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Ureteral stents develop calcium-bearing deposits, called encrustation, that diminish their 

biocompatibility due to complications, such as chronic abrasion to the lumen of the ureter wall 

and subsequent infection. A reduction of encrustation, namely calcium oxalate, will improve the 

lifetime, health care costs, and infection resistance of such devices. The purpose of this research 

project is to study oxalate-degrading enzymes entrapped into a coating material that will control 

the interface to the urinary environment for ureteral stents.  

The coating material was a lightly crosslinked poly(2-hydroxyethyl methacrylate) 

(p(HEMA)) matrix in which the active enzymes were entrapped within the bulk material’s free 

volume. The swelling of p(HEMA) films was comparable in ddH2O and urine. This hydrophilic 

matrix allows oxalate anions to diffuse into the bulk so that enzyme activity against oxalate can 

lower its local concentration, and thereby reduce the supersaturation of calcium oxalate.  

Oxalate oxidase (OxO) and oxalate decarboxylase (OxDc) were the oxalate-degrading 

enzymes examined herein. Michaelis Menten kinetic models were applied to free and 

immobilized enzyme activity. A substrate inhibition model was applied to OxO. The free form of 

OxO had a Vmax of 1.8 ± 0.1 μM/min-μg, a km of 1.8 ± 0.1 mM, and a ks of 35.4 ± 3.7 mM while 

the immobilized form had a Vmax of 1.2 ± 0.2 μM/min-μg, a km of 4.1 ± 0.6 mM, and a ks of 660 
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± 140 mM. The free form of OxDc had a Vmax of 23.5 ± 1.4 μM/min-μg and a km of 0.5 ± 0.1 

mM while the immobilized form had a Vmax of 5.0 ± 1.9 μM/min-μg and km of 23.2 ± 9.1 mM.  

The enzyme activity was measured to indicate viable application conditions for the 

coating, such as storing the films in urine over time. The maximum activity was shown at pH 4.2 

to 4.5 and activity drops to be negligible by pH 7.0. Storing the enzyme at pH 6.1 exhibited a 

larger retained activity than storing at pH 4.2, yet storing in urine showed the highest retention. 

In a six moth trial period in urine, immobilized OxO lost 30% activity to 0.7 μM/min-μg, 

whereas the activity for immobilized OxDc fell 50% from about 5.9 to 2.9 μM/min-μg.  

Coating p(HEMA) onto polyurethane ureteral stents was applied by dip coating into a 

monomer-based coating solution. To achieve successful coatings, the viscosity of the coating 

solution and adhesion to the stent were optimized through a series of experiments with glycerol 

and superglue to form a primer of p(HEMA). The enzymes were applied to the primer through 

successive layers without the use of glycerol or superglue. The enzyme activity was used to 

compare various processing routes, such as dip time, dip cycles, and the use of Triton X-100. 

 An encrustation model was established using artificial and real urine, and an 

antibiotic/antimycotic solution was added to prevent infection. The solutions were spiked with 

0.5 mM oxalate to optimize encrustation conditions. The encrustation study was conducted up to 

two months in these solutions, and samples were analyzed using polarized light microscopy. 

Immobilized OxDc inhibited crystal growth up to two-months, although OxO developed 

encrustation to a similar extent of the control group. This opens the possibility of utilizing the 

immobilized enzyme as a therapy for degrading oxalate concentrations in urine, which can be 

employed as a coating on ureteral stents
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CHAPTER 1 
MOTIVATION TO DEVELOP AN ACTIVE COATING TO INHIBIT ENCRUSTATION ON 

URETERAL STENTS 

Project Background 

Ureteral stents are medical prostheses designed to keep the ureter open to drain urine from 

the kidneys to the bladder. Ureteral stents are hollow cylindrical forms designed to provide relief 

from obstruction, promote healing and act as a prophylactic against endourological 

complications [1]. Ureteral stent encrustation of calcium oxalate (CaOx) is shown below (Figure 

1-1, A-D). 

Urinary tract prostheses are typically made of latex, silicone, silicone-copolymers, or 

polyurethane. A major complication for these devices is encrustation from high levels of oxalate 

ions that can normally occur in the urinary tract. The encrustation grows on the surface of the 

stent, and can cause great discomfort and risk of infection to the patient. 

