biomedical 

devices, where an implanted biomaterial can come in contact with protein-rich fluids 

such as blood, synovial fluid, and cerebrospinal fluid. As proteins approach a surface, 

they vie for open positions on a material surface and upon adsorption, serve as 

modulators of future cellular behavior [5-9]. To this end, proteins can be considered the 

front-line agents that determine the success or failure of a biomaterial. A schematic of 

this phenomenon is given in Figure 1.1. 
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Figure 1.1 – Schematic of the biological environment of an implanted biomaterial. Proteins adsorb to the 
material prior to larger biological agents such as cells, platelets, and bacteria. Picture courtesy of the New 
Jersey Center for Biomaterials.  

 

Protein adsorption is a thermodynamically driven event that is affected by a 

number of factors in both the polymer surface and the protein structure. As proteins 

approach a synthetic surface, they interact with the surface through van der Waals forces, 

electrostatic interactions, and hydrogen bonding [10]. Over time, the adsorbed proteins 

will rearrange and adopt a lowest-energy conformation [11]. This attempt to minimize 

free energy typically involves some degree of denaturation of the protein’s native 

structure [12]. The degree of denaturation may vary greatly depending on the protein and 

surface, though more stable, “rock-like” proteins such as lysozyme tend to undergo very 

little change, while flexible proteins such as bovine serum albumin (BSA) may change 

drastically [10, 13].  

The phenomenon of protein adsorption is one of constant motion and 

optimization, reliant on both the bulk concentration of proteins available as well as the 

presence of other species. Proteins that first adsorb to a surface are typically smaller 

proteins that are present at higher concentrations [14]. In blood, albumin is typically the 

protein that represents these characteristics [15]. However, over time, larger, higher-

affinity proteins can displace low-affinity proteins [16-17]. This phenomenon is termed 

the Vroman effect. The Vroman effect also states that maximum protein adsorption 

 

biomaterial 

Tissue fluid and proteins 

bacteria cell 

platelet protein 
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generally occurs at intermediate protein concentrations [6, 18]. These observations show 

that protein adsorption is a dynamic process that can occur over multiple length scales.  

Protein adsorption strongly affects biomaterial function and biological response. 

Undesirable adsorption can range from mere inconveniences, such as fouling of contact 

lenses that results in decreased vision [19], to life-threatening, as evidenced by 

thromboembolytic events and restenosis that can occur in vascular stents [20-21]. On the 

other hand, protein adsorption is necessary for tissue regeneration materials. For example, 

tissue regeneration scaffolds that adsorb higher amounts of adhesive protein also report 

improved cell attachment properties [22]. In aneurysm coils, protein adsorption and 

subsequent thrombus formation serve the dual purpose of reducing the chances of 

aneurysm rupture and acting as a “provisional scaffold” for re-endothelialization [23-24].  

 

1.2. Commonly studied proteins – general properties and roles in biocompatibility 

 

Fibrinogen and albumin are two of the most widely studied proteins when 

examining the suitability of biomaterials for in vivo applications. Both are present at high 

concentrations in the blood, and serve as appropriate representative proteins for 

determining biocompatibility.  

 

1.2.1. Fibrinogen  

 

Fibrinogen is present in the blood at a concentration of 3 mg/mL and is 

responsible for hemostasis following an injury [25]. It is a rod-like protein with 
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dimensions of 4.5 nm x 4.5 nm x 46 nm [26]. Several amino acid sequences on the 

fibrinogen molecule interact with the glycoprotein IIb-IIIa receptor on platelet surfaces, 

and interactions between this receptor on activated platelets and fibrinogen results in 

thrombus formation and the clotting cascade [27-28]. Fibrinogen has extremely high 

surface activity, and can adsorb to a wide variety of substrates [7]. Fibrinogen has 

previously been implicated as the main blood protein responsible for chronic 

inflammation in implanted biomaterials [29].  Studies have shown that as few as 7 ng/cm2 

of adsorbed fibrinogen is enough to cause a high level of platelet recruitment [30]. 

Because of its commercial availability and highly relevant biological consequences, 

fibrinogen is one of the most widely studied proteins in determining the biocompatibility 

of a candidate material.  

 

1.2.2. Albumin 

 

Albumin is one of the most abundant proteins in blood, present at a concentration 

of 40-60 mg/mL [15]. For economical reasons, bovine serum albumin (BSA) is often 

substituted for human serum albumin in most protein research. The high homology 

between the two molecules [31] suggests that the impact of this change is minimal. BSA 

has been previously characterized as a prolate ellipsoid, with dimensions of 4 nm x 4 nm 

x 14 nm [32]. The difference in size compared to the relatively rod-like fibrinogen has 

allowed researchers to use it as a probe for nanometer-level features in surfaces and 

layers [12, 33]. However, charge effects for both proteins should be minimal, or at least 

identical, in saline-buffered conditions, as both have isoelectric points below 7.4 (4.7 for 
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BSA [34] and 5.7 for fibrinogen [35]). In stark comparison to fibrinogen, albumin is 

often considered to be a non-reactive protein, as several researchers have shown that 

albumin is able to passivate surfaces [29, 36-37].  

 

1.3. Material Effects on Protein Adsorption 

 

Several material parameters dictate the ability of a surface to adsorb proteins, 

including chemistry, charge, roughness, surface energy, and morphology. Regarding 

surface chemistry, the reader is directed towards excellent articles by Ostuni et al. about 

the role of chemical functional groups in the ability of a material to adsorb proteins [38-

39].  In short, they arrived at the following four properties to generalize the 

characteristics of protein-repellent surfaces: they are 1) hydrophilic, 2) hydrogen bond 

acceptors, 3) not hydrogen bond donors, and 4) neutrally charged. Poly(ethylene glycol) 

(PEG) is one of the materials that fulfills these requirements, and is commonly used as a 

protein-repellent material. Its properties and usage in copolymer systems is a central 

focus point of this thesis, and will be discussed at length in the coming sections.  

Because many proteins contain charged “pockets” within their structure, the 

hydrophobicity or hydrophilicity of a surface may dictate the adsorption of certain 

proteins in a solution over others [40-42]. Also related to the charge of the material is the 

surface energy. Baszkin and Lyman reported that contact angle can differentiate between 

polar and dispersive components of a surface, and that these properties can grossly 

predict the protein adsorptive behavior of a material [43]. Material topography plays an 
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important role as well, as rougher surfaces result in higher surface area and therefore 

higher adsorptive capabilities [44].  

Another potential material variable for protein adsorption is the morphology of 

substrate. Morphological features typically arise from a combination of compositional 

and architectural variables, e.g. how much of each copolymer is present, and how they 

are copolymerized (graft, block, random, etc.). For homopolymers or copolymers with 

one largely dominant component, the morphology of the material will tend to be a non-

factor. However, two relatively unlike monomers blended or copolymerized at certain 

quantities may form specific structures to lower their interfacial energy, an event which is 

called phase separation. The resulting morphological features from phase separation have 

been shown to affect surface properties, protein adsorption, and cellular behavior [45-51].  

This thesis will focus specifically on the interplay between two of these material 

effects, polymer chemistry and morphology, and how they affect biological properties 

such as protein adsorption and cell attachment. These two features are discussed in 

greater detail in the following sections.  

 

1.4. PEG use in biomaterials and effects on protein adsorption 

 

Modulation of protein adsorption to achieve a specific design criterion is an 

important consideration in biomaterial design. One of the most successful materials for 

use in protein repellence is poly(ethylene glycol) (PEG). Some of the first clues to the 

biological inertness of PEG were observed by Abuchowski et al., who discovered that 

modification of BSA with PEG completely removed any immunogenicity of the protein 
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[52]. PEG was first discovered to be a protein-repellent biomaterial in the early 1980s by 

Mori et al., when they noted that grafting the material onto poly(vinyl chloride) (PVC) 

achieved high levels of protein repellence in an in vivo model [53]. Since then, research 

on this particular polymer for purposes of protein adsorption modulation has grown 

considerably.  

The unique interactions of PEG with water are illustrated when one realizes that 

similar polymers, namely poly(methylene glycol) and poly(butylene glycol) are both 

insoluble in water [54]. In particular, poly(methylene glycol) has a higher ether oxygen 

“density” than PEG, but its insolubility in water compared to PEG suggests that PEG has 

a specific structure that allows it to associate optimally with water. While the exact 

mechanism behind the protein repellent properties of PEG remains a source of debate, it 

is generally accepted that a combination of steric, entropic, and thermodynamic effects 

are responsible for the ability of PEG to repel proteins. When a protein first encounters a 

PEG group, its approach compresses a PEG chain such that water associated with the 

ether oxygens is released. Both the compression of the PEG chain as well as the 

expulsion of water during compression of the chain (as many as three water molecules 

per ether oxygen [55]) tends to be thermodynamically unfavorable [56-57], resulting in 

the repulsion of proteins.  

To achieve protein repellence, surfaces are often modified with PEG or PEG-

containing structures, such as grafts [12, 33, 53, 58-63], self-assembled monolayers [64-

70], and block copolymers [71-77]. In particular, graft copolymers are used because of 

their ability to functionalize a large number of surfaces and to maximize mobility, and 

therefore repellent capabilities, of PEG on the surface [78]. The key parameters for 
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determining the efficacy of protein adsorption are graft density and PEG molecular 

weight [79]. Increasing graft density increases the PEG chains on the surface, while 

increasing the PEG molecular weight provides protein repulsion for reasons explained 

previously.  

 

1.5. Phase separation in copolymers 

 

A complication that may occur in copolymers with highly hydrophilic polymers 

such as PEG is phase separation, or the spontaneous formation of separate, concentrated 

regions of a polymer within the bulk or surface. Leibler described the phenomenon of 

phase separation in his seminal work [80]. Essentially, phase separation in idealized 

diblock copolymers (i.e. where polydispersity is 1 and both blocks are the same 

molecular weight) is dependent on three parameters: the Flory-Huggins interaction 

parameter, the degree of polymerization, and the molar fraction of each copolymer unit.  

 

Figure 1.2 – Phase separation compared between blends and copolymers. From [81]. Reprinted with 
permission from AAAS.  
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Specific morphologies have been established for many diblock and triblock 

copolymer systems by varying these parameters, and the distance between the phase-

separated domains tends to be on the order of 50-100 nm [82-83]. Phase separation has 

been shown to modulate the behavior of adsorbed proteins. In block copolymers with 

well-defined phases, proteins will adsorb preferentially to one phase over the other [41-

42, 84], effectively patterning the surface with proteins.  

The phase behavior of random copolymers, by comparison, has not been well-

studied, though some theoretical work has been performed that suggests that the phase 

separated structures are in general smaller and far more complex than those seen in 

diblock or triblock copolymers [85-86]. Though their exact morphological structure of is 

more difficult to characterize, random copolymers provide various advantages versus 

their more organized counterparts. They are typically easier and cheaper to synthesize 

because fewer controls are required to obtain a specific structure [87]. Additionally, the 

relative intermixing of the different chemical components often results in materials that 

are stronger or tougher than diblock or triblock copolymers [88-89]. In biomaterial 

applications, benefits have been seen in tribology studies, where random copolymers 

have been observed to provide more uniform and predictable behavior between bulk and 

surface properties in implanted load-bearing devices compared to block copolymers and 

polymer blends [90]. All of these beneficial properties may be attributed to 

morphological properties resulting from nanophase separation that occurs at length scales 

smaller than those from diblock or triblock copolymers [87].  

Perhaps because of their relatively homogeneous morphology, protein adsorption 

on random, PEG-containing polymers has been studied on a limited basis. It should be 
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noted that monomeric units copolymerized with PEG in a random conformation are 

random multiblock copolymers by definition, as opposed to true random copolymers, 

because individual ethylene glycol mers are very rarely used in copolymers. 

Nevertheless, as mentioned previously, the effects of PEG copolymerization with other 

monomeric units are typically studied with PEG existing as a diblock, triblock, or graft 

copolymer. It has been shown that many of the same factors that affect protein 

adsorption, such as PEG molecular weight and PEG composition, are the same for both 

random multiblock and graft copolymers, namely, proteins will be repelled either PEG 

concentration is increased, or when PEG molecular weight is increased [91].  

However, if PEGylated random multiblock copolymers phase separate, the 

separation would be facilitated by increasing the block size of PEG, thereby reducing the 

possibility that the other polymer component can interrupt continuous PEG chains. It may 

therefore be possible that the increased spatial distance between PEG-rich domains may 

allow for proteins to adsorb by virtue of having large hydrophobic regions. The idea that 

spatial distances between PEGylated regions may repel proteins of varying sizes has 

previously been investigated by Sofia et al. [92] They calculated the critical distance 

between star-grafted PEG brushes could determine whether certain proteins could adsorb 

to a silicon surface as a function of brush density, brush size, and protein size. If PEG-

containing random multiblock copolymers can also be quantified as such, it may be 

possible that the adsorptive capabilities of a surface can be determined through its 

structure. 

It has been previously shown that molecular weight and polydispersity can affect 

polymer morphology [93]. Because phase-separated structures tend to affect protein 
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adsorption in ways that homogeneous surfaces do not, it then follows that molecular 

weight and polydispersity may play key roles in the protein adsorption behavior of a 

biomedical polymer. However, this link has not yet been established in the literature 

definitively, despite its potentially vast importance in the manufacturing control of 

biomedical materials.  

 

1.6. Cellular response to phase separation 

 

As discussed previously, morphological features resulting from phase separation 

can alter protein adsorption. Preferential protein adsorption to a certain phase essentially 

creates a patterned surface that cells will attempt to attach to and navigate. Cellular 

attachments to surfaces are modulated by focal adhesions.  Specifically, integrin 

receptors present on the surface are responsible for associating with extracellular matrix 

proteins to regulate processes such as attachment. The presence or absence of interactions 

with matrix proteins facilitates signaling within the cell to undergo processes such as 

proliferation or apoptosis, respectively [94-96].   

Several studies have examined how cells respond to spatial effects induced by 

polymer morphology. Khor et al. examined a polystyrene-block-poly(vinylpyridine) 

system that exhibits either a dot-like or worm-like morphology through variations in 

polymer chemistry molecular weight [48]. They found that surfaces that exhibited a 

worm-like lamellar morphology were able to more readily adsorb proteins and facilitate 

cell attachment. By contrast, a dot-like morphology did not accommodate cells as well, 

and cells on these surfaces exhibited significantly more filopodia, as though the cells 
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were constantly trying to find a suitable region to attach to. The results suggest that large, 

continuous phases of a hydrophobic polymer are better suited for allowing cells to attach 

and proliferate, while, erratic surfaces with “islands” stress cells into a constant state of 

seeking out an appropriate region for attachment.  

A study by Seo et al. used a triblock copolymer system consisting of poly(2-

methacryloyloxyethyl phosphorylcholine) (PMPC) as a hydrophilic segment and 

poly(dimethylsiloxane) (PDMS) as a hydrophobic segment [49]. By varying the 

compositions of each block, they were able to modulate cell attachment such that by 

increasing the hydrophilic block content, cells were poorly spread and attached, while 

increasing the hydrophobic block content allowed for cells to attach, spread, and 

proliferate readily. Most interestingly, they noted that random copolymerization of MPC 

with other molecules results in high repellence of proteins and cells [97]. This study 

further reinforces that material morphology and architecture can affect biological 

behavior. However, the threshold and characteristics of the “tipping point” for materials 

to transition between protein and cell permissiveness and repellence remains unknown. 

The apparent link between spatial characteristics and biological behavior makes the 

investigation and discovery of this information a potentially powerful tool in the rational 

design of biomaterials for tissue regeneration.  

To examine the effects of PEG in a phase-separated system and its biological 

consequences, a model random multiblock copolymer system of hydrophobic tyrosine-

derived polycarbonates copolymerized with PEG will be studied. This system is well-

suited for this thesis work due to its versatility in examining multiple chemical, physical, 
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and biological properties. The properties of the system are elaborated upon in the 

following section.  

 

1.7. Tyrosine-derived polycarbonates as a model polymer system 

 

Tyrosine-derived polycarbonates have been previously examined in a number of 

different biomedical applications, such as vascular stents [98], bone regeneration pins 

[99], and drug-delivery nanospheres [100]. Because of the numerous variations that are 

possible with these materials, such as changes in pendent chain length, [101], addition of 

desaminotyrosyl-tyrosine [102], incorporation of iodine [98, 103], and copolymerization 

with PEG [104], they serve as an ideal polymer system for studying how systematic 

structural changes can affect overall polymer properties. Polymer molecules are arranged 

randomly upon polymerization [105] and, barring incorporation of a large amount of a 

crystalline material, the polymers exhibit an amorphous morphology.  

Of the tyrosine-derived poly carbonates, poly(desaminotyrosyl tyrosine ethyl ester 

carbonate) (poly(DTE carbonate)) is one of the most extensively studied. It is a relatively 

stiff, hydrophobic polymer that induces a lower inflammatory response compared to both 

other commonly studied biomaterials and other polymers in the tyrosine-derived 

polycarbonate family [99, 106-107]. It also demonstrates high protein adsorption at 

around 2.4 µg/cm2 as measured by QCM-D [108]. Synthetic schemes regarding 

copolymerization with PEG and basic characterization has been described previously 

[104]. Additionally, the effect of PEG molecular weight was studied by increasing block 

size from 1000 to 20000, which resulted in an increased tensile strength, but lower 



14 

 

 

elongation at failure, with no notable changes in thermal properties aside from the 

presence of a melting peak at higher molar percentages of PEG20000 [104]. However, the 

biological consequences of increasing PEG block size in this polymer system are still 

unknown.  

Incorporation of iodine into the desaminotyrosine (Dat) ring of DTE imparts the 

molecule with radio-opacity. This monomer is called di-iodo-desaminotyrosyl-tyrosine 

ethyl ester, or I2DTE. The clinical effects of this modification are beneficial, as devices 

made from such a material may be visualized during insertion, a property foreign to the 

overwhelming majority of polymers. This property has been exploited for the use of 

I2DTE-containing materials as degradable polymeric vascular stents [98].  

Incorporation of iodine can affect the polymer in significant ways. Macario et al. 

studied the effects of I2DTE on various polymer properties, such as hydrophobicity, 

surface composition, and protein adsorption [103]. I2DTE-containing polymers are 

markedly more hydrophobic than DTE-containing polymers, as determined by contact 

angle. Additionally, iodine seemed to restrict the migration of PEG to the surface of 

polymers containing both I2DTE and PEG, compared to DTE-co-PEG polymers. These 

properties in combination lead to increased protein adsorption with iodinated polymers 

compared with non-iodinated polymers. The incorporation of iodine also increases the 

glass transition temperature significantly (136 °C for poly(I2DTE carbonate) vs. 96 °C for 

poly(DTE carbonate)), which implies that the increased stiffness of the iodinated polymer 

may be the result of steric hindrance that is caused by the bulky iodine atoms.  

The potential phase separation behavior in PEG-containing polymers with DTE 

and I2DTE will be described in Chapter 3. The effect of PEG block size and PEG 
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composition in DTE-containing polymers will be focused upon in Chapter 4. The 

chemical structure of poly((I2)DTE)-co-PEG carbonate)s is given in Figure 1.3. 

 

 

Figure 1.3 – Chemical structure of poly((I2)DTE-co-PEG carbonate). Iodine atoms are shown incorporated 
into the desaminotyrosine ring of the DTE comonomer.  

 

 
1.8. Hypotheses and aims 

 

There are three hypotheses in this thesis: 

1. Phase separation occurs in a quantifiable manner in random, multiblock copolymers 

with distinct hydrophobic (DTE) and hydrophilic (PEG) components, such that 

changes in chemistry, such as increasing or decreasing the concentration and 

molecular weight of the hydrophilic block, affect morphology and the spatial 

distribution of phase-separated regions.  

2. The spatial distribution of PEG affects protein adsorption in such a way that large 

hydrophobic patches can support protein adsorption of different sized proteins. 

3. Subsequent cell attachment and spreading to a phase-separated surface is affected by 

the spatial distribution of PEG-rich regions such that larger hydrophobic patches will 

allow cells to spread more.   

To answer these hypotheses, the following three aims are proposed: 
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1. Establish and synthesize a hydrophobic/hydrophilic polymer system that spans a 

sufficiently wide range of chemical and morphological properties such as PEG 

molecular weight, PEG concentration, and overall polymer molecular weight.  

2. Characterize these physicochemical factors and determine their quantitative effects on 

phase separation of each material. 

3. Determine how these chemical and morphological factors affect biological 

phenomena through investigation of protein adsorption and cell attachment. 

 

1.9. Specific analytical techniques 

 

Aside from traditional characterization techniques to determine standard polymer 

properties, several specialized techniques will be used to determine characteristics of 

phase separation and protein adsorption in this study. These techniques, small angle 

neutron scattering and quartz crystal microbalance with dissipation, are discussed in more 

detail below.  