The purpose of this work is to develop an active coating with immobilized oxalate-

degrading enzymes that can be used to inhibit growth of CaOx encrustation on such urinary 

devices. It is hypothesized that since the formation of calcium oxalate is due to supersaturated 

concentrations of calcium and oxalate on the device, then using oxalate-degrading enzymes to 

reduce the local oxalate concentration can provide the device with an active coating that can 

reduce mineral formation. Activity of the enzyme will be used to assess the development of the 

coating for various process and application conditions. 

Urological practitioners seek the use of long-term indwelling urinary devices, but it is risky 

for patients due to the occurrence of encrustation and bacterial adhesion, in which the 

pathologies lead to a risk of blockage of the device’s inner lumen and infection throughout the 

urinary tract [2-4]. Common practice in urology is to remove devices maybe as often as every 6 

to 8 weeks to prevent complications (Personal conversation with Marvin Andrews, Manager 
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New Technology Development, Cook Urological Incorporated, February 2006). Due to frequent 

device replacement, increased cost and discomfort to patients, more compatible materials for 

urinary tract prostheses are required. 

Complications associated with these devices result in increased hospital visits [5]. It has 

been estimated that 40% of hospital-related infections originate from the urinary tract [6]. 

Additionally, one study of ureteral stents showed that 47% of 141 retrieved showed impassable 

blockage for urine in the stent lumen [7].  

Background to Encrustation 

Encrustation on Urinary Devices 

Encrustation is a pathological form of biomineralization and it occurs on the surface of 

urinary devices. It is formed by two primary mechanisms [2, 3]. The first is caused by the 

presence of oxalate-- a diet-derived ionic precursor for the mineral calcium oxalate. Calcium 

oxalate is predominately found in the upper urinary tract and considered to be formed in sterile 

conditions. The second mechanism of encrustation is bacterial growth on the device, usually due 

to microorganisms in the biofilm [8, 9]. The bacteria can raise urinary pH, and evoke a condition 

for the nucleation and growth of the minerals calcium phosphate (hydroxyapatite) and 

ammonium magnesium phosphate (struvite) [10]. Both of these mechanisms that form urinary 

crystals are independent of one another, yet each mineral can contribute to device blockage and 

incompatibility for long-term use.  

Crystals that make up encrustation are a result of deposits of ionic and organic components 

within urine that interact with the biofilm on the device surface [11]. An assortment of explanted 

(removed) ureteral stents that became encrusted is shown in Appendix A. Urologist Rudy 

Acosta, M.D. of Tampa, FL, kindly donated these explanted stents. In these pictures, 

encrustation formed as early as 10 days; as time elapsed, an accumulation of encrustation was 
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observed. By one year, the explanted stent showed bloody encrustation, from chronic irritation 

by stent encrustation to the ureteral wall. 

Calcium oxalate is the most predominant mineral found on ureteral stents. The mineral 

calcium oxalate precipitates when oxalate ions bind to calcium and above a critical concentration 

of these paired ions, referred to as supersaturation, a mineral can form. Also, encrustation occurs 

more readily due to the presence of the device from the process of heterogeneous nucleation on a 

surface, which requires less free energy to form the mineral than a homogenous nucleation, in 

which the nuclei form in solution. Because of this reduced energy barrier, a smaller 

supersaturation is required for heterogeneous nucleation, which would occur on the stent. The 

pH of urine is usually around 6.0, but has a range of pH 4.5-8.0 depending on the health and diet 

of the person [12]. Calcium oxalate mineral formation is considered to be independent of pH but 

usually forms more below pH 7.0 [3]. Otherwise, phosphate-based minerals form at higher pH 

levels and are typically induced by bacterial infection [13]. 

Encrustation from Oxalate 

Oxalate is introduced to the human body through diet, such as leafy vegetables like spinach 

and rhubarb [14] and endogenous synthesis in the liver that accounts for 80-90% of urinary 

oxalate [15-17].  A high protein (meat) diet has even been associated with kidney stone 

formation because it reduces urinary pH and excretion of citrate, which are factors for calcium 

oxalate formation [18]. It has been estimated that 2-14% of ingested oxalate is absorbed by 

healthy people whereas 16-20% is absorbed by people who form kidney stones [16, 19]. 