 

1.9.1. Small Angle Neutron Scattering (SANS) 

 

SANS is one of the small angle scattering techniques that can be used to 

determine the nanoscale morphology of a material. Because neutrons are far more 

massive than other commonly used scattering bodies, such as electrons, they can readily 

penetrate into the bulk of a material. The technique has been used in determining 

molecular features such as polymer structural changes after swelling in solvent [109-110] 
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and after temperature application [111], and protein conformation during hydration [112]. 

For polymers, it can be used to deduce fine structural details such as lamellar structure 

[113], particle aggregation [114], and nanoscale phase separation [115].  

The process of neutron scattering can briefly be described as follows: a collimated 

beam of neutrons penetrates a sample, and incident neutrons will deflect off neutrons in 

the sample. Based on the angle of deflection from the incident beam through the sample 

and onto a detector, a scattering pattern can be determined. 1-dimensional reduction of 

this scattering pattern provides a plot of q, the scattering vector, versus intensity. A rough 

estimate of the distance, or d-spacing, of scattered bodies can be determined by the 

equation: 

 

q
d

π2
=  (1.1) 

 

From this equation, it is clear that large intensity peaks at low q scattering vectors 

indicate that scattering bodies are farther apart.  

 

1.9.1.1. SANS Data Analysis 

 

Many amorphous structures, while lacking a distinct scattering peak, can give 

scattering data in the shape of a power law pattern, with high intensity at low q values 

and vice versa. Martin and Hurd have previously described that this data can be modeled 

in such a way that the slope of a Porod log-log plot of the q vs. intensity data can indicate 

the fractal dimension of the sample [116-117]. In short, the fractal dimension gives an 

indication of both the order and the dimension of the material. An increase in the fractal 
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dimension indicates a “roughening” of the scattered body. For example, a material with a 

fractal dimension of 2.5 can be thought of as a pockmarked plane, such as a “pothole 

filled-road” (N.S. Murthy, personal communication), while a material with a fractal 

dimension of 3.5 indicates a roughened 3-dimensional object, like a golf ball. Information 

about the fractal dimension of an amorphous polymer can potentially be related to the 

gross morphology of a material.  

Materials that exhibit nanophase inhomogeneities show a distinct scattering peak 

when measured by SANS. In many cases, a priori knowledge (e.g. whether a material is 

crystalline or amorphous) of a system is necessary to properly analyze this scattering 

curve from a polymer system. If no such knowledge exists, however, attempting to fit a 

curve to a model may serve as a “brute force” method of obtaining this information. One 

relatively simple model for modeling SANS data is the Zernicke-Prins (Z-P) model, 

which assumes that scattered bodies are spherical in shape [118]. The model is described 

in detail in Section 2.7.1. 

  

1.9.2. Quartz Crystal Microbalance with Dissipation (QCM-D) 

 

QCM-D is a technique that is gradually gaining recognition as a well-suited 

technique for measuring interfacial phenomena. While QCM has been around for several 

decades, the dissipation variant of this technique has only been commercially available 

for just over a decade. Some recent applications of QCM-D include measurement of 

substrate hydration and swelling [119], layer-by-layer deposition [120-121], detection of 
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substrate conformational changes [122-123], in-situ crosslinking [124-125], detergent 

activity [126], and protein adsorption [108, 127-128].  

 The main advantages of QCM-D are its high sensitivity (on the order of ng/cm2), 

ability to measure in real time under temperature controlled conditions, and its relatively 

simple operation setup. The machine simply requires a power outlet and computer for 

data acquisition, and because it is a gravimetric technique, it can measure materials 

directly, and does not rely on secondary detection methods such as fluorescently 

conjugated antibodies. The basic function is as follows: an alternating current is applied 

to a quartz crystal, causing the crystal to oscillate its fundamental frequency. As mass 

adsorbs to the crystal, the oscillation frequency will decrease. To measure dissipation, the 

driving voltage is cut at set intervals, and the amount of time required for the crystal to 

come to rest is measured. The QCM-D measurement process is detailed in Figure 1.4. 

Viscous surfaces that come to rest quickly are considered to be high-dissipation surfaces, 

while more rigid surfaces will come to rest slowly, and are considered to be low-

dissipation surfaces. To measure different penetration depths and distances, overtones of 

the fundamental frequency are also employed.  

 

Figure 1.4 – Schematic of the time scales for frequency, dissipation, and data acquisition in the QCM-D 
technique across several different overtones (Illustration courtesy of Q-Sense). 
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Adsorbed mass on low-dissipation (< 10-6) surfaces can be measured directly 

using the Sauerbrey relationship [129]:  

 

n

fC
m

∆−
=∆  (1.2) 

 
where C is a constant, approximately 17.7 ng/(Hz*cm2), ∆f is the frequency shift, and n is 

the overtone number. However, for materials that exhibit high dissipation [130], a more 

sophisticated model must be used to incorporate the potential viscous damping effects 

seen during dissipation measurement cycles and to correctly determine the adsorbed mass 

[98]. 

 The Voigt model applies a parallel spring-dashpot system to measure both viscous 

and elastic contributions to the quartz surface. In this system, the dissipation factor, given 

by: 

 

τπf
D

1
=  (1.3) 

 
where f is the frequency and τ is the decay time. In brief, the properties of the adsorbed 

layer are modeled with four parameters: density (ρ), shear modulus (µ), shear viscosity 

(η), and thickness (δ). The reader is directed to Voinova et al. and Höök et al. for a 

detailed mathematical overview of the model [131-132].  

Raw frequency and dissipation data are typically least-squares curve fitted using 

supplied software to obtain the four Voigt parameters. To provide unique solutions to the 

equation, frequency and dissipation data from different overtones are applied to the 

fitting algorithm. The main assumptions to the Voigt model are that the frequency shift is  

negative, dissipation is positive, the adsorbed layers are in a no-slip condition, and that 
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the layers cover the surface uniformly [133]. For phase separated PEGylated surfaces, the 

assumption most likely to be violated is that the surface is covered with a uniform layer 

of protein. In this case, the reported mass will indicate sub-monolayer coverage of the 

protein being measured. 

Another consideration for this technique is that because it is a gravimetric 

technique, water entrapped within an adsorbed protein layer or tightly coupled to certain 

macromolecular moieties will also contribute to the frequency and dissipation shifts 

[134]. As a result, mass and layer thickness readings obtained by QCM-D will often be 

higher than those observed for optical techniques such as surface plasmon resonance, 

ellipsometry, and optical wavelength laser spectroscopy [134-135]. Because of this, some 

researchers have instead proposed that QCM-D-measured density be referred to as the 

“effective density” [135] and may be more indicative of an actual situation in an aqueous 

or physiological environment. Additionally, coupled water that is lost during certain 

processes, such as in-situ crosslinking, can be measured using QCM-D [124-125].   

 

1.10. Structure of the thesis 

 

The thesis is divided into six chapters, including the introduction. The second 

chapter provides the materials and methods for the experiments performed. The third 

chapter covers manual synthesis and characterization of a small library of poly((I2)DTE-

co-PEG carbonate) polymers, as well as initial phase separation and protein adsorption 

studies. The fourth chapter describes the results of automated parallel synthesis of a 

larger library of poly(DTE-co-PEG carbonate), phase separation trends as a function of 
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PEG molecular weight and concentration, protein adsorption using differently sized 

protein probes, and an examination of physical polymer properties that may potentially 

modulate protein adsorption. The fifth chapter describes the effects of phase separation 

and polymer composition on a model cell system under physiological conditions. The 

sixth and final chapter summarizes the work performed, and presents conclusions and 

proposed future work that may be of interest.   
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2. Materials and Methods 

 

2.1. Materials used  

 

All solvents were used as received unless otherwise indicated. 1, 4-dioxane, 

methylene chloride (MeCl), trifluoroacetic acid (TFA), isopropanol (IPA), ethanol, and 

pyridine were purchased from Fisher Scientific Co (Pittsburgh, PA). Tetrahydrofuran 

(THF), N, N-dimethylformamide (DMF), and ammonium hydroxide were purchased 

from EMD Chemicals (Gibbstown, NJ). Dimethyl sulfoxide (DMSO), deuterated 

chloroform, and phosphate buffered saline (PBS), PBS powder, and bovine serum 

albumin (BSA) were obtained from Sigma-Aldrich (St. Louis, MO). 30% hydrogen 

peroxide and deuterium oxide (D2O) were purchased from Acros Organics (Morris 

Plains, NJ) and kept out of direct contact with light whenever possible. Human fibrinogen 

was purchased from Calbiochem (LaJolla, CA). Gold quartz crystals (QSX 301, Q-Sense 

AB, Göteborg, Sweden) were used as received.  

 

2.2. Polymer synthesis 

 

2.2.1. Manual polymer synthesis  

 

Desaminotyrosyl tyrosine ethyl ester (DTE) and di-iodo desaminotyrosyl-tyrosine 

ethyl ester (I2DTE) monomers were prepared by Dr. Das Bolikal and Barry Cunningham 

using methods described previously [101, 136]. The synthesis of poly(DTE-co-PEG 
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carbonate) polymers was performed as previously described by Yu et al. [104]. Synthesis 

of poly(I2DTE-co-PEG carbonate)s follows the same synthetic scheme. To eliminate 

potential hazards associated with working with gaseous phosgene, triphosgene (TP, 

Aldrich) was used instead. TP was dissolved in methylene chloride to make a 20% w/w 

solution and added dropwise using a peristaltic pump (Fluid Metering Inc., Syosset, NY) 

over three hours with continuous overhead stirring (Cole-Parmer, Vernon Hills, IL). 

Reactions were quenched with a 90:10 mix of THF: deionized (DI) water and poured into 

5x volume of IPA. To accommodate the precipitation process, solvent was evaporated 

using a rotovap (Büchi AG, Flawil, Switzerland) to concentrate the polymer, which 

prevents “billowing” of the polymer upon pouring into IPA. Because of the tackiness of 

some of the highly PEGylated polymers, precipitation with grinding was not possible. 

Instead, the polymers were precipitated in isopropanol in a 5:1 ratio and centrifuged after 

each wash. Polymers were then frozen at -20 ºC and lyophilized (Labconco Corp., 

Kansas City, MO). Residual solvents were measured with thermogravimetric analysis 

(TGA, TA Instruments, New Castle, DE). A volatiles level of less than 1% was 

considered acceptable. Additional vacuum drying was performed if volatiles were too 

high (vacuum oven: Fisher Scientific, pump: Edwards High Vacuum, Crawley, Sussex, 

England). A list of synthesized polymers is given in Table 2.1. Other polymers mentioned 

in the text not listed in Table 2.1 were previously synthesized by Dr. Das Bolikal.  

 

Table 2.1 – Mol% and wt% of manually synthesized poly((I2)DTE-co-PEG carbonate) polymers 

 
(I2)DTE-PEG mol% PEG MW PEG wt% 

DTE-70 106* 40.9 
DTE-10 1000 23.7 
DTE-20 1000 41.2 
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DTE-40 1000 65.1 
DTE-15 2000 49.7 
DTE-30 2000 70.6 

DTE-0.71 35000 41.2 
I2DTE-5 1000 7.93 

I2DTE-20 1000 29.0 
 

*: named “PEG100” for the remainder of the thesis. 

 

2.2.2. Parallel polymer synthesis 
 

Polymers were synthesized in a Chemspeed Accelerator SLT-100 (Chemspeed 

AG, Augst, Switzerland) using methods described previously [137]. A detailed 

methodology is given below.  

 

2.2.2.1. Monomer preparation 
 

 DTE monomer was purified to increase yield and prevent premature termination 

of the polymerization reaction. The monomer was dissolved to make a 20% w/v solution 

in methylene chloride and stirred for 3 h. The solution was then vacuum-filtered with a 

sintered flask, re-dissolved to make a 33% w/v solution, and stirred for an additional two 

hours. A second vacuum filtration was performed and the monomer was vacuum dried 

for 24 hours at 40 °C.  

 

2.2.2.2. Chemspeed Accelerator synthesis method 
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Polymers were synthesized using a Chemspeed Accelerator SLT-100 parallel 

synthesizer. Bulk solutions for each mer unit were prepared and completed with CH2Cl2 

to the volumes described on Table 2.2.  

 

Table 2.2 – Stock solutions prepared for automated parallel synthesis of a library of poly(DTE-co-PEG 
carbonate) polymers 

 

Solution Weight (g) Pyridine added (g) Total volume (mL) 

DTE 18.5 12.9 100 
PEG100 1.94 4.24 25.0 
PEG1k 1.94 0.84 25.0 
PEG2k 1.94 0.73 25.0 
PEG8k 1.94 0.65 25.0 
PEG20k 1.94 0.63 25.0 
PEG35k 1.94 0.62 25.0 

TP (PEG100) 5.92 n/a 25.0 
TP (other PEGs) 7.96 n/a 75.0 

 

A separate, more concentrated solution of TP was made exclusively for PEG100 

because of the large amount of TP needed to achieve polymerization with a large number 

of hydroxyl groups. Pyridine was added to each solution in excess to form leach HCl 

formed during the reaction. All solutions were dried with 8-12 mesh 4A molecular sieves 

(Acros) prior to usage to remove as much water as possible. Table 2.3 describes the 

volumes used for each polymer set that were transferred for each polymer to obtain the 

proper stoichiometric proportions.  

 

Table 2.3 – weight of PEG, triphosgene (TP), and pyridine (Py) added to each reaction during automated 
parallel synthesis for the poly(DTE-co-PEG carbonate) library 

 

wt% PEG PEG MW 
PEG 
(mg) 

DTE 
(mg) 

TP 
(mg) 

Py 
(mg) 

20% PEG100 66.0 264 162 395 
30% PEG100 99.0 231 187 458 
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40% PEG100 132 198 213 521 
20% PEG1k 66.0 264 95.5 233 
30% PEG1k 99.0 231 88.5 216 
40% PEG1k 132 198 81.4 199 
20% PEG2k 66.0 264 91.6 224 
30% PEG2k 99.0 231 82.6 202 
40% PEG2k 132 198 73.6 180 
20% PEG8k 66.0 264 88.7 217 
30% PEG8k 99.0 231 78.2 191 
40% PEG8k 132 198 67.7 165 
20% PEG20k 66.0 264 88.1 215 
30% PEG20k 99.0 231 77.3 189 
40% PEG20k 132 198 66.5 163 
20% PEG35k 66.0 264 87.9 215 
30% PEG35k 99.0 231 77.1 188 
40% PEG35k 132 198 66.2 162 

 

Each reaction was then diluted to 3.6 mL with a stock solution of CH2Cl2 and vortexed at 

800 RPM for 5 minutes to cause complete mixing of the solutions. TP was then dispensed 

in the volumes specified in Table 2.3 for each reaction at a flow rate of 50 µl/min, with 

continuous vortexing at 800 RPM of the reactions for 45-60 mins. Reactions were 

quenched with 1.5 mL of a 6:4 THF:DI water solution.  

Because of the extreme toxicity of phosgene [138], the following safety 

precautions were taken: 1) A phosgene detector (TLD-1 Toxic Gas Detector, Honeywell, 

Morristown, NJ) was placed inside the SLT-100 that would audibly sound if the 

phosgene level surpassed 100 ppb. 2) A phosgene hangtag (Morphix Technologies, 

Virginia Beach, VA) with a red chemical indicator and detection threshold of 900 ppb 

was placed on the outside surface of the SLT-100. 3) An open bottle of 8 mL stock 

solution of NH4OH was placed in the SLT-100 to quench any possible gaseous phosgene 

that resulted from TP breakdown during the reaction process. 4) A large excess of 10% 

v/v triethylamine in ethanol was transferred to each vial of TP solution to quench any 
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remaining TP. 5) Before opening the hood of the SLT-100, a nearby chemical hood was 

opened completely to allow negative pressure from the hood to take in any possible 

phosgene breakdown products. All personnel were evacuated from the lab for 10 minutes.  

 

2.2.2.3. Work up 
 

Reacted polymer solutions were transferred to 20 mL scintillation vials (Wheaton 

Science Products, Millville, NJ) and precipitated with IPA. After shaking for ~10 mins, 

the IPA supernatant was decanted and the polymers were redissolved in THF and 

reprecipitated in DI water for additional purification and removal of pyridine 

hydrochloride and low molecular weight oligomers. After the second precipitation, 

polymers were frozen at -80 °C and lyophilized (Labconco).  

 

2.3. Polymer characterization  

 

2.3.1. Gel permeation chromatography (GPC) 

 

7-10 mg of polymer were dissolved in DMF with 0.1% TFA. DMF with 0.1% 

TFA was used as a mobile phase (Waters 410 RI detector, Perkin Elmer, Waltham, MA) 

for GPC. A flow rate of 1 mL/min was used in gel columns with pore sizes ranging from 

103 – 105 Å (Varian Inc., Palo Alto, CA). Polystyrene standards were used a reference. 

Weight average molecular weight (Mw), number average molecular weight (Mn), and 

polydispersity (Pd) were measured by integrating peaks from the onset of the first peak to 

the end of the last peak.  
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2.3.2. Nuclear magnetic resonance (NMR) 

 

10-15 mg of polymer was dissolved in 750 µL dimethylsulfoxide (DMSO, Acros) 

and transferred to an NMR tube. In instances where PEG was difficult to differentiate 

from water, chloroform was used instead. The tube was placed inside a 500 MHz NMR 

(Varian) until 32 counts were obtained. Peak assignments for each chemical group were 

described by Yu and coworkers [104] and can be seen in Figure 2.1. To calculate the 

amount of PEG present in each sample, the following calculations were used: 
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where:  

DTEpeak = the value of the NMR peak for the CH2 part of the ethyl group at 4.1 ppm  

DTEH = the number of hydrogens in the CH2 = 2,  

DTEMW = the MW of DTE ≈ 357,  

PEGpeak = the value of the NMR peak for the CH2CH2 unit of PEG.  

PEGMW = the molecular weight of PEG 

PEGH = the number of hydrogens in a repeat unit of PEG = 4,  

PEGunit = the molecular weight of the CH2CH2O PEG repeat unit ≈ 44.   
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Sample NMR calculations are presented in the Appendix, Section 7.3. 

 

Figure 2.1 – Peak assignments DTE-PEG polymers in proton NMR. Figure reproduced from [104] with 
permission from Elsevier Limited.  

 

2.3.3. Differential scanning calorimetry (DSC) 

 

2-5 mg of material were weighed into an aluminum pan (Mettler Toledo, 

Columbus, OH), covered, and sealed. Samples were loaded into a DSC 2520 (Mettler 

Toledo) and analyzed using the following program: 

1. Cool from room temperature to -50 ºC 

2. Heat from -50 ºC to 150 ºC at 10 ºC/min 

3. Isothermal for 5 minutes 

4. Cool from 150 ºC to -50 ºC at 10 ºC/min 

5. Isothermal for 5 minutes 

6. Heat from -50 ºC to 150 ºC at 5 ºC/min 
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The program allowed for greater sensitivity in detecting possible melting points from 

high PEG concentrations. The second heating scan was performed at 5 ºC/min to allow 

for better detection of multiple transitions that may occur from phase-separated systems. 

Tg was calculated from the intersection point of a horizontal line at half step height and 

the inflectional tangent, step-height being the change in the specific heat between the 

onset and endpoint of the glass relaxation (ASTM midpoint method). 

 

2.3.4. Equilibrium water content (EWC) measurement 

 

5 mm diameter discs were punched from 200 µm compression molded films and 

incubated in 5 mL PBS for several different time points – 3 hours, 6 hours, 24 hours, 48 

hours, and 168 hours (1 week) at 37 ºC. Discs were retrieved after incubation and dab-

dried with a Kimwipe (Kimberly-Clark, Dallas, TX) to remove surface liquid. Samples 

were immediately run in a TGA to prevent moisture loss. Instrument temperature was 

ramped from room temperature to 350 ºC at 10 ºC/min. Equilibrium water content was 

measured using the following equation:  

 
%100*

wet

drywet

M

MM
EWC

−
=  (2.4) 

 

where Mwet is the mass of the sample at 23 ºC and Mdry is the mass at 150 ºC.  

 

2.4. Sample preparation 

 

In several instances, samples were prepared specifically to take advantage of 

various characterization techniques.  
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2.4.1. Compression molding  

 

Kapton films were cut to the size of a custom-made mold and cleaned thoroughly 

with acetone and nitrogen air. 200 µm shims were placed at the end of each Kapton film 

to control film thickness. 500 mg of polymer were placed in between the two cleaned 

Kapton films and stacked in a pyramid shape to allow for dispersion upon pressing. For 

powder polymers, 500 mg powder was first cold-pressed into a tablet at 15000 lbf in a 

hydraulic press (Carver, Wabash, IN). Polymers were pressed at the glass transition 

temperature (Tg) + 50 ºC using the following procedure: 

1. Leave polymer at Tg + 50 ºC and P = 0 for 5 minutes. 

2. Ramp up to 15000 lbf gradually over 90 seconds.  

3. Leave the polymer at 15000 lbf for 60 seconds. 

4. Gradually release pressure from the press and remove the mold. 

This procedure typically gave fault-free, uniform films. Additional polymers treatments, 

such as annealing or quenching, were performed at this time if necessary.  