The human body normally metabolizes oxalate through a bacterium, Oxalobacter 

formigenes, which resides in the intestinal tract [20]. An excess of oxalate or a lack of 

Oxalobacter formigenes results in a variety of disorders, including hyperoxaluria, urolithiasis 

(kidney stones) and renal failure [20,21]. In one study of 10,000 upper urinary tract kidney 
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stones, 73% of the urinary calculi samples were composed calcium oxalate, in which other 

components included struvite (9%), calcium phosphate (8%), uric acid (7%), cysteine (1%), and 

some others (2%) [22]. 

The same process that results in kidney stones also forms encrustation. A method doctors 

use to prevent stones and encrustation is to prescribe acidic foods, such as cranberry juice with 

the idea being ascorbate may influence the crystal formation [23]. Also, doctors suggest 

increasing hydration with water in order to lower the supersaturation and safely pass oxalate 

from the body [24]. Perhaps future medicine may include active agents such as Oxalobacter 

formigenes or oxalate-degrading enzymes delivered to the gut. 

Encrustation from calcium oxalate is due to supersaturated concentrations of oxalate ions 

in the urinary tract. Oxalate has two pKa values of 2.0 and 4.2 and three molecular (Figure 1-2, 

A-C). Below pH 2.0, the species oxalic acid is predominant, while between pH 2.0 and 4.2, the 

monoanionic oxalate species would prevail. Above pH 4.2, the dianionic oxalate would 

increasingly be present.  

Oxalate-degrading enzymes prefer to have oxalate in the monoanionic form (Personal 

conversation, Nigel Richards, Biochemistry Professor, University of Florida, 23 August 2006).  

This gives rise to their pH dependence for activity that will be shown in Chapter 3. Although, the 

established pKa values for oxalate are used in the literature, they are determined in weak buffers, 

and in solutions like urine, ionic species will have different pH-dependent behavior in media 

with a higher ionic strength. 

It is generally recognized that the chemical composition of urine is a metastable solution 

that is supersaturated with ions for certain compounds, including calcium oxalate [25]. Kinetic 

factors govern the chemical species of the ions and inhibitors or promoters for some specific 
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compound are within urine and may influence the crystallization process. When an ionic 

complex is concentrated above a certain supersaturation level, the free energy competition 

between surface area and volume induces the nucleation and formation of a mineral to reduce the 

surface area of the cluster. The thermodynamic factors prevail over the kinetic ones and a salt 

precipitates. There is much interest to know more about the chemical complexes that these ionic 

species are forming in urine to predict crystallization conditions. This phenomenon is referred to 

as speciation.  

The thermodynamics of such complexes have been modeled using several software 

packages, including JESS (Joint Expert Speciation System) and experimental tests [26-29]. 

These computer models take into account the thermodynamic constants for the formation of each 

species and are considered to be validated models. Cations are calcium, magnesium, sodium, and 

potassium. Anions are oxalate, phosphate, sulfate, citrate, and chloride. Hydrogen is also 

considered. In these studies, the models showed that calcium oxalate monohydrate is 

supersaturated independent of pH whereas pH values above 6.5 become supersaturated for 

hydroxyapatite and struvite [26-29].  

Oxalate anion speciation is modeled with hydrogen (H+), sodium (Na+), potassium (K+), 

magnesium (Mg++), and calcium (Ca++) complexes and the concentration for each complex is pH 

dependent [22-24]. A monoanionic form of oxalate was demonstrated to account for over 20% of 

the total oxalate from pH 3.0-7.2 in the species of (NaOx)-, (KOx)-, and (HOx)- [22]. This 

demonstrates that complexes are found far away from their pKa due to the ionic strength, pH, and 

chemical composition of the solution [30]. Another study modeled citrate-based therapy as an 

additive to control these complexes [28]. It showed that adding citrate would increase the 

monoanionic form of oxalate and decrease the calcium oxalate complex as well. Possibly these 
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complexes can be controlled in the urine for this coating with citrate to reduce calcium oxalate 

complexes and increase enzyme activity. 