 

2.4.2. Spin-coating 

 

All solvents used in spin coating were first dried using 4A sieves (Acros). 

Polymers were dissolved in a 1% w/v solution with 1,4-dioxane. When spin-coating onto 

glass cover slips, additional steps were taken to clean the cover slips. 15 mm diameter 

glass cover slips (Fisher) were first sonicated in ethanol for 1 hour, and then sprayed with 
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bulk isopropanol and dried with nitrogen. Prior to spin-coating, humidity was controlled 

by running drierite-treated air through a glove box containing the spin-coater. Humidity 

was at less than 10% relative humidity before spin-coating. Cover slips or gold quartz 

crystals were placed onto the vacuum chuck of the spin coater (Headway Research, 

Garland, TX) and centered. 50 µL polymer solution for gold quartz crystals, or 80 µL for 

glass cover slips, were pipetted onto the substrate to cover the entire surface. The spinner 

motor was immediately activated at 4000 RPM for 30 seconds. Coated cover slips or 

crystals were then placed in a vacuumed desiccator overnight. Spin coating results are 

described in Section 7.1. 

 

2.4.3. Polymer fractionation 

 

Polymers were dissolved in THF to make a 10% w/v solution. IPA was added 

dropwise until the solution became slightly turbid. Solutions were then centrifuged at 4 

ºC at 2300 RPM for 20 minutes (Beckman Coulter, Brea, CA). The supernatant was 

decanted into another container, and the process of adding IPA and centrifuging was 

repeated three more times, resulting in four separate fractions. Fractions were then frozen 

and lyophilized to remove any residual solvent. Fractions were named in order of 

precipitation, i.e. F1 was the first fraction precipitated, F2 was the second, and so on. A 

large amount of IPA was added during precipitation of F4 to maximize yield of the 

material, and as a result, this fraction often contained oligomeric units. In instances where 

F1 yield was high (>250 mg), F1 was redissolved and fractionation was performed again 
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to yield four additional fractions. These fractions were named F1-1, F1-2, F1-3, and F1-4, 

and are referred to in the text as “subfractions”.  

 

2.5. Atomic force microscopy (AFM) 

 

Spin-coated glass cover slips were mounted on a metal disc using two-sided 

adhesive and placed in a magnetic sample holder in an AFM (Veeco Instruments, 

Woodbury, NY). A silicon probe (NanoAndMore, Lady’s Island, SC) was mounted in the 

probe holder and the probe tip was aligned with the feedback laser. The cantilever was 

tuned and the peak offset by 5%. Integral and proportional gains were adjusted until 

proper sample tracking was achieved, and 20 µm x 20 µm fields were scanned. Large 

irregularities, such as dust particles and streaks, were omitted from the measurements.  

 

2.6. Protein surface characterization – quartz crystal microbalance with dissipation 

(QCM-D) 

 

Polymer solutions were spin-coated onto gold quartz crystals (QSX301, Q-Sense 

AB, Göteborg, Sweden) as described in Section 2.4.2. Coated crystals were mounted into 

stainless steel flow modules in a Q-Sense E4 system. The temperature for the modules, 

buffer, and protein solution aliquots was set at 37 ºC. Frequency sweeps were performed 

to determine the resonant frequencies for each crystal. PBS was then flowed through the 

system at a flow rate of 0.17 mL/min until liquid reached the chambers, evidenced by a 

sharp decrease in frequency and increase in dissipation. The resonant frequency was 
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found again after exposure to liquid, and frequency and dissipation readings were 

allowed to equilibrate. After a stable baseline was achieved (∆f < -1 Hz per 10 mins, ∆D 

< 1E-6 per 10 mins), 3 mg/mL protein solutions of either fibrinogen or BSA were 

introduced for 1 hour. After adsorption for 1 hour, PBS was flowed through the system 

again for 1 hour to remove any irreversibly adsorbed protein.  

 

2.6.1. QCM-D modeling 

 

 Raw QCM-D data was modeled using provided software (Q-Tools, Q-Sense AB). 

Modeling limits were set between the endpoint of the equilibration step and the end of the 

PBS rinsing step. For samples with low dissipation (∆D < 2E-6), the Sauerbrey 

relationship [129] was used as an acceptable approximation to determine the adsorbed 

mass.  

 

n

fC
m

∆
−=∆  (2.5) 

 

This relationship is simply a linear relationship between frequency shift and adsorbed 

mass, where C = 17.7 ng/(Hz-cm2) and n = the overtone number. It has been reported that 

for low dissipations, the adsorbed mass can be determined accurately with the Sauerbrey 

relationship [130]. When dissipation is high, the Sauerbrey relationship underestimates 

the actual mass, and is no longer applicable [98, 130]. In these cases, the Voigt model 

was used.  
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Figure 2.2 – A sample QCM-D graph with frequency (blue line) and dissipation (orange line) of the 3rd 
overtone shown. Modeling limits were set from point 1 (onset of protein adsorption) to point 2 (end of 
rinsing step).  

  

Overtones 3, 5, and 7 were selected when possible for the modeling of the raw 

QCM-D data. Overtone 9 was substituted when overtones 3, 5, or 7 were excessively 

noisy or deviant. Fluid density, viscosity, and layer density were fixed at 1000 kg/m3, 

0.001 kg/m-s, and 1200 kg/m3, respectively, as determined previously by Weber et al. for 

a similar polymer/protein system [98]. Layer viscosity, shear, and thickness limits were 

set to 10-5 – 10-2 kg/m-s, 104 – 107 Pa, and 10-10 – 10-7 m, respectively, as the curve-fitting 

parameters. The layer thickness value obtained from the Voigt model was converted to 

adsorbed mass per area by the equation:  

 δρ=m  (2.6) 

 

1 

2 
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which is reported in ng/cm2 or µg/cm2. A minimum of n=3 was obtained for each sample. 

Significance was determined by a two-tail student’s t-test at a p value of <0.05.  

 

2.6.2. Cleaning procedure 

 

After use, the QCM-D system was cleaned at high flow rates (2.5 mL/min) with 

50 mL of deionized (DI) water, followed by 50 mL of 1% v/v Tween-20 solution (Sigma-

Aldrich), and followed by 100 mL DI water. Chambers were dried with nitrogen to 

remove residual water, and the quartz crystals were removed. Crystals were then soaked 

in THF to remove polymer coatings, and then placed in a 1:1:5 solution of ammonium 

hydroxide, hydrogen peroxide, and DI water at 80 ºC for 10 minutes. Crystals were rinsed 

off with DI water, dried with nitrogen, and placed in a UV/ozone chamber (Jelight 

Company, Irvine, CA) for 10 minutes before reuse.  

 

2.7. Small angle neutron scattering (SANS) 

 

 11 mm discs were punched from 200 µm compression molded polymer films. 

Deuterated PBS (DPBS) was made by reconstituting PBS powder with an appropriate 

amount of deuterium oxide (D2O). The polymer samples were incubated in 10 mL DPBS 

for specified amounts of time or until their EWC was reached. Samples were then placed 

into quartz chambers and filled with a few drops of DPBS. Temperature was varied 

between 23 ºC, 37 ºC, and 60 ºC for certain samples to examine temperature effects on 

bulk morphology.  
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SANS data were collected at the spallation sources (Argonne National 

Laboratory, Chicago, IL) using the small angle neutron diffractometer (SAND) 

instrument over a q range from 0.004 to 1 Å-1  (q is the scattering vector; q = 2π/d, where 

is d is the Bragg spacing), the low-Q diffractometer (LQD) from Los Alamos National 

(Los Alamos, NM) laboratories (q = 0.003 Å-1 - 0.5 Å-1), and at the HFIR’s SANS3 beam 

line at the Oak Ridge National Laboratories (ORNL, Oak Ridge, TN) using 6.5 m ( q = 

0.006 to 0.135 Å-1) and 14.5 m (q = 0.003 to 0.06 Å-1)  sample-to-detector distances.   

 

2.7.1. SANS data analysis 

 

The isotropic 2D-data were reduced to 1D I(q)  vs. q plots, where I(q) was the 

radially averaged intensity at each value of q. Scattering from PGA was used to calculate 

the spacing between the D2O-rich interlamellar regions, and the area of the interference 

peak. The peak was fitted to a Gaussian,  

 2
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where a and b are the slope and intercept, respectively, of a baseline under the curve, I0 is 

the maximum intensity, measured perpendicular to the baseline, q0 is the position of I0, 

and w is the full-width at half-maximum. The a and b values were determined by using 

the SLOPE and INTERCEPT functions, respectively, at the onset and endset of the peak. 

I0 and q0 were then curve-fitted in Microsoft Excel (Microsoft Corp., Redmond, WA) 

using the Solver add-in function. 
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Data from PDLLA, PLA and PLGA were analyzed as fractals [116], using the 

slope of the log(q) vs. log(I(q)) curve to determine the fractal dimensions.  A slope of ~3 

indicates a mass fractal, while a slope ~4 indicates a surface fractal. Trends for the data 

are described in Chapter 3.  

Raw SANS data from DTE-PEG polymers was modeled using the Zernicke-Prins 

(Z-P) approximation [118], which assumes that scattering domains are spherical. The 

equation is given as: 
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where: 

 







= 22

2

1
exp σqA  (2.9) 

 

I0 = initial intensity 

q = scattering vector 

R = radius of scattering bodies 

d = center-to-center distance between scattering bodies 

σ = the spread in d (lower value indicates more uniformity in distances, and vice versa) 

and, 
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where: 

ICDS = central diffuse scattering intensity, referred to in the remainder of the text as zero-

angle scattering 
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Rg = radius of gyration 

The B term is a modification of the Z-P equation that helps to model the possible 

existence of a central diffuse curve, i.e. large I(q) values at low q values. This event 

typically occurs when scattering bodies physically merge during a phase separation event. 

In most cases, the B value was close to 0. The data was curve-fitted using the Solver add-

in for Excel (Microsoft) using a trial-and-error approach until a best fit was achieved, i.e. 

when R2 was maximized.  

The fitting parameters and their relationship to the scattering bodies are shown in 

Figure 2.3Error! Reference source not found.. In this model, σ is a measure of the 

short-term order of the scattering domains, but does not denote any statistical chance of 

the location between scattering bodies. To reduce confusion, and to also normalize σ to 

the d-spacing, the value σ/d, termed the “fractional deviation,” can be calculated. This 

value effectively expresses the minimum and maximum possible center-to-center 

distance between scattering bodies as a percentage above and below the calculated d-

spacing.   
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Figure 2.3 – Schematic that illustrates the parameters described by the Z-P model. Hydrated clusters are 
described as spheres, with a radius R, center-to-center distance d, and short range ordering of σ. In 
instances of zero-angle scattering, the size of large, merged clusters are described by the radius of gyration, 
Rg.  

 

In some samples, a high intensity signal may be obtained at low q values in 

addition to a regular scattering peak. This signal is typically the result of several 

scattering bodies merging together to form a larger body, and is described by the second 

term in the equation. The value Rg describes the size of the merged cluster.  

 

2.8. Contact angle measurements 

 

Contact angle hysteresis has been described as a method for detecting micro- and 

nanofeatures, [139], and can be calculated from the difference between the advancing and 

receding contact angles: 
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raHysteresis θθ −=  (2.11) 

 
Polymers were spin-coated onto glass cover slips as described previously, and cleaned off 

with nitrogen to remove any potential contaminants from the surface. DI water was 

filtered twice through 0.45 µm Whatman filter to remove particulates and placed into a 

syringe. A goniometer (Ramé-Hart, Mountain Lakes, NJ), was used to measure this 

angle, with the leading edge of the water drop lined up tangentially with the reader and 

the base horizontal line aligned with the contacting surface between the water drop and 

the substrate. A single drop was dripped onto the surface of the cover slip, with the 

needle still contained within the drop. The angle measured for the drop in this situation is 

known as the advancing contact angle, θa. The water droplet was then retracted until the 

syringe separated from the drop, and the receding contact angle, θd was measured. Both 

sides of four separate drops were measured, giving a total of n=8 measurements. 

 Surface energy measurements were performed to obtain additional information 

about surface properties. Three probe liquids, water, glycerol, and diethylene glycol, were 

used to determine the surface free energy [140-141]. During changeover of probe liquids, 

the syringe and all contacting parts were flushed out with copious amounts of DI water 

and dried with nitrogen. The probe liquid was then used to “rinse” the syringe and needle 

three times to ensure that the concentration of liquid present was primarily the probe 

liquid used to measure the surface. Eight replicates of each probe liquid were measured, 

as described above.  

 The surface energy was calculated using the Fowkes approximation [140, 142]:  
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where γl is the total liquid surface tension, γl

d is the dispersive component of the liquid, 

γl
p is the polar component of the liquid, γs

p is the polar component of the surface, and γs
d 

is the dispersive component of the surface. The value of θ is determined by the contact 

angle, while γl and γl
p are known values as given in Table 2.4. 

 
Table 2.4 – Dispersive, polar, and total surface tension values for water, glycerol, and diethylene glycol 

(DEG). Values obtained from [141]. All values have units in mJ/m2. 

 
 γl

d γl
p γl 

water 21.8 51.0 72.8 
glycerol 34.0 30.0 64.0 

DEG 31.7 12.7 44.4 
 

After applying the contact angle, γl, and γl
d values, it becomes evident that equation 

(2.12) follows the form y = mx + b, where m = (γs
p)1/2 and b = (γs

d)1/2. By plotting x vs. y 

for the three probe liquids, m and b can be determined by drawing a least-squares linear 

trendline between the three points. The total surface free energy, γs can then be found by 

adding m2 and b2, i.e. γs
p and γs

d. 

 d

s

p

ss γγγ +=  (2.13) 

 

2.9. Cell studies 

 

2.9.1. Cell population and spreading 

 

SaOS-2 cells (ATCC, Manassas, VA) were propagated in F12H (Invitrogen, 

Carlsbad, CA) supplemented with L-glutamine, penicillin-streptomycin, and 10% fetal 

bovine serum (Sigma). Cell nuclei were stained with Hoechst 3328 (Molecular Probes 
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Inc., Eugene, OR), and cells were imaged using both fluorescence and phase-contrast 

modes at 24 hours post seeding. Cell population was assessed by counting the number of 

Hoechst-positive nuclei in a random image field per a replicate with 4 replicates of each 

substrate type (n=4). Cell spreading was analyzed by measuring cell areas of 16 

individual cells on 4 replicates of each substrate type (n=16) using Image J (NIH, 

Bethesda, MD).  

 

2.9.2. Apoptosis measurement – nuclear translocation of GFP-GAPDH: 

 

At 24 hours post seeding, the nuclear and cytoplasmic distributions of endogenous 

GFP-GAPDH in SaOS-2 cells were analyzed quantitatively following previously 

published methods [143-145]. Briefly, cells nuclei were stained using Hoechst 3328 

(Molecular Probes) and imaged at 60x using a fluorescent multiphoton microscope (Leica 

Microsystems, Wetzlar, Germany). The average green fluorescence in the nucleus and 

cytoplasm was determined after subtracting the background. Apoptotic activity was 

determined by dividing the nuclear fluorescence intensity by the cytoplasmic intensity, 

with a higher ratio indicating more apoptotic activity. Images were analyzed using 

ImageJ (NIH). Each experiment consisted of analyzing 16 individual cells on 4 replicates 

of each substrate type (n=16). 

 

2.9.3. Integrin α5 expression and intracellular distribution 
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The protein expression of integrin α5 was assessed by immunocytochemistry and 

image analysis. Samples were fixed with 2% paraformaldehyde (PFA, Sigma), blocked 

and permeabilized with 5% horse serum (Sigma) and 0.1% triton x-100 (Sigma), 

incubated with a 1:50 dilution of monoclonal mouse anti-human integrin α5 antibody 

(R&D Systems, Minneapolis, MN), and then incubated with a 1:100 dilution of 

Alexafluor 594-conjugated goat anti-mouse secondary antibody (Invitrogen). Cells were 

counterstained with Hoechst 3328 (Molecular Probes) and fluorescein isothiocyanate 

(FITC)-phalloidin (Sigma) to identify cell number and cell area. Cells were then imaged 

by fluorescence microscopy (Carl Zeiss Inc., Thornwood, NY). Both fluorescence signals 

from integrin α5 proteins and cell areas were measured from image fields using ImageJ 

(NIH). The fluorescence signals from single cells were normalized to the corresponding 

cell areas. Twenty-five individual cells on 5 replicates of each substrate type were 

examined (n=25). Intracellular distribution of integrin α5 proteins was assessed by 

imaging GFP signals from GFP-integrin α5-transfected cells. 

 

2.9.4. Fluorescence in-situ hybridization (FISH)  

 

mRNA expression of integrin α5 was assessed by in situ hybridization and image 

analysis. Cells were fixed using 2% PFA in PBS, washed with xylene (Sigma), and 

rehydrated with 100 % ethanol. A fish sperm DNA FITC-conjugated mRNA probe 

(56FAM/CAGCTATGGCGTCCCACTGTG ) was custom-made (Exiqon, Vedbaek, 

Denmark). Cell were incubated with the probes (250 ng/µL) for 16 hours and washed 

with 60% formamide, NaCl, and sodium citrate. Cell nuclei were counterstained with a 
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ToPro-3 dye (Molecular Probes) and imaged. Both fluorescence signals from integrin α5 

mRNA probes and cell areas were measured from image fields using ImageJ (NIH). The 

fluorescence signals from single cells were normalized to the corresponding cell areas. 

Eight individual cells on 3 replicates of each substrate type were examined (n=8).  

 

2.9.5. Quantitative polymerase chain reaction (QPCR) 

 

Polymers were spin-coated onto 15 mm glass coverslips as described in Section 

2.4.2. 50,000 SaOS-2 cells were seeded onto. After 4 hours, non-adherent cells were 

washed out and RNA was either harvested immediately or cells were allowed to culture 

for 20 additional hours prior to harvest of RNA (Promega, Madison, WI) and synthesis of 

cDNA (Qiagen Valencia, CA). Quantitative PCR was conducted on the cDNA using the 

Roche 480 LightCycler, utilizing SYBR-green detection dye (Roche Applied Sciences, 

Indianapolis, IN). Expression of integrin α5 was held relative to GAPDH expression 

levels to calculate ∆∆Cp.   
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3. Manual synthesis and characterization of poly(DTE-co-PEG carbonate) polymers  

 

Based on the manuscript: “Study of nanoscale hydration modes in current and 

prospective biomaterials using small-angle neutron scattering”, by Arnold Luk, N. 

Sanjeeva Murthy, Wenjie Wang, and Joachim Kohn, in preparation.  

 

3.1. Background 

 

The main purpose of this chapter is to determine whether phase separation can 

occur at a quantifiable length scale in a focused set of random multiblock poly(DTE-co-

PEG carbonate)s. SANS was used to identify potential phase separation at the nanoscale, 

and these results were correlated with protein adsorption studies to determine possible 

relationships between spatial characteristics protein adsorption capabilities of a polymer. 

The SANS studies on potential phase separation may also provide insight into modes of 

hydration and subsequent degradation of hydrophobic/hydrophilic systems. A study by 

Sousa et al. had previously reported that over the course of 12 months, poly(DTE-co-8 

mol% PEG1k carbonate) exhibits preferential degradation and erosion of PEG-rich 

regions in the form of hollowed channels [146]. Other previous studies have shown that 

degradation products in PEG-containing polymers tend to be PEG-rich, showing that 

preferential degradation of PEG segments can be extended to several polymer systems 

[147-148]. Though extensive research into polymer degradation and erosion are outside 

of the scope of this thesis, spatial features deduced from the SANS studies presented in 

this chapter may correlate with the channel sizes observed in their study and elucidate 
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morphological changes that may occur between short-term hydration and eventual 

erosion.  

Several poly(DTE-co-PEG carbonate) polymer compositions previously 

synthesized by Yu et al. [104] were replicated for this study, with polymers extending to 

poly(DTE-co-40 mol% PEG carbonate). Polymers with even more PEG were reported to 

be water soluble [104], making their biological substrate properties difficult to study. To 

investigate how PEG molecular weight affects phase separation, three polymers with 

identical weight percentages of PEG and different PEG molecular weights were also 

analyzed: poly(DTE-co-70 mol% PEG100 carbonate), poly(DTE-co-20 mol% PEG1k 

carbonate) and poly(DTE-co-0.71 mol% PEG35k carbonate). Poly(DTE-co-PEG 

carbonate)s with PEG contents ranging from 0-10 mol% PEG1k have been previously 

investigated to examine fibronectin adsorption, fibroblast motility, and cellular 

mechanics as a function of increasing PEG [77, 149]. Additionally, poly(I2DTE-co-PEG 

carbonate)s were studied, as they are promising candidates for biodegradable vascular 

stents [98]. Examination of an iodinated set of polymers also provides valuable insight 

into how phase separation may be affected by a stiffer backbone mer.  