The size of calcium oxalate stones formed in urine is more sensitive to oxalate ion 

concentrations than calcium [31]. Oxalate is relevant as a measure of the clinical diagnosis of 

various pathologies, e.g. hyperoxaluria, and accurate determination is essential. In one study 

between healthy subjects versus subjects with hyperoxaluria, the average plasma oxalate was 

determined through an oxalate-degrading enzyme activity (oxalate oxidase). Healthy subjects 

had an average concentration of plasma oxalate of 1.28 μmol/L whereas hyperoxaluric patients 

had an average of 166 μmol/L. [32]. An oxalate diagnostic kit is available commercially (Trinity 

Biotech) and utilizes oxalate oxidase in solution to determine oxalate levels. Perhaps a new 

method that immobilizes oxalate-degrading enzymes onto a device can lead to a new and 

improved method to measure oxalate amounts because the devices can be reused with a 

reduction in expensive enzyme consumption. 

Societal Need to Inhibit Encrustation 

Reducing encrustation on urinary devices is important since once the lumen of the device 

becomes blocked by encrustation, a painful incontinence arises and removal and replacement of 

the urinary device is required. Encrustation forms easily in several groups of people that include 

kidney-stone-formers, elderly or immobile people, and pregnant women [33-35]. 

Traditionally, clinical endourological management of encrusted ureteral stents could 

consist of several repeated surgical procedures to completely remove the stone and stent from the 

patient. Extracorporeal shock wave lithotripsy may be used to fragment the stones under sonic 

shock waves concentrated onto the device [36]. The stone fragments should then be able to flow 

out with urine; otherwise, a urologist may retrieve the stones using ureteroscopy (Phone 
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conversation, Rudy Acosta, M.D., 28 March 2005). More recent medical developments have it 

down to one surgical procedure [37]. 

Yet, reducing encrustation by an active stent provides a new method to improve upon the 

risk management of urinary devices. A properly modified surface could extend the usefulness of 

these devices by weeks to months. Great pain and costs could be alleviated, which would 

improve the market quality for ureteral stents. 

A Solution to Encrustation 

Enzymes can act as therapeutic agents for medical treatment, and as proposed here, such 

enzymes can be applied to medical devices to integrate their therapeutic function onto the device. 

This can be achieved by immobilizing the enzyme onto the surface of the device or in a coating, 

thereby localizing the enzyme in an environment, such that the desired interaction with the 

substrate molecule in the surrounding physiological solution is made possible (Figure 1-3). The 

enzyme can activate an otherwise inert device towards an enzyme’s substrate; this functionality 

can perform some role for the device, perhaps improving the device’s biocompatibility or 

imparting a therapeutic response for the recipient. 

The chemistry of enzyme catalysis on oxalate occurs at the outer surface of the ureteral 

stent, in which urine transports oxalate into the coating through diffusion (Figure 1-3). The 

proposed kinetic steps of this system would entail the diffusion of the oxalate anion into the 

coating’s hydrogel matrix. The enzyme in the bulk material must bind with the oxalate anion to 

react. Then, the enzyme by-products must diffuse out of the coating and be excreted.  

The immobilized enzyme imparts its catalytic activity to the implant’s surface. 

Encrustation primarily takes place at the stent’s outside surface, so only the outside of the stent 

will be coated. The application of the coating will involve a method that includes a waterborne, 

photopolymerization process using a dip coating technique to physically entrap the oxalate-
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degrading enzymes. This is considered to undertake as mild as possible conditions to ensure not 

to denature the enzyme. 

Whether an enzyme is permanently immobilized or released over time depends on the 

immobilization method, e.g. adsorption, entrapment, intermolecular cross-linking of enzymes, or 

covalent linkage [38]. Adsorption releases the enzyme rapidly but usually does not affect enzyme 

structure or activity profile. Intermolecular cross-linking of enzymes and covalent linkage to a 

water-insoluble matrix involves chemically reacting the enzyme with a multifunctional group. It 

can be a disadvantage to link to an amino acid residue that may be critical to its active site or 

substrate binding. Yet, the advantage is that the enzyme could potentially be attached for the 

duration of the device.  

Entrapment is dependent on the free volume within the support matrix and can limit 

diffusion of enzyme substrate or prematurely release the enzyme. The advantage of this method, 

however, is that the enzyme is not chemically modified (which can reduce activity), yet it can 

confine the enzyme to the bulk material for long-term activity. It is also conceivable that the 

open nanostructure of the free volume could help to stabilize the enzymes native structure by 

constraint. Advantages and disadvantages exist for all types of immobilization because of these 

differences. 

Each immobilization method could exhibit different enzyme activity profiles for this 

ureteral stent surface modification. Entrapment was chosen to be the method for immobilizing 

enzymes for this project because the enzyme could be incorporated into a coating solution. The 

enzyme activity profile was examined for two oxalate degrading enzymes, oxalate oxidase 

(OxO) and oxalate decarboxylase (OxDc). These oxalate-degrading enzymes were measured as a 

function of free and immobilized enzyme, time, ultraviolet (UV) exposure, pH, oxalate 
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concentration, reusability, and urine exposure. These parameters were determined to be probable 

process and application conditions. 

The enzymes were entrapped into p(HEMA), which could be applied as a coating to a 

ureteral stent. By using a hydrogel matrix to entrap the enzymes, oxalate and the enzyme 

products were able to diffuse throughout the free volume of the material to be accessible to one 

another. The use of a hydrogel also retained essential water and salts to keep the protein in its 

native conformational state. A hydrogel coating provided a soft, lubricious material to interact 

with the surrounding tissue upon implantation of the ureteral stent, while the enzyme will impart 

its functionality to the surface. 

The coating process reported here was a simple process that entailed mixing enzymes 

dissolved in buffers with monomers and a photoinitiator. A photopolymerization method in a 

waterborne solution was chosen to cure the coating material. This method allowed for a room 

temperature, aqueous environment to help ensure minimal denaturation of the enzyme versus 

thermal initiation or using an organic solvent to cast the coating.  

The main hypothesis in this project was that enzyme activity would be sufficient enough to 

reduce encrustation from forming on the stent surface. The enzyme activity provided a 

measurable quantity for oxalate catalysis and a quantifiable way to assess enzyme activity in the 

coating material. Understanding enzyme behavior from activity studies can be used to estimate 

the ability to inhibit calcium oxalate formation in the in vivo environment. Engineering this 

biomaterial constitutes its synthesis process and testing to correlate enzyme activity against 

numerous processing parameters to understand and predict its behavior as a coating material to 

inhibit encrustation. 



 

24 

A.   B. 

C.   D. 
Figure 1-1  Encrustation formed along a ureteral stent. (A) & (B) Digital photographs of a 

ureteral stent implanted for 28 days. (C) & (D) Micrographs by SEM of a section of 
the same explanted stent at increasing magnifications. Higher magnification of stent 
encrustation reveals calcium oxalate monohydrate (flat chips) and calcium oxalate 
dihydrate (jagged points of bipyramids) as major mineral constituents. Scale Bars: (C) 
(clockwise from top left) 1mm; 100 μm; 100μm;10μm, and (D) 1 μm.  
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Figure 1-2  Molecular structures of oxalic acid and oxalate. (A) Oxalic acid; (B) Monoanionic 
oxalate; (C) Dianionic oxalate. 
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Figure 1-3  Schematic of coating with entrapped enzymes breaking down the oxalate anion 

within the bulk of the coating at the device’s surface. 
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CHAPTER 2 
SYNTHESIS & CHARACTERIZATION OF PHOTOPOLYMERIZED P(HEMA) FILMS 

WITH VARYING CROSSLINK DENSITY 

Introduction 

Poly(2-hydroxyethyl methacrylate) Hydrogels 

First discovered in the 1960’s, 2-hydroxyethyl methacrylate (HEMA) is a hydrophilic 

monomer that readily forms a polymeric hydrogel material at low cross-linking densities (Figure 

2-1) [39, 40]. Polymers of HEMA (p(HEMA)) have been approved for use by the FDA for 

cosmetic dyes, contact lenses, and drug release [9]. Ureteral stents were coated with p(HEMA) 

as one of the first polymers that could be used to reduce encrustation by adding a hydrophilic 

surface [41]. Although p(HEMA) has been shown to impart low protein and bacterial adsorption, 

it is still known to be susceptible to encrustation. 

Poly(HEMA) shows a weak interaction with proteins, although hydrophobic interactions 

from the protein to the nonpolar regions of the polymer can occur [42]. Proteus mirablilis was 

found to adsorb significantly less to p(HEMA) than other more hydrophobic polymers [43]. 