To examine how increased mobility affects phase separation, SANS was 

performed while varying temperature dynamically from 23 ºC to 37 ºC to 60 ºC and back 

to 23 ºC. Such studies could provide perspective on phase behavior during processes such 

as sterilization and subsequent shelf storage. Finally, commonly used biomaterials, 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), 

and poly(D-L-lactic acid) (PDLLA) were also obtained and studied to draw comparisons 
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between different copolymers systems, semicrystalline polymers, and the poly(DTE-co-

PEG carbonate)s.  

   

3.2. Results 

 

3.2.1. General polymer properties 

 

For brevity, poly((I2)DTE-co-PEG carbonate) polymers will be simply referred to 

as (I2)DTE-PEG polymers for the remainder of the thesis. Weight % PEG will be used to 

describe polymers to improve comparisons between materials with different PEG 

molecular weights. Specific (I2)DTE-PEG polymers will be described in this chapter as 

((I2)DTE wt%-PEGMW), e.g. DTE-41%-PEG1k = poly(DTE-co-41wt% PEG1k carbonate).  

Relevant characteristics of the polymers used in this work are given in Table 3.1. 

The mol % PEG is provided for reference. Increases in PEG weight % increase the water 

content and decrease the Tg, consistent with previous results [98, 104]. At lower PEG 

compositions the water content equilibrates to a low value over a long period of time 

[104]. As PEG content increases, polymers become increasingly soft and hydrogel-like, 

and higher levels of equilibrium water contents is reached at a faster rate. Interestingly, 

DTE-65% PEG1k was water-soluble, while DTE-70% PEG2k was not. DTE-65% PEG1k 

was therefore not investigated further. PGA and PLA were both semicrystalline as 

confirmed by their melting peaks (223 and 169 ºC, for PGA and PLA respectively). 

PDLLA and PLGA were both amorphous.  
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Table 3.1 – Material properties of polymers examined with SANS 

 

Sample composition with 
x mol% PEG 

Weight % 
PEG 

Tg (°C) Mw (kDa) 
EWC (wt. 

%) 

DTE- x% PEGnk     

DTE 0 % PEG n/a 96  3.0 

DTE-5% PEG1k 12.8 63 198 5.3 

DTE-10% PEG1k 23.7 39 186 13 

DTE-20% PEG1k 41.2 4.3 75 42 

     

DTE-15% PEG2k 49.7 -18 140 63 

DTE-30% PEG2k 70.6 -46 226 85 

     

DTE-0.71% PEG35k 41.2 -5.7 185 56 

     

I2DTE- x% PEGnk     

I2DTE 0% PEG n/a 140 219 1.5 

I2DTE-5% PEG1k 7.93 81 57 2.7 

I2DTE-20% PEG1k 29.0 8.9 45 19 

I2DTE-15% PEG2k 36.6 4.2 113 29 

I2DTE-30% PEG2k 58.4 -31 129 62 

     

poly(glycolic acid) n/a 46, 220* n/a 27 

poly(lactic acid) n/a 57, 170*  0.0 

poly(D, L-lactic acid) n/a 42  43 

poly(lactic-co-glycolic acid) n/a 44 95 33 

 

Table 3.2 describes the water uptake characteristics of PGA, PLA, PDLLA, and 

PLGA as a function of time. These four polymers were tested until 28 days, a length of 

time over which significant degradation occurs in the amorphous PDLLA and PLGA 

polymers [150]. PLA showed no water uptake during the 28 day incubation period, 
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consistent with previous literature [151-152], PGA, PDLLA, and PLGA all showed a 

large increase in water uptake at one point during the incubation process. For PGA and 

PDLLA, this occurred after 14 days, while for PLGA, it occurred after 21 days. The 

sudden jump in water uptake suggests that significant morphological changes occurred 

that allowed water to infiltrate the samples. The surges in water uptake for PGA, PDLLA, 

and PLGA also correspond to the onset of degradation as reported in the literature [150, 

153]. In this sense, the sudden influx of water may be caused by additional free volume 

and end groups that may be initiated by degradation [154]. The correlation between these 

changes and scattering data is addressed in the following sections.  

Table 3.2 – % water uptake of PGA, PLA, PDLLA, and PLGA as a function of incubation time 

 

Sample 7 day 14 day 21 day 28 day 

poly(glycolic acid) 3.30 21.2 27.7 27.2 

poly(lactic acid) 0.00 0.00 0.00 0.00 

poly(D,L-lactic acid) 1.87 35.5 39.9 43.3 

poly(lactic-co-glycolic acid) 0.81 1.04 29.9 32.8 

 

Polymers are discussed based on their general morphological characteristics in the 

following sections. Semicrystalline polymers will be discussed first, followed by 

amorphous homopolymers, and amorphous, PEG-containing copolymers will be 

discussed last. These results will highlight the differences in the distribution of water, and 

hence degradation behavior, in these three classes of polymers. 

 

3.2.2. Scattering from PGA and PLA  

 



52 

 

 

Scattering curves from PGA show a peak at 0.062 Å-1 (d = 102 Å) even in the dry 

state (Figure 3.1). This is due to the inherent contrast between the amorphous and 

crystalline regions in the lamellar structure of this polymer, and its distance is close to the 

132 Å reported in the literature [155]. As the amount of water absorbed by the polymer 

increases, at intermediate EWCs, scattering intensity decreases, as evidenced by a large 

decrease in the area under the scattering peak. Upon further hydration, the scattering peak 

becomes more intense compared to the dry sample. This sequence of events is due to the 

preferential diffusion of water in semicrystalline polymers into amorphous regions in 

both the interlamellar regions and to regions outside the crystalline lamellar stacks, but 

only the former contributes to the SANS peak [156-158]. The decrease in intensity at 3-

20% water-uptake is due to contrast matching between the hydrated amorphous regions 

and the crystalline regions. The reduction in domain spacing at larger EWC that 

corresponds to longer times of immersion in water is likely due to hydrolytic degradation 

of the polymers. GPC could not be done to confirm this because the polymer was not 

soluble in either THF or DMF, even after intermediate dissolution in 

hexafluoroisopropanol (HFIP). 
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Figure 3.1 – PGA d-spacing and area vs. water uptake – insets: q vs. intensity graphs of selected points. A 
scattering peak is visible for the dry PGA sample due to its semicrystalline properties. The reduced 
scattering peak seen at ~4% EWC is due to coincidental contrast matching between the lamellar scattering 
intensity and D2O.  

 

Water uptake in PLA, and hence the scattering, was negligible. Although PLA is 

semicrystalline like PGA, the hydrophobicity of PLA makes even the less densely packed 

amorphous domains in PLA impermeable to water. Because very little water infiltrates in 

the sample, trends and correlations between water uptake and scattering behavior could 

not be determined. The ratio of D to L in the PLA that could not be obtained from the 

suppliers, but by comparing the large melting peak and the lack of water uptake to that 

observed in PDLLA, a large majority (~90-95%) of the polymer appears to contain 

mostly the L isomer. 
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3.2.3. Scattering from PDLLA, PLGA  

 

Figure 3.2 shows the evolution of the Porod slope as a function of water uptake 

for PDLLA. The scattering from PDLLA (Figure 3.2, inset), unlike PGA, has no 

interference peak, indicating a lack of organized hydration clusters. The linearity over 

one decade of q in the log I(q) vs. log q plot is indicative of a fractal distribution of water 

in the polymer matrix [116]. Figure 3.2 shows the evolution of the logarithmic slope as a 

function of water uptake for PDLLA. After hydration for 7 days, the fractal dimension 

increases from 1.5 to almost 4, indicating a change in the hydration structure from a mass 

fractal to a surface fractal and finally to a smooth interface between the hydrated domains 

and the surrounding matrix. The increase in fractal dimension is also accompanied by a 

corresponding increase in SANS intensity (data not shown). Despite a large increase in 

the water uptake over several more weeks, the changes in the fractal dimensions are 

small. The inflection of the slope at water uptake of 36 % corresponds to the sample that 

was incubated for 21 days, the approximate time when the polymer begins to show signs 

of degradation [150].  
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Figure 3.2 – PDLLA slope vs. water uptake: inset – sample fractal plot showing the fitted linear portion of 
the log-log 1-D data. Fractal analysis shows that an inflection point in the slope (21 days, 40% EWC) 
occurs at approximately the same time as the reported degradation of PDLLA 

 

 Figure 3.3 shows that an increase in temperature can also increase the fractal 

dimension of PDLLA similar to that observed with increased water uptake. This increase 

in fractal dimension is more pronounced in the less hydrated 7-day samples than in more 

thoroughly hydrated 21-day samples. From these results, it appears that sufficiently 

hydrated samples reach a “plateau” in fractal dimension, but that additional heating can 

increase the fractal dimension of a material that has not yet achieved its EWC. PLGA 

shows a behavior similar to that of PDLLA with the fractal dimension increasing from 

3.5 to 4 from low to high water uptake (Figure 3.4).  
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Figure 3.3 – PDLLA slope and intercept vs. temperature for 7 and 21 day incubation. Temperature scans 
for 7 day incubated samples show an increase in fractal dimensions, while 21 day incubated samples 
remain relatively constant.  

 

Figure 3.4 – PLGA slope vs. water uptake. Behavior is identical to that of PDLLA.  
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3.2.4. Scattering in DTE-PEG polymers:  

 

Representative examples of the SANS data for DTE-PEG polymers are shown in 

Figure 3.5. Figure 3.5a shows a sample scan of a polymer that contains no scattering 

peak. The absence of a scattering peak in certain polymer compositions suggests that 

water is homogeneously distributed throughout the bulk of the polymer. The scattering 

peaks seen clearly in Figure 3.5b and Figure 3.5c at q ~ 0.03 Å-1 indicate the formation of 

hydrated, segregated clusters. Additionally, Figure 3.5c also shows the presence of 

central diffuse scattering, which suggests the existence of large, merged hydrated 

clusters. The graphs also illustrate the good agreement between the observed SANS curve 

and the Z-P model, indicating that this model is adequate for parameterizing the 

scattering curves despite its relatively simplistic nature. The three fit parameters from the 

Z-P model, radius of the scattering domains (r), the separation between the domains (d), 

and fractional deviation (fd, a measure of the distribution in d-spacings), are shown in 

Table 3.3 – Table 3.6. Also shown is the fourth parameter, the radius A of the large 

isolated domains of water that are present in some of the samples (Figure 3.5c).  
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Figure 3.5 – Samples of scattering data (solid circles) curve-fitted using Z-P approximation (blue lines) 
from hydrated polymers. a) Very weak scattering with no distinct scattering peak (DTE-13% PEG1k). Error 
bars are omitted for all future scans to improve visibility of the data. b) A sample with a scattering peak 
(DTE-41% PEG1k). c) A sample with both central diffuse scattering and a scattering peak (DTE-71% 
PEG2k).  

 

3.2.4.1. Effect of PEG  

 

Figure 3.6a shows the SANS scans from a series of non-iodinated polymers with 

different PEG concentrations, with the Z-P fitting results presented in Table 3.3. No 

interference peak was seen in the 0% PEG1k polymer, and there was no distinct peak in 

the DTE-13% PEG1k polymers even after immersion in dPBS for several days. The small 

(~ 7 Å) radius calculated from the data for the hydrated domains in these polymers 

a) b) 

c) 
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suggests that water is homogeneously distributed in the hydrated regions of these two 

polymers. An interference peak appears beginning with 24% PEG1k, and indicates the 

formation of clusters of hydrated domains with d-spacings between 110 to 150 Å. 

Because water associates preferentially with PEG domains, it can be concluded that the 

hydrated domains seen in SANS are the result of hydration-induced phase separated 

PEG-rich regions. This observation is further supported in SAXS data (Murthy et al., 

submitted for publication). The data suggest that PEG-poor and PEG-rich domains begin 

to appear in hydrated samples at PEG concentration between 13 and 24%.  
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Figure 3.6 – SANS data for different PEG compositions. 
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Table 3.3 – Effect of PEG on Z-P model parameters in non-iodinated DTE-PEG polymers 

 

Sample (with 
wt% PEG) 

d-spacing 
 (Å) 

Fractional 
deviation (fd) 

Domain 
radius 
 (Å) 

Zero-angle 
scattering domains 

(Å) 
0% PEG 581 0.28 6.85  

13 % PEG1k 39.2 1.6 6.99  

24% PEG1k 138 0.37 45.7  

41% PEG1k 148 0.26 51.4  

50% PEG2k 128 0.31 52.0 256 

71% PEG2k 106 0.44 45.7 239 

 

An AFM study of the morphology in a segmented block copolymer, with PEG as 

one of the blocks in a chain of crystallizable tetra-amide segments, showed that the 

polymer is inhomogeneously swollen and the surfaces showed 10-50 nm high and 100 

nm wide clusters [159]. In contrast, PEG incorporated into a noncrystallizable main-chain 

in our study shows much smaller hydrated domains. Figure 3.7 shows the changes in the 

domain size and the inter-domain spacing as a function of the water content for all 

polymers listed in Table 3.1, except for the polymer with PEG35k that falls outside this 

family. At water content > 40 wt%, the d-spacing decreases with increasing water 

content, while domain radius remains essentially unchanged. The increase in the intensity 

between 20 and 40 wt% PEG (Figure 3.6a) with only a small change in the position of the 

peak suggests that the existing domains do not grow in size as the PEG (and water) 

content increases, but that new domains of roughly the same sizes are formed. As the 

number of these domains increases, they tend to pack more closely as shown 

schematically in Figure 3.7. 
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Figure 3.7 – Changes in a) water d-spacing as a function of EWC and b) Domain radius as a function of 
EWC for PEG1k and PEG2k polymers. Poly(DTE carbonate) and poly(I2DTE carbonate) homopolymers 
did not show any scattering, and are not included in the figure. A schematic representation shows how the 
d-spacing changes as hydration occurs at low (dl), medium (dm), and high (dh) water contents. 

 

The effect of PEG molecular weight is shown in Figure 3.8 and Table 3.4 DTE-

41% PEG1k and DTE-41% PEG35k. An increase in PEG molecular weight from 1K to 

35K increases the size of the hydrated domains (51 to 101 Å), d-spacing (148 to 325 Å), 

and fractional deviation (0.26 to 0.66). The increase in the water content from 42 to 56 

wt% suggests that large blocks of PEG are able to absorb more water than smaller ones. 

One explanation is that the larger PEG blocks encounter stiff DTE blocks less frequently 

than small PEG blocks, thereby allowing them to swell more than the smaller PEG 

blocks.  

a) b) 
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Figure 3.8 – Raw SANS data for DTE-41% PEG1k and DTE-41% PEG35k.  
 

 
Table 3.4 – Effect of PEG molecular weight on Z-P model dimensions 

 

Sample 
d-spacing 

 (Å) 
Fractional deviation 

(fd) 
Domain radius 

 (Å) 

DTE-41% PEG1k 148 0.26 51.4 

DTE-41% PEG35k 325 0.66 101 

 

3.2.4.2. Effect of temperature  

 

The effect of temperature on size and the spacing of the scattering domains appear 

to depend strongly on the PEG content and therefore the Tg of the polymer. Scattering 

data obtained while the polymer was heated in situ from three non-iodinated polymers 
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with 13, 24 and 41% PEG1k are shown in Figure 3.9a, 3.9b, and 3.9c, respectively. The 

results are summarized in Table 3.6. Even after heating the DTE-13% PEG1k polymer to 

37 and 60° C, no scattering was observed, and hence these results are not listed in Table 

3.6. These results establish DTE-13% PEG1k as a lower limit for phase separation.  

 

Figure 3.9 – SANS data for a) DTE-11.5% PEG1k, b) DTE-24% PEG1k, and c) DTE-41% PEG1k at different 
temperatures. RT1 = initial scan at room temperature, RT2 = scan at room temperature after heating 
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Table 3.5 – Effect of temperature on Z-P parameters for selected DTE-PEG polymers 

 

Sample (with wt% PEG) 
d-spacing 

 (Å) 

Fractional 
deviation 

(fd) 

Domain 
radius 
 (Å) 

Zero-angle 
scattering 

domains (Å) 
     

DTE-41% PEG1k 23° C initial 148 0.26 51.4  

DTE-41% PEG1k 37° C 161 0.44 57.7  

DTE-41% PEG1k 60° C 192 0.44 71.5 311 

DTE-41% PEG1k 23° C final 141 0.31 47.3  
     

DTE-24% PEG1k 23° C initial 138 0.37 45.7  

DTE-24% PEG1k 37° C 142 0.47 53.0  

DTE-24% PEG1k 60° C 394 0.28 93.1  

DTE-24% PEG1k 23° C final - 0.28 57.4 328 

 

In the DTE-24% PEG1k polymer, which has well-defined interference peak, the d-

spacing increased from 138 to 142 Å when the sample was heated from room temperature 

(23° C) to 37° C, and then to ~ 400 Å upon further heating to 60° C (peak maximum 

shifts from 0.04 to 0.034 Å and then to ~ 0.004 Å-1). The large changes in scattering at 

60° C, well above the Tg, arise from the coalescence of the smaller domains into larger 

domains as the temperature is increased. However, even as the radius and the separation 

of the domains increases, a decrease in the fractional deviation suggests a more uniform 

distribution of these domains. Scans obtained at room temperature after cooling from 60° 

C show partial recovery of the starting structure. We note that the rescan at room 

temperature was done 4 h after the 60° C scan. Our experience with these polymers 

suggests that given more time, the structure would have fully recovered. The sample was 

semitransparent at room temperature and became white and opaque after cooling from 60 

to 23 ºC. After 12 h, however, the sample returned to its original semitransparent state. 
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This observation is consistent with the suggestion that a polymer with faster relaxation 

(i.e. lower Tg) would exhibit complete reversibility within the time scale of our 

experiment. 

The scans from the DTE-41% PEG1k polymer show that the d-spacing increases 

from 148 to 161 Å upon heating to 37 °C from room temperature (the interference peak 

shifts to a smaller q). There are other significant changes upon further heating to 60 ºC: 

the distance between the water-domains increases from 161 to 192 Å. This is 

accompanied by a broader distribution of these distances (Table 3.6); and some of these 

domains merge to form larger (~ 300 Å radius) domains, as indicated by the large zero-q 

scattering. Unlike the DTE-24% PEG1k polymer, this DTE-41% PEG1k polymer showed 

almost complete reversibility as indicated by the almost complete recovery of the original 

scattering curve upon cooling the sample back to room temperature, verifying our 

previous assumption.  

 

3.2.4.3. Effect of Iodine  

 

Polymers can be made radio-opaque by iodination so that they can be used in 

applications such as vascular stents and aneurysm coils [98, 160]. Iodination also has 

been reported to affect water uptake behavior [103] and chain stiffness [161]. These 

effects on the hydration behavior were investigated in our polymers by comparing 

polymers in which the tyrosine rings were iodinated with non-iodinated poly(DTE-co-

PEG carbonates)s. One effect of iodination is it increases Tg compared to non-iodinated 
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polymers (Table 3.6). The influence of iodine on the phase behavior is shown in Figure 

3.10 in which the scattering from iodinated and non-iodinated polymers with 41% PEG1k, 

50% PEG2k and the 71% PEG2k polymers are compared. Iodinated polymers with 0 and 

8% PEG1k, like their non-iodinated counterparts, showed no significant interference peak 

(data not shown). The interference peak first appears between approximately 10 and 25% 

PEG. Thus, despite molecular differences caused by the incorporation of iodine, the 

threshold for phase separation is comparable to the non-iodinated polymers. 
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Figure 3.10 – Comparisons in SANS interference peaks between DTE (blue squares) and I2DTE (red 
squares) polymers containing (a) 41% and 29% PEG1k, (b) 50% and 37% PEG2k, and (c) 71% and 58% 
PEG2k. The three polymer pairs contain 20mol%, 15mol%, and 30mol% PEG, respectively. 
 

 

a) b) 

c) 



67 

 

 

The main difference in the hydration behavior between the iodinated and the non-

iodinated counterparts is that the hydrated domains in the iodinated polymers are smaller 

and closer together while the fractional deviations remain unchanged (see Table 3.3 and 

Table 3.6). For instance, even though both the 37% PEG2k iodinated polymer and 70% 

PEG2k non-iodinated polymer absorb about the same amount of water (63 wt%), the 

hydrated domains in the two polymers are 75 and 125 Å apart, respectively. This 

difference in domain size occurs even though the iodinated 58% PEG2k has a lower Tg 

than iodinated 50% PEG2k. It could be that the iodinated DTE segments, which are 

stiffer, are able to confine PEG domains more than the non-iodinated segments.  

Table 3.6 – Effect of PEG in I2DTE-PEG polymers 

 

Sample 
d-spacing 

 (Å) 
Fractional 

deviation (fd) 
Domain 

radius (Å) 

Zero-angle 
scattering 
domains 

(Å) 

I2DTE 62.2 1.6 5.96  

I2DTE-8% PEG1k 38.3 2.5 6.94  

I2DTE-29% PEG1k 106 0.36 41.3 348 

I2DTE-37% PEG2k 98.8 0.34 34.7  

I2DTE-58% PEG2k 75.8 0.40 37.2 346 

 

For each pair of polymers (same mole % PEG) examined, the peak is weaker in 

the iodinated polymer, which is due to lower wt % of PEG (and hence smaller water 

uptake). As the PEG content increases from 40 to 70 wt%, the difference in peak 

intensity becomes less pronounced. This correlates with the smaller difference in water 

content within the pair at these PEG concentrations (Table 3.1). In contrast, the difference 

in d-spacing becomes larger (Figure 3.10). This suggests that while the water content is 
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determined simply by the PEG content, the morphology is determined by the complex 

interactions between the stiff DTE and I2DTE segments and PEG domains.  

 

3.2.4.4. Evolution of hydrated structures  

 

The total volume of the scattering units, which for instance are the hydrated 

domains at < 50 wt% PEG, can be estimated by calculating a parameter known as the 

invariant (Q) from the SANS curve using the expression:  

 ∫= dqqIqQ )(2  (3.1) 

 

Q is also the product of the total irradiated volume and the square of the difference in 

scattering-length density, and is independent of domain shape. The expectation was that 

the invariant would be correlated with the water content, as described in other polymer-

solvent systems [109]. However, no such correlation was found in our samples (data not 

shown). To understand this unexpected result, we examine the peak intensity of each 

series of SANS data. Figure 3.11 shows that as PEG increases from 24 to 41 wt%, 

corresponding to an increase in water content from 13 to 42 wt%, the SANS intensity 

increases as expected. However, a further increase in PEG from 50 to 71 wt%, 

corresponding to a water content increase from 63 and 85 wt%, causes the scattered 

intensity to decreases. 
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Figure 3.11 – Plot of the changes in the position and the intensity of the interference peak maximum in the 
non-iodinated series as a function of the equilibrium water uptake. 

 

One explanation for this change beyond about 45 wt% water uptake is that there is 

inhomogeneous swelling. An example of inhomogeneous swelling in our samples is 

clearly seen in the variable temperature data (Figure 3.9). The interference peak first 

increases with temperature from 22 to 37 ºC due to enhanced water content, but then 

decreases at higher temperatures (60 ºC). It is possible that the hydrated domains coalesce 

to form large islands and contribute to the central diffuse scattering at q= 0 Å-1 instead of 

the interference peak. This change results in isolated large domains as well clusters of 

smaller domains. However, for the data with increasing PEG contents (Figure 3.6a and 

Figure 3.11), it is more likely that phase inversion occurs at ~ 50 wt% PEG (Figure 3.12). 
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Below this value, discrete water domains exist in a continuous DTE matrix, and the 

intensity increases with hydration. Above this value of 50 wt% PEG, the DTE domains 

can be considered as islands in a continuous PEG/water matrix. With increased PEG 

contents, the scattered intensity decreases as the number of DTE domains decreases.  

 

Figure 3.12 – A graphic representation of phase inversion, where orange represents DTE and white 
represents PEG. At low PEG contents, PEG is present as small domains within a DTE matrix. When PEG 
content increases above ~50 wt%, PEG becomes the matrix, and DTE becomes the minor component. This 
results in a lowered scattering intensity, and the invariant is no longer indicative of water content.  

 

3.3. Physical and biological implications  

 

The hydrated PEG domains that we identify in the SANS data could influence 

many of the bulk and surface properties of these polymers. We have found that at very 

low PEG concentration, (<13 wt%) water softens the polymer. At significantly higher 

PEG contents (>40 wt%) the hydrated material behaves like a gel [104]. Between these 

two extremes, under certain PEG contents and molecular weights, water has been shown 

to increase the modulus of the polymer [162].  The critical mass of water required to form 

phase separated domains is ~ 13%. Above this EWC, it appears that PEG segments phase 

separate as hydrated domains in PEG-containing polycarbonates. The changes in the 
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interactions between these phase separated soft segments and the hard DTE segments are 

speculated to be the cause of enhanced modulus observed within a narrow range of 

hydration [163].  

Both increases in water uptake and increases in temperature are expected to 

enhance erosion. Based on TEM analysis of a DTE-20 wt% PEG1k non-iodinated 

polymer (8 mol% PEG1k, as referenced in the paper), Sousa et al. found that at 2 days, 

water and PEG appear to be homogeneously distributed at a resolution of 150 Å [146]. At 

12 months, erosion of PEG-rich fragments results in interconnected network pathway 

high diffusivity channels with characteristic length scales of 500-1000 Å. SANS data 

show that in the DTE-24 wt% PEG1k polymer, the closest in our set to the 20 wt% PEG1k 

polymer used for TEM, even after a few hours of hydration, the distribution of water is 

not homogeneous at a length scale of 100 Å. Instead, domains of water 50 Å in radius 

appear to be separated by about 150 Å. Our results suggest that isolated hydrated 

domains are formed at low water contents. As PEG content increases, water content will 

also increase, leading to domains that are larger in number and packed more closely 

together. After a critical water content is reached, these ~10nm size domains could merge 

to form larger ~ 100 nm islands that eventually from hydration channels and facilitate 

degradation of the polymers. These channels could be the precursor of µm-sized channels 

that form during erosion, including the interconnected channels reported by Sousa and 

coworkers [146]. 

SANS results thus provide insight not only about how materials may phase-

separate, but also how their diffusion properties may change upon hydrolytic degradation 

and erosion. By controlling the PEG content, PEG molecular weight, and the stiffness of 
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the main chain, it is possible to control the formation and evolution of hydration domains 

and channels and thus the degradation characteristics of the polymer. Similarly, in 

polylactide/polyglycolide-based materials, the evolution of fractal structures or changes 

in spacing between crystalline and amorphous regions may provide insight into the 

erosion and drug delivery properties of these polymers.  

Cima et al. have previously reported that cells cultured on PLLA behave 

differently based on the crystalline structure of the polymer [164]. Because polymer 

degradation and erosion occur over time, it then becomes reasonable to assume that for 

crystalline polylactide/polyglycolide-based materials, cell behavior may also change 

dynamically over time. The data seen for PGA in this study shows a gradual change in 

the size of the crystalline domains with water uptake, further reinforcing this argument.  

 

3.4. Initial protein adsorption studies  

 

Protein adsorption is one of the first events that occur upon implantation of a 

biomaterial into the body [1]. The surface-adsorbed proteins mediate the attachment of 

larger biological agents such as cells and bacteria [165]. Hydrophilic polymers such as 

PEG have well-documented protein resistant properties because of their ability to form a 

repellant hydration shell [56, 98, 166-167]. It has been previously known that in graft 

copolymers, sparsely grafted PEG can still allow proteins to adsorb to a surface [70, 168]. 

An analogous effect was produced in random multiblock copolymers by concentrating 

PEG into regions with high PEG molecular weights. As shown in Table 3.4, increasing 
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the PEG molecular weight increases the d-spacing between hydrated domains. It is 

hypothesized that in random multiblock copolymers, the size and spacing of these 

protein-repellent hydrated regions correlate with protein adsorption such that closely 

spaced PEG regions are able to repel most proteins. Conversely, polymers with widely 

separated hydration domains, namely polymers copolymerized with high molecular 

weight PEG and low PEG content, may support protein adsorption due to the presence of 

large, phase separated, hydrophobic regions. To test this theory, fibrinogen adsorption 

was studied on select DTE-PEG polymers containing identical amounts of PEG but 

different PEG molecular weights. 

Initial fibrinogen adsorption studies with DTE-41% PEG100, DTE-41% PEG1k, 

and DTE-41% PEG35k support the idea that PEG molecular weight may modulate protein 

adsorption by spatially-mediated means (Figure 3.13). Fibrinogen adsorption for DTE-

41% PEG100 was high, comparable to the homopolymer poly(DTE carbonate). DTE-41% 

PEG1k, shows complete repellence on all surfaces measured. Upon increasing the PEG 

molecular weight to 35k, protein adsorption increased again, back to levels seen with 

41% PEG100 and poly(DTE carbonate).  
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Figure 3.13 – Fibrinogen adsorption results for DTE-41% PEG100, DTE-41% PEG1k, and DTE-41% 
PEG35k. Complete repellence was observed for the PEG1k-containing material, while the PEG100 and 
PEG35k-containing materials both showed substantial adsorption.  

 

While DTE-41% PEG100 was not measured by SANS in this study, one can 

rationalize the large amount of protein adsorption observed by considering the number of 

ether oxygens in the PEG chain. The fact that the values are about the same as in the DTE 

homopolymer suggest that the polymers with PEG100 segments do not have the typical 

characteristics of a hydrophilic polymer. The lack of protein repellence in low molecular 

weight PEG copolymers has been reported previously [91, 169]. This can be explained by 

the fact that lower molecular weight PEGs have fewer ether oxygens per unit molecular 

weight than higher molecular weight PEGs. The graph in Figure 3.14 depicts how the 
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number of ether oxygens per molecular weight of PEG change as PEG molecular weight 

is increased.  

0

0.005

0.01

0.015

0.02

0.025

100 1000 10000 100000

Molecular Weight of PEG

E
th

e
r 

O
x

y
g

e
n

s
 p

e
r 

M
W

 

Figure 3.14 – Number of ether oxygens per PEG molecule as a function of PEG molecular weight. The 
number of ether oxygens per molecular weight of PEG is the number of repeat units minus 1, e.g. PEG100 
has 2 repeat units and 1 ether oxygen, while PEG1000 has 23 repeat units and 22 ether oxygens.  

 

SANS data from Table 3.4 can be used to determine the dimensions of PEG 

regions and DTE regions for a given space to see if this data correlates with the previous 

assertion that high molecular weight PEG polymers are less able to adsorb protein. An 

equilateral triangle is constructed from the d-spacing value, and the area is calculated 

using the standard relationship A=bh/2. PEG-rich regions are subtracted from the corners 

of this triangle, amounting to 1/6 of the circle area for each corner, or πr2/2. The 

dimensions of fibrinogen have been described at 470 Å x 45 Å x 45 Å [26], and by 
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approximating fibrinogen as a rectangle, the number of fibrinogen molecules adsorbed in 

either the end-on or side-on conformation can be calculated. Fractional deviation was 

discounted to provide a general idea of the average surface area available for adsorption.  

 

Figure 3.15 – Quantification of DTE-rich and PEG-rich areas based on SANS data. Dimensions for 
fibrinogen based on [26]. 

 

The results from Figure 3.13 suggest that this model may be initially sufficient to 

describe protein adsorption behavior in PEG-containing polymers. Several months after 

synthesis, however, the protein adsorption capabilities of DTE-41% PEG35k became less 

pronounced, and eventually disappeared entirely. In examining possible changes in the 

polymer properties, a change in Mw from 185 kDa to 76 kDa was observed after 6 months 

of storage. The polymer was resynthesized, but these new batches of polymer did not 

reproduce the protein adsorption capabilities of the original material. This observation 

indicates that it is not only chemistry that dictates protein adsorption capabilities, but also 

Sample d-Spacing (Å) Fractional Deviation Radius (Å) 
DTE-41% PEG1k 148 0.26 51.4 

DTE-41% PEG35k 325 0.66 101 

  
470 Å x 45 Å x 45 Å 

Side on: 21,000 Å 2 

End on: 2,000 Å 2 

 

 

  
 

  

 

DTE-41% PEG1k 

 

Base = 148 Å, height = 128 Å  
Area = bh/2= 9500 Å2  
9500 – (512*π)/2= 5400 Å2 

DTE-41% PEG35k 

 

Base = 325 Å, height = 281 Å 
Area = bh/2 = 45,700 Å2  
45,700 – (1012*π)/2=30,000 Å2 

Side on = 5400/21,000 = 0 
End on = 5400/2,000 = 2 

Side on = 30,000/21,000 = 1 
End on = 30,000/2,000 = 14 
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molecular characteristics such as molecular weight, polydispersity, and chain 

configuration.  

 

3.5. Conclusions  

 

SANS is a useful technique to characterize the distribution of hydrated domains in 

polymers, although it has so far rarely been used to study the distribution of water in 

biodegradable polymers. The water uptake and scattering properties of three types of 

polymers were studied: semicrystalline polymers, amorphous polymers with 

homogeneous water distribution, and amorphous, phase separated polymers with 

heterogeneous water distribution. This study is one of the first to quantify the phase-

separation morphology and nanoscale dimensions of random, PEG-containing multiblock 

copolymers. The relationships between phase separation and protein adsorption and 

erosion illustrate the importance of morphological characterization in biodegradable 

polymer design.  

In PGA, scattering was observed even for dry samples as a result of contrast 

between amorphous and crystalline regions. Hydration of this polymer for intermediate 

time periods resulted in contrast matching and as a result the SANS intensity decreased. 

Further hydration increased the intensity above that of the dry polymer. No clear 

relationships could be derived between PLA and scattering behavior because of the 

negligible water uptake of PLA. In PDLLA and PLGA, hydration results in a fractal 
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structure, and surface fractals transform into mass fractals as the polymers absorb more 

water.  

In DTE-PEG polymers, three distinct regimes of hydration were established. 

Below certain PEG composition (<24 wt% PEG1k) water is homogeneously distributed at 

10 Å length scales in. A similar threshold value may exist in other PEG copolymer 

systems. Beyond this first critical hydration level, water exists as domains of 30-50 Å 

size which are separated by ~ 100 Å. Increases in either the amount of PEG or the PEG 

molecular weight increases the domain size and spacing until a second critical hydration 

level at water contents of approximately 50 wt% when domain sizes begin to shrink 

despite increases in PEG concentration (Figure 3.10).  

Upon heating, small, closely packed domains merged into large, widely separated 

domains. These changes were reversible as a function of polymer chain flexibility, with 

more flexible polymers (i.e. more PEGylated) reverting to their original morphology 

faster. Increased rigidity of the polymer chain, in this instance by adding iodine to the 

main chain, results in smaller and closer packed water domains. It is likely that these 

structured domains are precursors to the formation of a network of channels that facilitate 

erosion. The PEG-rich selective degradation noted in this system previously [146] and in 

other systems [147-148] implies that the insights into the behavior of tyrosine-derived 

polycarbonates obtained in these studies are applicable to other hydrophobic-hydrophilic 

copolymer systems. The use of two backbone monomers with different stiffnesses, DTE 

and I2DTE, illustrate how molecular mobility can affect domain size and spacing.   

 Initial protein adsorption studies indicated that spatial arrangements of PEG in 

random multiblock copolymers could potentially modulate protein adsorption. However, 
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inconsistent data and a seemingly time and molecular weight dependent relationship 

between protein adsorption and molecular weight of certain polymers appeared to also 

play a role in adsorption capabilities. To further understand the effect of these chemical 

and physical changes on biological properties, protein adsorption studies on a systematic 

DTE-PEG library, with variations in PEG concentration and molecular weight, were 

performed. These studies, as well as an extension of morphological work, are described 

in the next chapter.  
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4. Parallel synthesis and characterization of poly(DTE-co-PEG carbonate) polymers 

 

Based on the manuscript: “Examination of physicochemical factors that cause polymeric 

substrates to transition between protein adsorption and repellence” by Arnold Luk, 

Ramiro Rojas-Escontrillas, Sanjeeva Murthy, Durgadas Bolikal, Joachim Kohn, in 

preparation. 

 

4.1. Background 

 

In Chapter 3, preliminary work was performed that suggested a possible trend in 

phase-separated spatial dimensions and protein adsorption in DTE-PEG polymers 

containing high PEG molecular weights. However, these results were transient, and the 

exact mechanism by which protein adsorption occurred still remains to be discovered. To 

convincingly draw conclusions about general phenomena that occur in PEG-containing 

samples, a sufficiently large library with systematic variations in PEG molecular weight 

and PEG content must be synthesized.  

As described in Chapter 3, DTE-PEG polymers with 24 wt% PEG represent the 

approximate threshold where phase separation can be quantified by SANS. Therefore, a 

library of DTE-PEG containing 20, 30, and 40 wt% PEG and six different PEG molecular 

weights ranging from 100 to 35k was proposed as the investigative library to present 

sufficiently large chemical and morphological variation. PEG100-containing polymers 

were chosen as the low PEG molecular weight polymers because PEG100 is the lowest 

molecular weight of PEG that still contains the ether oxygen moiety responsible for 
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hydrogen bonding with water. It is important to realize that these low PEG molecular 

weight polymers only serve as research tools, and would likely make poor degradable 

biomaterials because of the reported toxicity of PEGs with molecular weights below 400 

[170]. PEG35k is chosen for the upper limit of PEG molecular weights because molecules 

with molecular weights of 35k approach the limits renal clearance [171]. The breadth of 

the proposed library can provide insight into the hydration and protein adsorption 

mechanisms of a wide range of different PEG characteristics. 

Clearly, the synthesis of 18 different polymer compositions in a reproducible 

fashion presents a significant technical challenge. For DTE-PEG polymers, the required 

amount of time for synthesis and work-up of a single polymer is approximately eight 

hours. To aid in the development of such a library, automated parallel synthesis was 

employed to prepare a large number of polymers in a comparatively small amount of 

time. The development of automated parallel synthesis methods for high-throughput 

materials discovery has greatly improved the rate at which discoveries can be made in the 

biomaterials field [172]. After initial investments in time and resources are made to solve 

technical issues, a method for repeated syntheses of a given polymer system using 

automated equipment can be developed. Automation can significantly reduce the amount 

of time needed for the synthesis of many different polymers at a single time, and can also 

eliminate human error and variation that can occur between operators [173]. Optimal 

procedures for the automated synthesis of tyrosine-derived polycarbonates had been 

previously described [137] and were capitalized upon for this study to synthesize a large 

polymer library in a far shorter period of time than could be accomplished with manual 

synthesis.  
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The synthesized library allowed for systematic characterization of the phase-

separation behavior of PEG-containing polymers. The trends observed from Chapter 3 

could therefore be more deeply explored and generalized to the different PEG 

concentrations and molecular weights. Protein adsorption studies provided insight into 

the potential effects of phase separation on the organization of different sized proteins on 

the surface of the polymers. The validity of the spatial organization hypothesis proposed 

previously was then determined. Other potential mechanisms and methodologies for 

examining the effects of phase separation on protein adsorption were explored if the 

hypothesis was invalidated. 

 The nomenclature used to identify individual polymers is the same as the previous 

chapter, except that names are further abbreviated to only describe the PEG weight % and 

PEG molecular weight because all polymers described in this chapter contain only DTE 

and PEG. For example, 20-20k = poly(DTE-co-20wt% PEG20k carbonate). Again, 

generalized poly(DTE carbonate)s are referred to simply as DTE-PEG polymers. GPC-

measured molecular weight will be discussed in terms of weight average molecular 

weight (Mw) and polydispersity, with the number average molecular weight (Mn) implied 

in the polydispersity value.  

 

4.2. Results and Discussion 

 

4.2.1. Automated parallel polymer synthesis 
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 A total of 50 of the 72 polymers were successfully synthesized, representing a 

success rate of about 70%. Importantly, the total amount of time required for synthesis 

and work-up for the 72 individual polymers was only 48 hours, compared to 

approximately 144 hours (18 compositions * 8 hours) for theoretical manual synthesis. 

Success was defined as the polymers having a Mw higher than 100 kDa, a polydispersity 

less than 1.5, and a confirmed composition by NMR. A lower Mw or higher 

polydispersity would indicate the existence of large amounts of unreacted monomer or 

PEG. Because of the complexity of the device used and the multitude of steps required 

for each individual synthesis, lag times between phosgenations, and potential solvent 

evaporation, a 70% success rate represents an average result (Dr. Ramiro Rojas, personal 

communications). At least one sample for each composition was successfully prepared, 

and the molecular weight, Tg, and EWC for each polymer was characterized. Polymers 

with the highest molecular weights and lowest polydispersities for each of the 18 

individual compositions and with yields of at least 150 mg were selected for film 

compression molding for SANS (Table 4.1). The multiple Tgs present for the polymers 

containing PEG35k illustrate that a high concentration of long, continuous chains of PEG 

can produce phase separation that is observable through DSC (Table 4.2).  