Bacteria in the biofilm eventually settle and then cause alkaline conditions, which predisposes 

phosphate-bearing stone formation onto a urinary device [44]. Improved bacterial resistance is 

still being sought. This project can determine any enhancement for p(HEMA) to inhibit 

encrustation of CaOx by using the entrapped oxalate-degrading enzymes within the material. 

Photopolymerization 

Photopolymerization involves an excited state process from a molecule that absorbs light 

and decomposes into an intermediate species in a triplet state [45]. Photoinitiators have different 

effectiveness throughout the spectrum of light (190-400 nm for UV) [46]. Use of 

photosensitizers and other initiator concentrations could be studied in the future to optimize 

photopolymerization kinetics [47]. 
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The photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA) was used in this 

project. DMPA absorbs in the near UV(A) spectrum (λmax = 365 nm, ε = 94.6), and it breaks 

down into several reactive radical species (Figure 2-2). Upon absorption of the appropriate 

wavelength of light, there is a cleavage at the C-C bond and a benzoyl radical is formed. This 

radical initiates the polymerization by reacting with the vinyl group in the monomer [45]. The 

decomposition products of DMPA also break down further to a highly reactive radical methyl 

group, which has a low molecular weight and high diffusivity even when the polymer chains 

have formed [48]. 

Materials & Methods 

This chapter details the synthetic and physical characterization methods for the p(HEMA) 

material that will be used for the enzyme immobilization. Here, p(HEMA) was lightly 

crosslinked with diethyelene glycol dimethacrylate (DEGDMA) at varying molar ratios (0, 0.5, 

1.0, and 2.0%). The films were equilibrated with deionized, distilled water (ddH2O) or urine to 

evaluate any difference of swelling. The films were also characterized with scanning electron 

microscopy (SEM) and FTIR spectroscopy. 

Materials 

The main monomer, HEMA (95%, Fluka), was purified by passing the monomer over a 

column of activated alumina and then stored at 4°C. The crosslinker, DEGDMA (95%, Sigma), 

was used as received and stored at 22°C. The photoinitiator, DMPA (Sigma), was dissolved in 

N-methyl pyrollidone (NMP) at 600 mg/ml and stored at 22°C. The monomers and photoinitiator 

solution were stored in amber bottles to reduce degradation by ambient light. A UV spot lamp 

was purchased from Fisher Scientific (Spectroline, SB-100P, 40 mW/cm2, λmax ~ 365 nm) and 

mounted at a fixed distance of ~25cm above the sample during the photopolymerization. 
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Methods 

The film was photopolymerized in a solution polymerization, which is composed of a 

60/40-volume ratio of monomer to aqueous phase that make up the reaction mixture. The 

monomer phase consisted of HEMA and DEGDMA with varying compositions of DEGMDA 

from 0 to 2 mol% (Table 2-1). DMPA was added at 1 wt% of the monomers, in which the 

density of the monomers was assumed to be 1 mg/mL.  The aqueous phase consisted of ddH2O. 

The mixture was homogenized while being purged with Argon (g) for at least 15 min. After 

purging the solutions, they were dispensed into a UV transparent glass mold with a spacer of 0.8 

mm. Then, the molds were placed under the UV lamp for 15 minutes. Samples were rotated 

during photopolymerization at 33 rpm. 

After the film was peeled from the glass mold, it was washed in ddH2O against several 

exchanges. Then, a bore punch (1 cm diameter) was used to cut discs out of the films to make 

multiple samples. Approximately 12 discs were produced from each film composition. Samples 

were stored in fresh ddH2O until used in the study. 

In some preliminary studies, the length of time for polymerization was determined by 

polymerizing the reaction mixture on a glass slide. Scratching the surface of the growing film 

could monitor the cure process and it revealed that it took over 5 minutes for the waterborne 

solutions to solidify. This is due to the high surface tension of the water resulting in it being a 

poor solvent for a growing polymer and it has a profound effect on chain length dependence and 

polymerization rate [42].  

Characterization 

Equilibrium Weight Content (EWC) 

Equilibrium water content (EWC), or swelling, was measured to determine its dependence 

on the crosslinking density (n = 3). Each disk was dried thoroughly under vacuum for 3 days and 
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then weighed (Wdry). Then, they were placed in a microfuge tube with 2 mL of ddH2O or urine 

(pH 6.1). Samples were incubated at 37°C for 2 days, blotted dry and weighed (Wwet). EWC was 

calculated based on the equation,  

100%wet dry

wet

W W
EWC

W
−

= ×  

The p(HEMA) films showed a dependence on DEGDMA for its EWC. Results are 

reported numerically and with a bar graph in Figure 2-3. The films swell until there is 

equilibrium between the osmotic forces and the elastic nature of the network chains. The 

crosslinker, DEGDMA, provides a retractive force to the chains of p(HEMA), and increasing the 

crosslinking density thereby reduces swelling and water uptake. 

It has been stated in the literature that p(HEMA) forms hydrogen bonds that can make the 

swelling independent of low crosslink density but was not the case here [35]. Diffusion of 

solutes, such as water, through hydrogels is based on the material’s EWC, crosslinking density, 

and chemical nature due to the physical and chemical interactions with the solutes. A high value 

for EWC can indicate if the diffusion of oxalate or the enzyme by-products will diffuse as easily 

in urine as it does in weak buffers. The normal range of EWC for p(HEMA) is 30- 40% water 

[40], and that was the case here. 

These p(HEMA) films showed a similar dependence for swelling in ddH2O and urine. 

From 0 to 2 mol% DEGDMA, the EWC decreased in ddH2O from 41% to 33%, and, in urine, 

EWC decreased from 40% to 36%. Part of the difference in EWC between urine and water may 

due to deposits that were visibly formed on the films stored in urine. 

Scanning Electron Microscopy (SEM) 

Images of freeze-dried films containing immobilized enzyme were taken with a field 

emission SEM (Jeol 6335F). Films were processed for SEM by storing hydrated in ddH2O, flash 
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freezing with N2 (l), and then placed into a freeze-drier for 24 hours to remove the H2O phase. 

This technique preserves the microstructure of the films in the swollen state. Pieces of these 

freeze-dried samples were coated using a Au/Pd target and stored in a vacuum oven at 25°C and 

30” Hg. An accelerating voltage of 5 kV was typically used to prevent the sample from being 

burned by the electron beam. 

Films of photopolymerized p(HEMA) showed a single-phase network that had a solid 

morphology (Figure 2-3, A-D). Without crosslinker, defects were visible on the surface as a 

beaded residue (Figure 2-3, A). With 0.5% DEGDMA the polymer was much smoother than 

without (Figure 2-3, B). At 1.0 and 2.0% DEGDMA, the p(HEMA) film was smoothest (Figures 

2-3, C and D). Films were generally non-porous although a few pores were noticeable in 2% 

DEGDMA on the order of 10 μm. 

Conclusion 

Films of lightly crosslinked p(HEMA) were synthesized via photopolymerization and their 

characterization were conducted by swelling in ddH2O and urine. Films were evaluated by their 

EWC and results showed that the films in ddH2O and urine were not significantly different. Yet, 

at higher crosslink densities, EWC was higher in urine, which was possibly due to more deposits 

accumulating on the film in urine. 

The surface structure as shown by SEM showed a residue on the surface of samples 

without DEGDMA whereas 1.0 and 2.0% DEGDMA were smooth. Pores of 10 μm diameter 

were seen in 2.0% DEGDMA. Since pores can weaken a material, it is ideal that the coating be 

non-porous and homogenous to be able to withstand the shear stresses of being implanted. The 

p(HEMA) photopolymerized by 1% DEGDMA had the smooth, continuous surface structure and 

will be the main composition of the films used in the next chapter of enzyme activity tests. 
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Figure 2-1 Molecular reaction and structure of free-radical initiation with HEMA and DEGDMA 

for p(99m% HEMA-c-1m% DEGDMA). 
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Figure 2-2 Molecular structures of the photoinitiator, DMPA, and its decomposition pathways. 

 
Table 2-1  Composition of p(HEMA) films with varying concentration of DEGDMA. 
P(HEMA-x-DEGDMA 
(mol%) 

HEMA 
(mL) 

DEGDMA 
(mL) 

DMPA 
(mL) 

ddH2O 
(mL) 

100-x-0.0 0.600 - 0.010 0.400 
99.5-x-0.5 0.594 0.006 0.010 0.400 
99.0-x-1.0 0.589 0.011 0.010 0.400 
98.0-x-2.0 0.578 0.022 0.010 0.400 
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Figure 2-3 Equilibrium swelling of p(HEMA) with varying DEGMA in ddH2O and urine. 