 

Table 4.1 – Characteristics of polymers synthesized by automated parallel synthesis. PS = phase separated, 
i.e. multiple Tgs present on 2nd heat.  

 
composition Mw (kDa) Pd dry Tg (ºC) EWC (wt%)  

20%-100 234 1.38 56.8 11.8 

30%-100 196 1.43 44.2 11.1 

40%-100 246 1.34 31.9 16.6 

20%-1k 332 1.36 40.7 10.7 

30%-1k 325 1.25 15.7 29.9 

40%-1k 237 1.22 6.76 31.5 
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20%-2k 326 1.29 40.0 15.8 

30%-2k 207 1.34 -0.96 34.7 

40%-2k 268 1.28 3.65 43.2 

20%-8k 431 1.20 22.0 23.9 

30% 8k 397 1.24 16.5 33.6 

40%-8k 404 1.19 -6.99 42.2 

20%-20k 431 1.23 20.8 24.5 

30%-20k 364 1.23 6.14 47.3 

40%-20k 416 1.20 -8.53 54.1 

20%-35k 373 1.21 PS 28.8 

30%-35k 395 1.27 PS 28.0 

40%-35k 329 1.26 PS 50.1 
 

Table 4.2 – Glass transition data for polymers containing PEG35k.  

 
  Tg1 (°C) Tg2 (°C) Tm (°C) 

20-35k -9.8 84.2 N/A 
30-35k -15.4 83.8 N/A 
40-35k -22.3 83.2 55.7 

 

4.2.2. Small angle neutron scattering (SANS) 

 

SANS is one of a handful of techniques that can determine the nanoscale 

morphology of bulk materials. Upon hydration with DPBS, contrast between phases 

develops from the inherent scattering differences that exist between deuterium and 

hydrogen [158, 174]. A scattering peak in the q vs. I(q) data is indicative of phase 

separation (Figure 4.1a), while a lack of a peak suggests that PEG domains are evenly 

distributed and homogeneous throughout the sample (Figure 4.1b). Despite the fact that 

the Z-P model is a rather simplistic model for describing SANS data, the polymer data 

were fit well, with most least squares fit values occurring at R2 > 0.9 and many at R2 > 

0.95 (Table 4.3).  
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Figure 4.1 – Raw scattering data (blue dots) and Z-P fit (solid black line) for DTE-PEG polymers. Panel A 
shows a material with a scattering peak (30-1k), indicating the formation of discrete hydrated regions. 
Panel B shows a material with no scattering peak (30-100), showing that water is homogeneously 
distributed within the sample.   

 

Table 4.3 – Fitted Z-P dimensions and R2 correlation coefficient for DTE-PEG library.  

 

Polymer 
radius 

(Å) 
d-spacing 

(Å) 
fractional 
deviation 

R2 value 

20-100 318 62.1 2.3 0.970 
30-100 315 31.9 6.0 0.988 
40-100 313 32.5 4.6 0.980 
20-1k 53.2 133 0.43 0.995 
30-1k 51.6 127 0.30 0.967 
40-1k 51.9 127 0.26 0.796 
20-2k 45.7 133 0.34 0.780 
30-2k 60.2 130 0.27 0.975 
40-2k 50.0 122 0.28 0.968 
20-8k 76.6 217 0.34 0.966 
30-8k 73.7 188 0.36 0.780 
40-8k 72.9 189 0.36 0.997 

20-20k 118 291 0.44 0.948 
30-20k 92.9 245 0.39 0.977 
40-20k 87.7 245 0.38 0.976 
20-35k 145 343 0.73 0.995 
30-35k 114 282 0.52 0.892 
40-35k 119 311 0.56 0.980 

 

Overall trends indicate that the domain radii increase as the PEG molecular 

weight increases (Figure 4.2). As domain radius increases, the d-spacing also increases. 
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Upon increasing the PEG concentration, PEG domains decrease in radius, but also have 

reduced d-spacing. Also notable is the fact that the short range order increases as PEG 

molecular weight increases. For polymers containing PEG100, radius values tended to be 

much higher than the rest of the series, while d-spacing values were less than the radius 

of the domains. This information suggests that these materials are homogeneous, a 

conclusion supported by the fact that no notable scattering peak appears in these samples. 

The similar values between the PEG1k and PEG2k series suggest that the phase-separated 

microstructures that occur between these two polymers are similar, and that they are 

interchangeable during the polymerization process for the purposes of protein repellence. 

Similarities between the properties of PEG1k and PEG2k have also been described by 

other groups [47].  
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Figure 4.2 – d-spacing (Panel A) and radius (Panel B) of the DTE-PEG library. d-spacing and radius both 
increase as PEG molecular weight is increased. d-spacing and radius initially decrease, then remain 
constant from 20% to 40% PEG, indicating that domains become smaller, closer together, and more 
numerous. PEG100-containing polymers are omitted from the graphs because of their lack of scattering as 
described previously. 
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4.2.3. Protein adsorption:  

 

Fg and BSA adsorption as measured by QCM-D for the series of DTE-PEG 

polymers is presented in Figure 4.3. Protein adsorption is consistently high for PEG100 

polymers for both BSA and Fg, regardless of the weight % of PEG. The explanation for 

this phenomenon is described in Figure 3.14. The lowest amount of protein adsorption for 

both BSA and Fg was observed in polymers containing PEG with intermediate molecular 

weights of 1k, 2k, and 8k. On the other hand, polymers with high PEG molecular weights 

of 20k and 35k showed inconsistent protein adsorption behavior. For example, 20-20k 

and 30-35k showed higher protein adsorption than that seen by the polymers with 

intermediate block lengths, while others such as 30-20k and 40-35k were repellent. 

Trends between BSA and Fg were identical among the different polymers in the set, 

suggesting that the adsorption properties of the polymers are not sensitive to protein 

dimensions. In other words, the smaller protein, BSA, did not exhibit a higher affinity for 

materials with larger phase separation features, i.e. the PEG20k and PEG35k-containing 

polymers. Fg and BSA show differences in adsorbed Voigt mass on each surface because 

of the disparity in molecular weight between the two proteins (340 kDa for Fg, 65 kDa 

for BSA).  
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Figure 4.3 – Voigt mass-measured protein adsorption for fibrinogen (red bars) and BSA (blue bars) on a 
series of DTE-PEG polymers. Error bars represent standard deviation. Polymers are named by wt% PEG-
MW PEG, e.g. Poly(DTE-co-20wt% PEG2k carbonate) = 20-2k. The DTE carbonate homopolymer and 
PEG100-containing polymers show high protein adsorption, polymers with PEG1k, PEG2k, and PEG8k show 
overall protein repellence, while polymers with PEG20k and PEG35k show inconsistent protein adsorption. 
No relationship between phase separation and protein dimensions was observed.  

 

In particular, 20-20k showed significantly different behavior between 

experiments. Shortly after synthesis, this polymer adsorbed large amounts of protein, as 

evidenced by large frequency and dissipation shifts (Figure 4.4a). However, after 

approximately 30 days, the sample was measured again, and showed much smaller shifts 

(Figure 4.4b). BSA adsorption was also performed for 20-20k after this 30 day period, 

and also showed negligible amounts of protein adsorbed to the surface. No notable 

changes in polymer structure were observed by NMR, though a slight decrease in 

molecular weight was seen (432 kDa after synthesis vs. 369 kDa after 1 month, Mw).  
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Figure 4.4 – Raw QCM-D data for 20% PEG20k, shortly after synthesis (Panel A), and after 1 month in 
storage (Panel B). Note differences in scale of frequency shift and dissipation axes. Panel A represents an 
adsorbed Voigt mass of approximately 2800 ng/cm2 (modeled as described in Section 2.6.1), while Panel B 
shows adsorption of about 96 ng/cm2.  

 

4.2.4. Fractionation and characterization of 20-20k 

 

To investigate the possibility that polymer molecular weight could affect protein 

adsorption, polymers were fractionated to separate high molecular weight portions of the 

polymer from lower molecular weight chains that may serve as potential plasticizers. 

During fractionation, a non-solvent is added to a concentrated polymer solution to 

precipitate the polymer. High molecular weight polymer chains will precipitate first while 

lower molecular weight chains stay in solution. By decanting the unprecipitated 

supernatant and repeating the process, one can obtain a series of polymers that are 

separated by molecular weight and polydispersity. Early, high molecular weight fractions 

were assumed to be similar to the starting as-synthesized polymers. Eight fractions were 

generated as described in Section 2.4.3. Briefly reviewing the method, polymers were 

dissolved in THF, then reprecipitated with IPA. The first fraction generated is named F1, 

the second fraction F2, etc. The F1 fraction was then fractionated into four other 

“subfractions,” F1-1, F1-2, F1-3, and F1-4.  

A) B) 
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Figure 4.5 shows the weight average molecular weight of fractions for 20-20k. F1 

and F3 were not tested due to a lack of material. Therefore, no clear trend can be 

established for F1 through F4. However, F1-1 through F1-4 show that molecular weight 

decreases as additional polymer chains are precipitated. Polydispersity is relatively 

constant from F1-1 to F1-3, but increases dramatically for F1-4, indicating that this 

fraction contains a large amount of low molecular weight oligomers along with some 

longer chains.  
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Figure 4.5 – Weight average molecular weight and polydispersity of the 20-20k series of polymers. F1 and 
F3 were not run because a sufficient amount of sample could not be recovered from the fractionation 
process.  

 

Fibrinogen adsorption for the first four fractions of polymer, shown in Figure 4.6, 

was relatively low, with results comparable to most of the 1k, 2k, and 8k samples seen in 

Figure 4.3. However, after further fractionation, samples F1-1 and F1-2 showed 
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significantly larger amounts of adsorption relative to both the first set of fractions and the 

F1 “parent” sample. Surprisingly, the PEG concentration of the 20-20k series varied 

greatly as additional fractions were prepared. F1 contained only 9.5wt% PEG, whereas 

F2, F3, and F4 contained 18%, 39%, and 21% by weight, respectively. Similarly, the 

additional fractions derived from F1 showed weight % compositions of 8.3%, 11%, 16%, 

and 29%, respectively. Despite having identical amounts of PEG compared to F1, the F1-

1 and F1-2 fractions adsorbed much larger amounts of protein, showing that protein 

adsorption is not a function of PEG content alone.  
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Figure 4.6 – Protein adsorption and weight % PEG for 20-20k. Error bars represent standard deviation. n < 
3 for F1 and F3 due to small amounts of sample after fractionation. *: p < 0.05 for all other samples. **: p 
< 0.05 for all other samples except F2 and F4. Black line – expected weight % PEG across all fractions. 
Red line – drawn to guide the eye between F1 and F1-2. Protein adsorption is similar for F1 and F1-2 
despite the similar amount of PEG in each fraction.   
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Figure 4.6 indicates that earlier fractions contain DTE-rich polymer chains, while 

later chains are PEG-rich. The following explanation is proposed for the composition 

discrepancies: assuming identical affinities for hydroxyl groups during polymerization, 

high molecular weight PEGs are present in extremely small molar ratios in solution. For 

example, in DTE-PEGs, 20 wt% of PEG20k is equivalent to only 0.44 mol% of PEG20k. 

Therefore, for a hypothetical 100 kDa chain, one can expect there to be on average only a 

single PEG20k molecule in 20-20k. Because of the random copolymerization scheme, 

several polymer chains will be without a PEG molecule altogether, and an extremely 

small percentage will have multiple PEG molecules.  

Table 4.4 shows the amount of PEG for each fraction normalized to the weight 

average molecular weight as measured by GPC. The PEG weight of the average chain 

was determined by multiplying the Mw with the %PEG. The number of PEG20k molecules 

per chain is then the PEG content divided by the molecular weight of PEG20k. It can be 

immediately seen that F1-1 and F1-2 show fewer PEG20k molecules per chain, even 

though they have higher molecular weights compared to the other fractions. This 

information provides a clearer picture as to why these two fractions adsorb protein, while 

the other fractions do not. The 2.1 PEG20k molecules per chain may serve as a threshold 

value to determine protein repellence or protein adsorption.  
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Table 4.4 – Average amount of PEG present per polymer chain as determined by measured composition 
and molecular weight of 20-20k fractions.  

 

Fraction 
Weight avg. 
MW (kDa) 

% PEG 
PEG wt. of 

average chain 
(kDa) 

# PEG20k 
molecules 
per chain 

F2 325 35.2% 114 5.7 

F4 363 16.3% 59.1 3.0 

F1-1 525 8.27% 43.4 2.2 

F1-2 400 10.6% 42.4 2.1 

F1-3 314 16.3% 51.2 2.6 

F1-4 254 28.9% 73.3 3.7 

 

4.2.5. Fractionation and characterization of 11.5-1k 

 

To further prove that factors other than PEG content may drive protein 

adsorption, a polymer outside of the original library, 11.5-1k, was synthesized separately 

and characterized. 11.5-1k (5 mol% PEG1k) is a material that has previously been shown 

to repel proteins and cells [108, 149]. Additionally, the polymer had been previously 

characterized through SANS as described in Section 3.2.4.1 and was shown to exhibit no 

phase separation. Because the molar ratio of PEG1k to DTE would be significantly more 

than with PEG20k (5 mol% vs. 0.44 mol%, respectively), the variation in PEG content 

should be lessened between fractions. Furthermore, the similarity in wt% between the 

11.5-1k sample and some fractions of the 20-20k sample were identical (11.5 wt% PEG 

vs. 10.6 wt% PEG in F1-2, a protein-adsorptive fraction of 20-20k), allowing for direct 

comparisons. The 11.5-1k polymer was fractionated in the same way as the 20-20k 

sample, with four fractions precipitated first (F1, F2, F3, F4), and an additional four 

fractions precipitated from the F1 fraction (F1-1, F1-2, F1-3, F1-4).  
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Figure 4.7 shows the Mw and polydispersity of the 11.5-1k fractions. As expected, 

fractions that precipitated first showed higher Mw, with Mw steadily decreasing as 

additional polymer chains were precipitated out of solution. Polydispersity showed no 

clear trends between fractions, with the first set of fractions (F1 to F4) showing 

decreasing polydispersity at later fractions, and the second set of fractions (F1-1 to F1-4) 

showing a higher polydispersity at later fractions. The higher polydispersity for the 

higher Mw polymers (i.e. F1-1 and F1-4) suggests that a small number of low molecular 

weight chains may become entangled with the high molecular weight chains, causing 

them to precipitate sooner than normal.   
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Figure 4.7 – Weight average molecular weight (blue bars) and polydispersity (red line) of fractions from 
11.5-1k. F0 indicates the unfractionated as-is material.  
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Similar to the 20-20k fractions, the earlier fractions in the 11.5-1k series (i.e. F1, 

F1-1) tended to adsorb more protein than later fractions. Composition analysis by NMR 

showed that the eight different fractions of 11.5-1k varied in composition between 11.1% 

and 11.8% PEG by weight, confirming that the use of PEG1k did indeed lead to less 

variation in PEG distribution among polymer chains (Figure 4.8). Slight variations in 

peak integration and normalization essentially render these differences insignificant. 

Despite their compositional uniformity, large variations in protein adsorption still exist 

between these fractions, though they do not exhibit the “all-or-nothing” behavior seen in 

the 20-20k fractions. In general, fractions with higher Mw showed higher protein 

adsorption than those with lower Mw.  
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Figure 4.8 – Fibrinogen adsorption and weight % PEG in fractions of 11.5-1k. Error bars represent standard 
deviation. *: p < 0.05 for all samples except F2 and F3. **: p < 0.05 for all samples except for F1.  
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The correlation between adsorbed protein and Mw was relatively high, with R2 = 

0.82 (Figure 4.9). The correlation between adsorbed protein and Mn is weaker at R2 = 

0.63, perhaps because the smaller numbers involved increase the sensitivity of the 

correlation. Interestingly, fractions F1-2 and F1-3 did not follow the overall trend that 

higher Mw materials adsorb more protein, with F1-3 showing a higher, though 

insignificant, amount of protein adsorption than F1-2 on average. One main difference 

between the two fractions appeared to be that F1-2 had a higher polydispersity than F1-3, 

indicating a larger distribution of polymer chain lengths in F1-2. The results suggest that 

polydispersity as well as Mw may play a role in modulating protein adsorption, with high 

molecular weight, relatively monodisperse polymers being more capable of adsorbing 

proteins than low molecular weight, highly polydisperse polymers.    

y = 217.16x + 137.37

R2 = 0.8221

y = 120.75x + 113.24

R2 = 0.6287

0

100

200

300

400

500

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Voigt Mass (µg/cm2)

M
o

le
c
u

la
r 

W
e
ig

h
t 

(k
D

a
)

Mn

Mw

Linear (Mw)

Linear (Mn)

 

Figure 4.9 – Correlation plot between weight average molecular weight (Mw) (red squares, dotted line), 
number average molecular weight (Mn) (blue diamonds, solid line), and fibrinogen adsorption for 11.5-1k. 
Correlations between Mw and adsorbed fibrinogen are strong, with an R2 value of 0.82.  
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To clearly the demonstrate the effect of polydispersity and Mw on protein 

adsorption, polymer fractions of 11.5-1k were blended in different ratios. These blends 

were first characterized by GPC to determine their general properties. The GPC 

chromatograms show additive properties of the two components of the blends (Figure 

4.10). When compared to the values for the individual fractions, molecular weight and 

polydispersity show a bimodal distribution of peaks when F1-1 and F4 with 

polydispersities of 1.56 and 1.49, respectively, are blended at a 50/50 ratio, the 

polydispersity of the blend increases to 2.04, while overall Mw is approximately an 

average of the two fractions, with a value of 291 kDa. A 50/50 blend of F1-1 and F1-2 

shows the same “averaging” effect with its Mw at 371 kDa, from 438 kDa and 349 kDa. 

Polydispersity averages to 1.43 for the blend, compared to 1.56 and 1.39 for F1-1 and F1-

2, respectively (Figure 4.7).  
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Figure 4.10 – GPC chromatograms of blends with 11.5-1k fractions. a) 50/50 blend of F1-1 and F1-2, b) 
90/10 blend of F1-1 and F1-2, c) 50/50 blend of F1-1 and F4, d) 90/10 blend of F1-1 and F4. Mws show a 
weighted averaging effect. Polydispersity (Pd) shows a weighted averaging effect for blends of F1-1 and 
F1-2, while Pd is increased when F1-1 is blended with F4 due to the appearance of multiple peaks or a 
shoulder for the 50/50 blend and the 90/10 blend, respectively. 

 

QCM-D was then used to measure the protein adsorption capabilities of these 

polymer blends, with Fg used as the test protein. Figure 4.11 displays the results of 

blending various fractions on fibrinogen adsorption. A 50/50 blend of a highly adsorptive 

fraction, F1-1, and a non-adsorptive fraction, F4, resulted in almost complete protein 

repellence. Blending F1-1 and F4 in a 90/10 ratio resulted in an approximately 50% 

decrease in fibrinogen adsorption compared to F1-1 alone. To see what the sensitivity of 

the system to these perturbations in molecular weight and polydispersity were examined 

by blending two relatively highly adsorptive fractions. Surprisingly, even a 50/50 blend 

of F1-1 and F1-2 resulted in a large amount of protein repellence. The amount of protein 
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adsorbed for the blend was only 0.28 µg/cm2, well below both the 0.51 µg/cm2 adsorbed 

by F1-2 alone and the 1.47 µg/cm2 adsorbed by F1-1 alone (Figure 10). Even blending 

F1-1 and F1-2 in a 90/10 ratio resulted in a similar (≈50%) amount of protein adsorption 

reduction as blending F1-1 and F4.   
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Figure 4.11 – QCM-D results of Fg adsorption onto blends of fractions of 11.5-1k. Error bars represent 
standard deviation. * - p > 0.05 compared to all other samples. Fg adsorption does not show a weighted 
average between blends, as blending with just 10% of another fraction reduces protein adsorption by 50% 
compared to F1-1, regardless of the fraction used. Blending with a 50/50 ratio further decreases Fg 
adsorption 

 

One possible explanation for the observed protein repellence observed upon 

blending different fractions is that the introduction of new chains with different sizes 

disrupts the phase separation behavior. Having a large number of chains with high 

molecular weight gives a higher chance for phase separation, as long chains are better 
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suited to forming microdomains than shorter chains [80]. The results suggest that the 

introduction of a portion of shorter chains disrupts this domain formation, and instead 

PEG becomes uniformly distributed along the surface, thereby reducing protein 

adsorption. Attempts to determine protein adsorption behavior through direct 

comparisons with molecular weight and polydispersity may apply when the polymers are 

as-is, but become less reliable as these parameters are perturbed through the introduction 

of new polymer chains with different physical (but not necessarily compositional) 

characteristics. For example, the 90/10 blends of F1-1 with F1-2 and F4 for 11.5% PEG1k 

each have Mws that should correspond to 1.1-1.3 µg/cm2 as seen in Figure 4.9, but this is 

not the case.  

Polydispersity also appears to have a role in protein adsorption behavior based on 

results for F1-2 and F1-3 in Figure 4.8. However, polydispersity alone does not tell the 

whole story, as 90/10 blends of F1-1 with both F1-2 and F4 both show almost complete 

protein repellence, despite relatively similar numbers reported through GPC (Figure 

4.10). It appears that that the actual molecular chain distribution is also a contributing 

factor to protein repellence than simply the measurement of polydispersity alone. The 

polydispersity reading from GPC does not necessarily provide this information. For 

example, in the case of a polymer blend, if the chains from one polymer are within the 

distribution of the other polymer, polydispersity does not appear to change much, i.e. the 

GPC chromatogram will still give a reading of a material with a single, relatively 

undisturbed peak (see Figure 4.10a). However, there now exists essentially a bimodal 

distribution of polymer chains: ones containing predominantly the original molecular 

weight, and ones containing predominantly the blended molecular weight. Protein 
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adsorption results seem to indicate that this disruption of chain distribution is capable of 

reducing protein adsorption (Figure 4.11). It is possible that the mechanism for protein 

adsorption is based in the morphology of the polymer. As described in Chapter 3, SANS 

cannot detect distinct clusters of water in the bulk of a material for DTE-PEG polymers 

containing 11.5 wt% PEG or less, but contact angle measurements are sensitive to the 

uniformity of the surface.  

 

4.2.6. Contact angle and surface energy analysis 

 

Contact angle measurements are typically used to gauge the hydrophobicity, 

hydrophilicity, and surface energy of a material surface [43, 139-141, 175-177]. By 

placing a drop of liquid, usually water, onto a surface, the angle made by the drop 

provides information about the affinity of the liquid for the surface (Figure 4.12).  

 

 

Figure 4.12 – A schematic of contact angle measurements of wetting (left) and non-wetting (right) surfaces. 

 

As a drop is deposited, its edges advance along the surface. Measurement of the 

contact angle during this process is known as the advancing contact angle, θa. The drop 

can also be retracted, which will cause the liquid to retreat along the surface. A contact 

angle measurement during this process is known as the receding contact angle, θr. Under 
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ideal conditions, the advancing and receding contact angles should be exactly the same. 

However, surface roughness, contaminants, and “patchiness” from morphological 

features can all affect the lateral movement of the drop across the surface. In particular, 

phase separation can generate features on the surface of a material that can cause droplets 

to deviate from ideal behavior [139, 176]. This concept is illustrated in Figure 4.13.  

 

Figure 4.13 – A schematic of how liquid spreading is affected by morphological features. The movement of 
the drop along the surface can be impeded by high or low energy features during its advancing or receding 
motion. Image reproduced from with permission from [139]. Copyright owners: Springer Science and 
Business Media.  

 
The results from Section 4.2.5 suggest that a morphological mechanism may play 

a role in modulating protein adsorption, even when the composition between fractions is 

similar. Based on the low amount of material needed (3-5 mg for spin coating solutions) 

and possible sensitivity towards surface features, contact angle hysteresis measurements 

were used to determine the presence of phase separation.  

 Contact angle measurement is also a simple, straightforward method of 

determining the surface energy of a substrate. Surface energy has been linked to relevant 

biological properties such as protein adsorption and cell spreading [43, 178]. Several 

methods exist for determining surface energy, and the reader is directed towards [140] 

and [141] for excellent reviews on each method. The Fowkes approximation is chosen for 

this study because of its relative ease-of-use and ability to generate surface energy values 
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based on characteristics of several different probe liquids. The method for determining 

surface energy is described in Section 2.8.  

  A sample graph showing the trendline for the three probe liquids is shown in 

Figure 4.14. The tabulated results for all contact angle analyses are given in Table 4.5. 

Not all samples could be tested due to the low amounts of polymer remaining after 

previous characterization. While the R2 correlation between the three probe liquids is not 

ideal, it should be noted that the resulting surface energy for each sample varies very 

little. This was the result of the individual probe liquid contact angles varying 

indistinguishably between samples, rather than the numbers coming together through 

coincidence. The identical surface energy for each substrate is likely a function of the 

overall composition of the surface, because the drop area is large enough that it can 

“sample” the composition of the substrate sufficiently. Because the composition of the 

DTE and PEG are relatively similar between fractions (see Figure 4.8), surface energy 

remains constant.  

y = 0.4499x + 4.4884
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Figure 4.14 – A sample fit of the x and y parameters for the Fowkes approximation in determining surface 
energy. The slope and intercept of the linear fit are used to calculate the surface energy.  
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Table 4.5 – Contact angle measurement results for fractions of 11.5-1k and poly(DTE carbonate). Surface 
energy of poly(DTE carbonate) was not measured.  

 
 DTE F0 F2 F3 F4 F1-1 F1-2 F1-4 

Water 
Hysteresis (°) 

16.3 17.0 24.5 24.1 26.2 24.3 25.1 24.8 

Hysteresis st. 
dev. (°) 

3.05 4.59 2.89 1.97 2.36 2.02 1.98 1.79 

Slope  0.48 0.44 0.45 0.44 0.41 0.41 0.47 
Intercept  4.55 4.48 4.49 4.48 4.51 4.55 4.49 

Free Energy 
(mJ/m2) 

 20.9 20.3 20.4 20.3 20.5 20.8 20.3 

 

 By comparison, contact angle hysteresis, shown in Figure 4.15, is significantly 

lower for the as-is 11.5-1k material (F0) when compared to the other fractions. This result 

shows that the surface for the as-is material is more homogeneous compared to the 

fractionated materials. It should be noted that the advancing angles for all the samples 

were very identical, but the receding angle for the as-is material was greater on average. 

This indicates that the high-energy regions, i.e. wetting regions, prevent the drop from 

receding once they have been wetted [176]. A uniform distribution of these high-energy 

phases would be better-suited to prevent receding than patchy domains of high-energy 

and (predominantly) low-energy regions. The morphological uniformity of the 11.5-1k 

as-is surface is further reinforced when compared to poly(DTE carbonate).   

When the contact angle hysteresis data is compared alongside the fibrinogen 

adsorption data, it appears that the relative uniformity of the as-is material presents a 

surface such that proteins are unable to adsorb. Once the materials become fractionated, 

however, the hysteresis between the fractions is not significantly different, even though 

their protein adsorption capabilities are clearly different. In short, contact angle hysteresis 

measurements can identify the non-adsorptive material, but cannot determine how much 

protein an adsorptive material will adsorb.  
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Figure 4.15 – Contact angle hysteresis, surface energy, and fibrinogen adsorption for poly(DTE carbonate) 
and fractions of 11.5-1k. Error bars represent standard deviation. *: p < 0.05 vs. all other samples for 
contact angle hysteresis. Surface energy was not measured for poly(DTE carbonate). While surface energy 
is relatively constant between each 11.5-1k material, hysteresis varies significantly between the “as is” 
polymer and the fractions, suggesting that PEG is more homogeneously distributed on the surface of the “as 
is” polymer.  

  

4.3. Conclusions 

 

The general relationships between PEG molecular weight, weight % of PEG, 

phase separation, and protein adsorption were examined in a series of random multiblock 

DTE-PEG polymers. This work represents one of the first attempts to investigate how 

these macromolecular factors may affect protein adsorption. The following conclusions 

were reached: at high PEG wt% (40% or greater), surfaces are protein-repellent, 

* 
* 
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regardless of the PEG molecular weight. For low PEG molecular weights (~ 100 Da), 

protein adsorption occurs even at high PEG contents, because low molecular weight PEG 

lacks the water association properties of their higher molecular weight counterparts. For 

PEG1k, the transition point for protein adsorption appears to occur at around 10-18wt% 

PEG1k, as PEG concentrations above this value will be able to consistently repel proteins. 

For polymers with PEG molecular weights of 20 kDa or greater, protein adsorption may 

still occur at slightly higher PEG concentrations due to larger separation of PEG domains, 

i.e. greater amounts of phase separation. At these transition compositions, other currently 

unknown factors, such as material processing and humidity, may greatly affect the results 

obtained for protein adsorption. Fractionation of polymers with low PEG wt% and large 

PEG molecular weights can result in fractions that have high variation in composition.  

It is also demonstrated that for the 11.5-1k polymer, protein adsorption can be 

modulated by manipulating molecular weight, polydispersity, and PEG block size. 

Fractions of 11.5-1k displayed large variability in protein adsorption, despite the fact that 

compositions were relatively similar. Contact angle hysteresis measurements showed that 

the fractions of 11.5-1k had significantly more hysteresis than the as-is sample, 

suggesting that surface heterogeneity and phase separation may be occurring with the 

fractionated polymers. These results provide additional insight into control parameters for 

the design of biomedical devices, and should be taken into account when manufacturing 

materials that come in contact with proteinaceous fluids.  
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5. Cell response on phase-separated, DTE-PEG polymers 

 

Based on the manuscript: “Poly(ethylene glycol) as a sensitive regulator of cell survival 

fate on polymeric biomaterials: The interplay of cell adhesion- and pro-oxidant signaling 

mechanisms” by Hak-Joon Sung*, Arnold Luk*, Sanjeeva Murthy, Er Liu, Malasa Jois, 

Abraham Joy, Jared Bushman, Prabhas V. Moghe, and Joachim Kohn. * - Equal first 

authors. Submitted to Soft Matter.  

 

5.1. Background 

 

Protein adsorption dictates future cellular response by providing ligands for cells. 

Cell surface receptors known as integrins associate with surface proteins to form focal 

adhesions [95]. These associations play a role in cell signaling that govern behavior such 

as cell attachment, proliferation, and differentiation [96]. The integrin α5β1 complex has 

been specifically implicated in interactions with RGD (arginine-glycine-aspartic acid) 

amino acid sequences in adhesive extracellular matrix proteins such as fibronectin and 

fibrinogen [95, 179]. The interactions of integrin α5β1 with appropriate substrates have 

been specifically implicated in supporting cell survival in several cell types [180]. 

Conversely, cells that are unable to adhere to a substrate and remain suspended tend to 

undergo apoptosis, or programmed cell death [181-185].  

Results shown in Chapter 4 illustrate that proteins are mostly repelled from 

surfaces containing both 20-40% PEG and intermediate PEG molecular weights. It then 

follows that these highly repellent surfaces should be more likely to prevent cell 
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attachment and therefore induce apoptosis. To confirm this hypothesis, SaOS-2 

osteosarcoma cells were cultured onto DTE-PEG substrates containing 0-41 wt% PEG1k 

(0-20 mol%). Both the extracellular interactions with proteins and the intracellular 

expression of integrin α5 was quantified to determine the affinity of cells for the 

substrates and the viability of the cells over time. Protein adsorption of serum 

components using 10% fetal bovine serum (FBS) in PBS were also studied to determine 

whether the amount of protein adsorption and cell attachment and survival are correlated 

for each substrate. The translocation of GAPDH has been previously shown to be a 

common indicator of apoptosis among different cell lines, and was quantified in this 

study to measure apoptosis in SaOS-2 cells [144].  

In this chapter, all substrates are random multiblock copolymers of DTE and 

PEG1k with the exception of control surfaces PLLA and poly(DTE carbonate).  

Therefore, DTE-PEG copolymers will simply be referred to by their weight % of PEG for 

brevity. Concentrations of PEG will be specified by weight percent instead of mol 

percent unless explicitly stated.  

 

5.2. Results 

 

5.2.1. Adsorption of serum components 

 

QCM-D results for serum protein adsorption are shown in Figure 5.1. At 24% and 

41% PEG, complete repellence is observed. The results are consistent with the known 

repellent properties of PEG [56-57] and with protein adsorption data in Chapter 4. Also 
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noteworthy is that when compared to fibrinogen adsorption in Figure 4.3, the adsorbed 

Voigt mass is less for FBS. Serum contains smaller proteins, such as albumin, that will 

compete for the surface to form a monolayer. As a result, monolayer formation of these 

smaller, lighter proteins results in a lower Voigt mass. 
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Figure 5.1 – Fetal bovine serum adsorption for DTE homopolymer, PLLA, and DTE-PEG polymers (n=3). 
Error bars represent standard error. Increases in PEG lower protein adsorption to negligible levels at greater 
than 24% PEG.  

 

5.2.2. Cell attachment on DTE-PEG substrates 

 

SaOS-2 cells were cultured onto spin-coated glass cover slips. After 24 hours, 

cells were stained with blue fluorescent Hoechst stain and imaged with fluorescence 

microscopy to determine the number of live cells on the surface. Cell attachment 

followed trends similar to serum adsorption, with fewer cells attaching to more highly 

PEGylated substrates, and DTE and PLLA showing identical levels of attachment (Figure 

5.2).  
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Figure 5.2 – Cell attachment of SaOS-2 cells on DTE homopolymers, PLLA, and DTE-PEG substrates 
(n=4). Error bars represent standard error. 

 

5.2.3. GAPDH nuclear translocation as a measure of apoptosis on DTE-PEG substrates 

 

 While GAPDH is typically an enzyme involved in glycolysis and energy 

production, Dastoor et al. have shown that during apoptosis, GAPDH serves as a 

potential molecular chaperone during the apoptosis signaling cascade [144]. Several 

studies have reported that GAPDH translocalization to the nucleus is a reliable marker of 

apoptosis [143, 145, 186]. To determine whether cells on DTE-PEG substrates underwent 

apoptosis, GFP-GAPDH SaOS-2 cells were cultured onto selected spin-coated polymers. 

After 24 hours, green fluorescence intensity for the nucleus and cytoplasm was measured 

through multiphoton confocal microscopy and the ratio was calculated. The results in 

Figure 5.3 show that higher amounts of PEG cause GAPDH to increasingly migrate to 

the nucleus of the cell, indicating higher apoptotic potential for those substrates.   
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Figure 5.3 – GAPDH green fluorescence nucleus-to-cytoplasm ratio as a marker for apoptosis. Increasing 
amounts of PEG result in higher GAPDH nuclear translocation. Error bars represent standard error. *: p < 
0.05 vs. DTE homopolymers.   

 

5.2.4. Cell spreading on DTE-PEG substrates 

 

SaOS-2 cell spreading was measured by identifying Hoechst-positive cells and 

determining the cell borders through a combination of fluorescent and phase contrast 

microscopy. In general, cell area decreased on more highly PEGylated substrates (Figure 

5.4). Surprisingly, cell area was increased on the 41% PEG substrate. Even though 

identically few cells attach to both the 24% PEG and the 41% PEG substrate, cells that 

are attached to the 41% PEG substrate spread approximately three times more. These 

results are unexpected based on phase separation data reported in Table 3.3. The 

increased radius of the hydrated domains between 24% PEG and 41% PEG (4.6 nm vs. 

5.1 nm) suggests that cell integrin receptors would be less likely to locate a protein-laden 

adhesive domain to attach onto for the 41% PEG region. Furthermore, the two surfaces 

* 

* 
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show an equal amount of protein repellence, which indicates that there are no additional 

ligands for the cell receptors. A possible explanation for this behavior is that a cellular 

compensation mechanism allows cells on the 41% PEG substrate to increase spreading.  
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Figure 5.4 – Cell spreading of SaOS-2 cells on PEG-containing DTE polymers, DTE homopolymer, and 
PLLA. Error bars represent standard error. *: p < 0.05 vs. 20% and 24% PEG (n=16) 

 

5.2.5. Integrin α5 spatial features and expression 

 

To visualize the spatial distribution of integrin-α5 on phase separated surfaces, 

GFP-integrin-α5 SaOS-2 cells were cultured for 24 hours and imaged using a fluorescent 

microscope. For 20% PEG, cells are relatively confined, and integrin-α5 is concentrated 

by the center of the cell. However, for 41% PEG, integrin-α5 is located both in the center 

and along the periphery of the cell, allowing the cell to spread on the substrate (Figure 

5.5). The phase separation dimensions for 20% PEG1k are given in Table 4.3 as 13.3 nm 

d-spacing, 5.32 nm domain radius, and 0.43 fractional deviation. On the other hand, 41% 

PEG shows a 14.8 nm d-spacing, 5.14 nm radius, and a 0.26 fractional deviation (Table 

* 
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3.3). The fact that the domains are smaller and farther apart for 41% PEG suggests that 

ligands may occasionally find a hydrophobic patch onto which they can adsorb, as 

described in Figure 3.15. The overall high concentration of PEG, however, may cause 

these ligands to be fairly remote, causing cells to spread out to find appropriate integrin 

binding sites. The system may bear some similarities to systems previously designed by 

Chen et al., where posts of ligands increase the surface area for cells, while keeping the 

overall ligand density relatively constant [187]. 

The idea that a polymer with higher amounts of PEG has larger hydrophobic 

patches to allow protein binding runs counter to the SANS figures. However, one must 

also consider that the fractional deviation for 41% PEG is much lower than that seen for 

20% PEG, which suggests that the domain spacings occur much more regularly for 41% 

PEG. The higher fractional deviation for 20% PEG indicates an “all-or-nothing” behavior 

for adsorbed proteins, where a large hydrophobic patch may open up and allow proteins 

to adsorb, while other regions may have a high concentration of repellent, PEGylated 

domains. The large hydrophobic patches in conjunction with highly PEGylated regions 

may be the cause of localization of integrin α5 around the nucleus of the cell, in 

conjunction with the relatively poor spreading seen on the 20% PEG surface.   
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Figure 5.5 – Representative samples of cell spreading and integrin α5 localization of GFP-integrin α5 
SaOS-2 cells.   

 

To quantify extracellular expression, integrin α5 proteins were immunostained 

and imaged with fluorescent microscopy. When normalized to cell area, integrin α5 

expression on the “nonadhesive” surfaces, 20%, 24%, and 41% PEG show similar 

amounts of integrin α5 (Figure 5.6). However, the normalized value for 41% PEG 

indicates that the amount of integrin α5 expressed for those cells was approximately three 

times higher than the values for 20% and 24% PEG because of the larger cell area 

reported in Figure 5.4. 

20% PEG 41% PEG 
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Figure 5.6 – Immunostained integrin α5 protein levels normalized to cell area. (n=25). Error bars represent 
standard error. *: p <0.05 vs. DTE homopolymers.  

 

5.2.6. Detection of intracellular integrin α5 mRNA through fluorescence in situ 

hybridization (FISH)  

 

The data presented above strongly suggest that anchorage-dependent cells 

compensate for their substrates by upregulating adhesive proteins such as integrins. 

Additionally, a threshold amount of PEG appears to be required before this response is 

initiated. To further reinforce this point, two experiments were performed by Er Liu and 

Dr. Jared Bushman that focused on upstream production and signaling for the expression 

of integrin α5 on the cell surface.  

Fluorescence in situ hybridization (FISH) was performed to determine the level of 

integrin α5 mRNA expression in SaOS-2 cells. A higher amount of mRNA expression 

indicates that a cell is attempting to produce greater amounts of the integrin α5 protein, 

regardless of the amount of actual protein that may be expressed on the cell membrane or 

in the cytoplasm. A fish sperm mRNA probe specific for integrin α5 was incubated with 

* 

* 
* * 
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the cells for 16 hours and imaged using fluorescence microscopy. The results in Figure 

5.7 show that the amount of integrin α5 mRNA expressed is highest for the DTE 

homopolymers, but is greatly decreased for 20% PEG. However, the amount of integrin 

α5 transcribed in 41% PEG is higher than that seen for 20% PEG, confirming the 

upregulation of the adhesive protein.  
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Figure 5.7 – In situ hybridization for expression of mRNA. Error bars represent standard error. All 
polymers are significantly different from each other, p < 0.05. 

 

5.2.7. Dynamic upregulation of integrin α5 measured through quantitative polymerase 

chain reaction (QPCR) 

 

The integrin α5 quantification experiments performed in the previous three 

sections examined attached cells at a single 24 hour time point. However, with those 

experiments alone, it is possible that upregulation was due to selection imposed by the 

substrate for abnormally adherent cells within the population, rather than cell-substrate 

interactions. To rule out this possibility, mRNA expression of integrin α5 was compared 
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for SaOS-2 cells at 4 hours and 24 hours using quantitative polymerase chain reaction 

(QPCR). If abnormally adherent cells were attached at 4 hours, they would already 

express a relatively high level of integrin α5, and at 24 hours, additional expression 

would be comparatively minimal. Conversely, if cells adapt to surfaces over time, a 

higher amount of integrin α5 should be observed.   

At each time point, RNA was harvested from cultured cells and amplified. 

GAPDH was selected as a housekeeping gene. The ratios between 24 hour and 4 hour 

integrin α5 expression are shown in Figure 5.8. Integrin α5 expression was actually 

downregulated at 24 hours for the DTE homopolymer and 11.5% PEG. For 20% PEG, 

integrin α5 levels for the cells remained relatively constant at both time points. By 

comparison, cells on the 24% and 41% PEG substrates significantly upregulated integrin 

α5 relative to their 4 hour timepoint. Therefore, cells on surfaces with higher amounts of 

PEG responded dynamically to the surface, and the increased amount of PEG directly 

caused them to increase production of integrin α5. While few cells attached initially, the 

ones that remain attached increased integrin α5 expression, allowing them to produce 

excess integrin receptors, find scarce ligands more easily, and spread significantly more 

on highly PEGylated substrates.  
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Figure 5.8 – QPCR of integrin α5 RNA at 24 hours relative to 4 hours. Error bars represent standard error. 
*: p < 0.05 for 24% PEG and 41% PEG vs. DTE and 11.5% PEG 

 

5.3. Conclusions 

 

Attachment of SaOS-2 cells to DTE-PEG polymers was investigated. Increasing 

amounts of PEG reduced protein adsorption and cell attachment, but interestingly, cell 

spreading increased on the highest concentration of PEG studied, 41%. This was contrary 

to the assumption that increases in phase-separated, PEG-rich domains would inhibit the 

ability of cells to spread. However, closer analysis of the phase separation dimensions 

measured by SANS indicate that increased spreading on 41% PEG may be driven by 

regularly spaced hydrophobic patches that are slightly larger in size than other polymers 

with less PEG, such as the 20% PEG substrate. Additionally, cells on the 41% PEG 

substrate compensated by dynamically upregulating the expression of integrin α5 to 

overcome the anti-adhesive surface and spread even more on highly PEGylated surfaces. 

* 
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By contrast, intermediately PEGylated surfaces did not induce an increase in integrin α5 

expression, and cells remained poorly spread. The results seem to suggest that the 

straightforward incorporation of large amounts of PEG may not be enough to develop 

anti-adhesive surfaces. Instead, an optimization process is needed to both prevent cells 

from attaching and to keep them from adjusting to the surface, which can be 

accomplished by using an intermediate amount of PEG.  
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6.  Conclusions and Future Work 

 

6.1. Thesis summary 

 

A library of DTE-PEG random multiblock copolymers with PEG contents ranging 

from 20-40 wt% PEG and PEG molecular weights of 100 to 35000 were successfully 

synthesized using automated parallel synthesis. SANS was used to identify possible 

phase separation in amorphous DTE-PEG polymers as well as other amorphous 

polymers, such as PDLLA and PLGA, and semicrystalline polymers, such as PGA and 

PLA. DTE-PEG polymers were amorphous, yet showed different scattering properties 

compared to other amorphous polymers, such as PDLLA and PLGA, because of phase 

separation between DTE and PEG.  

Scattering from DTE-PEG polymers was described as the formation of spherical, 

PEG-rich regions through the Z-P model. As PEG molecular weight was increased, 

domains became larger and farther apart. As the amount of PEG was increased, domains 

became smaller, closer together, and more numerous. In all instances, phase separation 

occurred on the 10-30 nm length scale, smaller than the 50-100 nm scale that is observed 

for block copolymers with fixed architectures (i.e. diblock, triblock, etc.).  

Protein adsorption studies showed high protein adsorption for PEG100-containing 

materials, low protein adsorption on intermediate PEG molecular weight polymers, and 

inconsistent protein adsorption for high PEG molecular weight polymers. Fractionation 

of high PEG molecular weight polymers yielded fractions that had large variation in the 

PEG content between fractions. Fractions of poly(DTE-co-11.5wt% PEG1k carbonate) 
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showed no significant compositional variation between fractions due to the higher 

PEG:DTE molar. Nevertheless, these fractions showed large differences in protein 

adsorption. Contact angle hysteresis measurements confirmed that the surface properties 

of the polymer fractions were significantly more heterogeneous than the unfractionated 

polymer, suggesting that phase separation plays a role in protein adsorption behavior.  

 Studies with SaOS-2 osteosarcoma cells indicated that cell attachment decreased 

with increasing amounts of PEG, but surprisingly, cells spread significantly more on 

surfaces containing high amounts of PEG, compared to intermediate amounts of PEG. 

When related to phase separation experiments, adhesive ligands could be slightly closer 

and more evenly spaced on high PEG-containing materials compared to intermediate 

PEG-containing materials, perhaps facilitating the increased spreading of the cells. 

Studies on the expression of the integrin α5 cell surface adhesive protein showed that 

integrin α5 was upregulated both intracellularly and extracellularly. Intracellular 

upregulation was found to occur dynamically over time with adhered cells, showing that 

cells reacted to the hostile surface as opposed to the surface selecting for potentially 

mutated cells.  

 

6.2. Novelty and significance 

 

The SANS work performed in this thesis represents some of the first experimental 

quantitative data reported in the literature about the dimensions of phase-separated 

domains in random multiblock copolymers. The data may also have important 

ramifications with regards to how erosion progresses over time in PEG-containing 
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polymers as described in Section 3.3. The study by Sousa et al. serves as the end-point of 

polymer erosion in DTE-PEG polymers [146], while the work described here serves as 

the initial description point of how PEG-rich domains form.  

While spatial feature variations produced by increases in PEG molecular weight 

and PEG content do not conclusively show protein adsorption modulation, fractionation 

of certain DTE-PEG compositions shows differences in protein adsorption even for 

materials with the same composition. Several studies have shown that molecular weight 

and polydispersity affect polymer morphology [93, 188-189]. However, the direct 

relationship between molecular weight, polydispersity, polymer morphology, and protein 

adsorption, has not yet been clearly demonstrated. Contact angle hysteresis measurements 

performed in this thesis show that fractionated polymers are more heterogeneous than 

their unfractionated counterparts. This heterogeneity appears to confer the fractionated 

polymers with adsorptive capabilities, even with materials that have identical 

compositions. Few studies have shown that polymer fractionation can be used as a 

processing method to provide materials with different protein adsorption capabilities. The 

potential correlation between polymer molecular weight, chain uniformity, and biological 

properties implies that quality control during synthesis and fabrication for biomedical 

polymers must be extremely well-controlled to avoid unwanted complications. 

Conversely, the potential to modulate biological properties, while keeping composition 

other polymer properties constant can be a very powerful tool for developing biomaterials 

for different applications without requiring specialized fabrication techniques.    

The discovery that SaOS-2 cells are able to adjust to highly PEGylated surfaces 

by increasing spreading has not been shown previously. In fact, using a rat fibroblast cell 
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line, the exact opposite was previously observed by Ryan et al. with the same polymer 

system [190]. However, their substrates were only examined up to poly(DTE-co-11.5 

wt% PEG1k carbonate), suggesting that extreme amounts of PEG cause cells to react 

dynamically. Other relevant reasons for this increased spreading, such as the effect of 

exogenous reactive oxygen species formed from PEG auto-oxidation, is addressed in the 

manuscript that was submitted to Soft Matter, but discussion of this topic is outside of the 

scope of this thesis. The results by both Ryan et al. and the work presented in Chapter 5 

suggest that polymers with intermediate amounts of PEG may be better suited for 

producing non-adhesive, non-fouling surfaces, instead of very highly PEGylated 

materials.  

 

6.3. Future work 

 

To clearly understand the ramifications of PEG and phase separation on erosion, a 

library of polymers could be studied over a longer period of time to determine how 

hydrated domains evolve. Sousa et al. report that erosion channels form after one year in 

PBS [146]. By incubating a collection of films at two-week intervals, SANS could be 

used to provide a continuous snapshot of how PEG-rich domains form over time, as well 

as how the erosion mechanism occurs.  Such a study would provide significant insight 

into the use of erodible biomedical polymers for drug delivery and tissue regeneration 

purposes.  

Two main drawbacks in the fractionation studies were that material was limited 

and that the fractionation was done in a simplistic fashion. It would be interesting to 
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know whether how the mechanical properties of the fractionated polymers compared to 

the as-is polymer, but the amount of polymer yielded per fraction was not enough to 

study this. Furthermore, simply using a larger amount of polymer to start would probably 

reduce the distinctiveness between fractions, as larger amounts of low molecular weight 

polymer would be precipitated during each fractionation step. A size exclusion column 

would be ideal for separating polymer chains based on weight. Large amounts of polymer 

could then be extracted and tested to determine whether other properties, such as 

mechanical strength and ease of fabrication, are affected by fractionation.  

Extension of the cell work to examine how other cell types behave may also be 

desirable. While SaOS-2 cells showed novel behavior on the tested substrates, other cell 

types could also be examined that have relevance to cardiovascular, nervous, or 

respiratory systems, for example. It could then be determined whether the cellular 

compensation mechanisms observed with the SaOS-2 cells are conserved between cell 

types or exclusive to bone or load-bearing cells.  
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7. Appendix 

 

7.1. Spin-coating optimization for QCM-D studies 

 

 Spin-coated substrates were used for protein adsorption and cell studies. To 

ensure that surface roughness would not be a factor in these measurements, validation 

studies were performed to examine the effectiveness of the spin-coating procedure in 

developing thin, fault-free films. Polymer solutions were dissolved in a volatile solvent, 

such as methylene chloride or tetrahydrofuran (THF). Initial spin-coating experiments 

were performed using THF as-received from suppliers, with spin-coating parameters as 

described in Section 2.4.2. Poly(DTE carbonate) was used as a test polymer. Coating 

quality was measured by AFM to determine the presence of surface defects. A schematic 

of the physical events that occur during spin-coating are shown in Figure 7.1. 
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Figure 7.1 – General spin-coating procedure [191]. Image reproduced with permission from copyright 
owners, The Society for Imaging Science and Technology.   

 

The large number of surface defects present in Figure 7.2 indicates that one of the 

events during the spin coating process is causing either uneven evaporation of the solvent 

or another liquid is present that evaporates at a different rate. Because the relative 

humidity of the system was at an acceptably low level, it was assumed that water may be 

present in the THF. To remediate this issue, molecular sieves were added to the solvent to 

aid in the removal of water. After sieving the solvent, polymers were again dissolved and 

spin-coated using standard parameters.  
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Figure 7.2 – AFM image from poly(DTE carbonate) spin-coated from a 1% w/v solution in THF. Large 
holes are present on the surface.   

 

 The large reduction in pinholes shows that solvent “dryness” can play a large role 

in spin-coated film quality, as seen in Figure 7.3. However, small “nanoholes” are still 

visible, despite the marked improvement in surface quality. To further improve coating 

quality, a less volatile, more viscous solvent was used, 1, 4-dioxane (referred to as 

dioxane for the remainder of the text). 
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Figure 7.3 - AFM image for poly(DTE carbonate) spin-coated from a 1% w/v solution in sieved THF. 
Small holes are still present, even after using molecular sieves.  

 

The dioxane-coated polymer further improves the surface quality by eliminating 

the appearance of the “nanoholes.” Therefore, dioxane was used as a spin-coating solvent 

for the remaining protein adsorption studies. While some concern that residual dioxane 

may affect studies due to its relatively high boiling point (101 °C vs. 66 °C for THF), the 

solvent is still quite volatile and can readily evaporate both in a standard laboratory fume 

hood and under ambient conditions. Additionally, equilibration steps during QCM-D 

measurements involve placing the crystal under flow with copious amounts of PBS, 

thereby heavily diluting the solvent and minimizing its impact on proteins during QCM-
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D studies. Other internal studies have shown that SaOS-2 cells grown on polymers spin-

coated with dioxane and THF perform comparably (data not shown).  

 

Figure 7.4 – AFM image from poly(DTE carbonate) spin-coated from a 1% w/v solution in sieved dioxane. 
Surfaces appear to be smooth and pinhole-free.  

 

7.2. Sample NMRs for polymers with varying PEG molecular weights   

 

Peak assignments for DTE-PEG polymers, previously discussed by Yu et al., are 

described in Figure 2.1. Calculations for the PEG wt% were previously described in 

Section 2.3.2. For all DTE-PEG polymers, NMR spectra were normalized about the peak 
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at 4.8 ppm, corresponding to the single CH group in the DTE molecule. For polymers 

containing similar weight percentages of PEG and different PEG molecular weights, 

NMR spectra contained some notable differences. An NMR with poly(DTE-co-41wt% 

PEG100 carbonate), poly(DTE-co-41wt% PEG1k carbonate), and poly(DTE-co-41wt% 

PEG35k carbonate) is shown in Figure 7.5. The main differences seen between the 

polymers can be observed from the 3.3-4.6 ppm region, which are magnified in Figure 

7.6. The peaks seen for poly(DTE-co-41wt% PEG100 carbonate) (red) are much larger 

between 4.2-4.5 ppm, while these peaks are much smaller for poly(DTE-co-41wt% 

PEG1k carbonate) (green), and nonexistent for poly(DTE-co-41wt% PEG35k carbonate) 

(black). This suggests that the peaks are the product of PEG-CH2-carbonate groups, 

which would be in very high concentration for the PEG100 material. Conversely, the peak 

at 3.65 ppm is very large for the PEG35k-containing polymer, medium for the PEG1k-

containing polymer, and nonexistent for the PEG100 polymer. In this case, this peak 

refers to the (CH2-CH2-O-)n PEG structure, which is incomplete for PEG100, which 

contains only a CH2-CH2-O-CH2-CH2-carbonate linkage for every PEG repeat unit. An 

additional point of emphasis is that the PEG100 polymers have a larger peak at around 7.1 

ppm. This peak corresponds to the hydrogens in the tyrosine ring structure seen in Figure 

2.1. The presence of this peak indicates that the chain structures are indeed random, 

because it would not exist if the PEG molecules formed long chains of PEG carbonate.  
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Figure 7.5 – NMR overlay of poly(DTE-co-41wt% PEG100 carbonate) (red), poly(DTE-co-41wt% PEG1k 
carbonate) (green), and poly(DTE-co-41wt% PEG35k carbonate) (black).   
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Figure 7.6 – NMR overlay of poly(DTE-co-41wt% PEG100 carbonate) (red), poly(DTE-co-41wt% PEG1k 
carbonate) (green), and poly(DTE-co-41wt% PEG35k carbonate) (black) between 3.3 and 4.6 ppm.   

 

7.3. NMR sample calculations 

 

A sample figure of 20-1k is provided in Figure 7.7. While there are several peaks 

that can be chosen to represent the DTE segment, two peaks are of interest: the CH peak 

(letter m in Figure 2.1), which is normalized to 1 hydrogen, and the CH2 peak (letter b in 

Figure 2.1) in the ethyl ester. The main peak of interest for PEG is large peak at 3.64 

ppm. As seen in Figure 7.7, several sources of error can be present in the integration of 

this peak, such as spinning side bands and other noise. In the example in Figure 7.7, the 



133 

 

 

values for the CH2 peak and the PEG peak are 1.98 and 8.52, respectively. Using the 

calculations described in Section 2.3.2, the PEG composition can be calculated.  

In this case, DTEnorm = 1.98/2, or 0.99, where 2 is the two hydrogens in the CH2 

group. PEGnorm = 8.52/(1000*4/44) = 0.094, where 1000 is the molecular weight of PEG 

used, 4 is the number of hydrogens in a single repeat unit of PEG (4 hydrogens in 

CH2CH2O), and 44 is the total molecular weight of the PEG repeat unit. These two values 

represent the number of hydrogen atoms normalized per representative peak for each 

group in the polymer. From these two values, the PEG wt% can be calculated as a 

weighted fraction of the total weight for each molecule. In this case: PEGwt% = 

(0.094*1000)/( (0.094*1000)+(0.99+357)) = 0.21, i.e. 21 wt% of the polymer is 

represented by PEG, which is close to the expected value.  
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Figure 7.7 – Sample NMR of 20-1k.  

 

7.4. NMR calculation tables 

 

Table 7.1 – NMR calculations of manually synthesized (I2)DTE-PEG polymers 

 
 

Sample 
4.1 

ppm 
3.6 

ppm 
ratio 

4.1/3.6 
PEG 
MW 

PEG 
mol% 

PEG 
wt% 

DTE-24% PEG1k 2.21 9.93 4.49 1000 9.00% 21.7% 
DTE-50% PEG2k 1.64 22.6 13.8 2000 13.2% 45.9% 
DTE-41% PEG1k 1.93 17.8 9.22 1000 16.9% 36.2% 
DTE-71% PEG2k 1.89 64.9 34.3 2000 27.4% 67.9% 
DTE-41% PEG35k 1.99 25.5 12.8 35000 0.799% 44.1% 
DTE-41% PEG100 2.09 75.1 35.9 100 88.2% 68.9% 

I2DTE-7.9% PEG1k 1.59 5.60 3.52 1000 7.19% 17.8% 
I2DTE-29% PEG1k 0.837 50.5 60.3 1000 57.0% 78.8% 

 



135 

 

 

Most manually synthesized polymers were reasonably close to their expected 

value. Inaccuracies with the PEG100-containing polymers stemmed from issues seen in 

Figure 7.6, where the PEG peak may not be as well-defined as in higher molecular 

weight PEG-containing polymers. I2DTE-PEG materials were difficult to monitor as 

well, though Tg values in Table 3.1 suggests that the PEG contents are correct, i.e., Tg 

decreases as more PEG is incorporated.   

 

Table 7.2 – NMR calculations for DTE-PEG polymers prepared by automated parallel synthesis 

 

composition 
4.1 

ppm 
3.6 

ppm 
ratio 

4.1/3.6 
PEG 
MW 

PEG 
wt% 

20% 100 1.96 3.41 1.74 100 9.68% 
30% 100 2.02 5.25 2.60 100 13.8% 
40% 100 1.9 7.7 4.05 100 20.0% 
20% 1k 1.98 8.52 4.30 1000 21.0% 
30% 1k 2.05 14.5 7.07 1000 30.4% 
40% 1k 1.98 19 9.60 1000 37.2% 
20% 2k 1.99 8.92 4.48 2000 21.6% 
30% 2k 2.05 24.7 12.05 2000 42.6% 
40% 2k 1.98 21 10.61 2000 39.5% 
20% 8k 1.83 9.27 5.07 8000 23.8% 
30% 8k 2.02 14.6 7.23 8000 30.8% 
40% 8k 2.04 20.2 9.90 8000 37.9% 

20% 20k 2.04 11.3 5.54 20000 25.4% 
30% 20k 2.15 14.2 6.60 20000 28.9% 
40% 20k 2.01 5.14 2.56 20000 13.6% 
20% 35k 1.97 15 7.61 35000 31.9% 
30% 35k 2.03 19.3 9.51 35000 36.9% 
40% 35k 2.04 19 9.31 35000 36.5% 

 

The PEG1k, PEG2k, and PEG8k polymers all appeared to have accurate 

compositions based on NMR. However, the PEG100, PEG20k, and PEG35k polymers did 

not appear as accurate. Issues with PEG100 polymers were described previously. No clear 

issues were seen with the DTE-PEG20k and DTE-PEG35k NMRs, except for 40-20k, 



136 

 

 

which may have been too dilute in DMSO to give a proper signal. Again, any potential 

doubts about compositions being inaccurate can be alleviated by comparing the PEG 

content with the Tg from Table 4.1 and Table 4.2, where Tg mainly decreases as PEG 

content increases. The only polymer where this trend did not hold was with 30-2k, where 

PEG content was higher than expected, and the Tg was lower than expected. SANS 

results on this polymer also did not follow the expected trend, suggesting that the 

composition for this polymer did in fact deviate from expected values.  

 

Table 7.3 – NMR calculations for fractionated 20-20k polymers 

 

Sample 
4.1 

ppm 
3.6 

ppm 
ratio 

4.1/3.6 
PEG MW 

PEG 
mol% 

PEG wt% 

20% 20k F1-1 2.03 2.97 1.46 20000 0.16% 8.27% 
20% 20k F1-2 1.98 3.81 1.92 20000 0.21% 10.6% 
20% 20k F1-3 2.00 6.33 3.17 20000 0.35% 16.3% 
20% 20k F1-4 1.96 12.90 6.58 20000 0.72% 28.9% 
20% 20k F1 1.97 3.93 1.99 20000 0.22% 10.9% 
20% 20k F2 1.76 15.50 8.81 20000 0.96% 35.2% 
20% 20k F3 1.96 18.70 9.54 20000 1.04% 37.0% 
20% 20k F4 1.67 5.27 3.16 20000 0.35% 16.3% 

  

Table 7.4 – NMR calculations for fractionated 11.5-1k polymers 

 

Sample 
4.1 

ppm 
3.6 

ppm 
ratio 

4.1/3.6 
PEG MW 

PEG 
mol% 

PEG 
wt% 

11.5% PEG1k F1 1.99 4.07 0.489 1000 4.31% 11.2% 
11.5% PEG1k F2 1.60 3.32 0.482 1000 4.37% 11.3% 
11.5% PEG1k F3 1.98 4.21 0.470 1000 4.47% 11.6% 
11.5% PEG1k F4 1.97 4.29 0.459 1000 4.57% 11.8% 

11.5% PEG1k F1-1 2.00 4.05 0.494 1000 4.26% 11.1% 
11.5% PEG1k F1-2 1.96 4.07 0.482 1000 4.37% 11.3% 
11.5% PEG1k F1-3 1.99 4.08 0.488 1000 4.32% 11.2% 
11.5% PEG1k F1-4 2.00 4.20 0.476 1000 4.42% 11.5% 
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