 

A.   B. 

C.   D. 
Figure 2-4 Micrographs of the surface of p(HEMA) films with varying degrees of crosslinker, 

DEGDMA: (A) 0%; (B) 0.5%; (C) 1.0%; (D) 2.0%. The scale bar of all images is 
100μm.
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CHAPTER 3 
IMMOBILIZATION OF OXALATE-DEGRADING ENZYMES INTO P(HEMA): EFFECTS 

ON ACTIVITY KINETICS 

Introduction 

Oxalate-degrading enzymes catalyze the breakdown of the oxalate anion. There are two 

main types of oxalate-degrading enzymes, oxalate oxidase (OxO, EC 1.2.3.4), found in plants 

and some bacteria, and oxalate decarboxylase (OxDc, EC 4.1.1.2), found in fungi. These 

enzymes regulate a variety of metabolic pathways in their host organisms, but their ability to 

degrade oxalate can be exploited for technological uses, as discussed here. 

The oxalate anion can be pathological for diseases such as primary and secondary 

hyperoxaluria, chronic renal failure, and calcium oxalate nephrolithiasis. It can also lead to the 

fouling of urological prostheses by mineral encrustation [3,4]. The ability to measure oxalate is 

crucial for diagnosing these conditions, and clinicians currently use the free enzyme of OxO as a 

common technique. Yet, it would be advantageous to immobilize oxalate-degrading enzymes as 

a more convenient and reusable type of measuring technique. Furthermore, it has been 

envisioned that immobilizing such enzymes can allow them to be used therapeutically, for 

instance, to be coated on urological prostheses to inhibit calcium oxalate encrustation. Here, the 

biocompatible hydrogel p(hydroxyethyl methacrylate) was used as a platform for immobilizing 

OxO and OxDc. 

This work studied the effects of the immobilization process on the apparent activity of the 

enzymes. The rate of enzyme catalysis was initially determined for the free and immobilized 

enzyme to determine the linear range of activity. Relevant Michaelis Menten models were 

applied to the free and immobilized enzyme for comparison to quantify rate constants for 

catalysis of each enzyme. This comprehensive analysis demonstrates the difference between 
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measuring free and immobilized enzyme behavior and highlights the complexities to accurately 

measure activity of the immobilized enzyme. 

Oxalate Oxidase (OxO) 

Oxalate oxidase (EC 1.2.3.4) catalyzes the oxygen dependent oxidation of oxalate into 

hydrogen peroxide and carbon dioxide (Scheme 3-1) [49-51]. Its activity depends on dissolved 

oxygen and hydrogen at the active site [52, 53]. The enzyme is derived from the barley root and 

is a hexamer with units of 22 kDa (Mw~132kDa), an isoelectric point (pI) of 6.9, and a triad of 

manganese atoms at its active center, which is where oxalate catalysis occurs [51-54]. It has been 

reported that OxO is pH-dependent for activity with an optimum activity of pH 4.0 [52]. Kinetic 

constants of the free enzyme, such as km, have been reported to be as low as 0.27 mM and high 

as 1.3 mM [52, 55]. One of these research groups did not detect substrate inhibition whereas 

another observed it at ≥ 4 mM [52, 55]. It has also been reported to have a specific activity as 

high as 34 μmol/min/mg [55]. 

Oxalate Decarboxylase (OxDc) 

 Oxalate decarboxylase (EC 4.1.1.2) converts oxalate into formate and carbon dioxide 

(Scheme 3-2) [56]. Structural and activity studies of OxDc, similar to OxO in this regard, have 

shown that Mn2+ plays a cooperative role as a cofactor at the binding site of oxalate [57]. The 

Mn2+ is bound to a triad of histidines within OxDc and plays a key role in catalysis [58]. 

The enzyme is only active in a hexameric structure (Mw~264 kDa) and is reported to have 

an optimal activity range from pH 4.0-5.0 and a specific activity of 21.0 μmol/min/mg at pH 5.0 

[56, 58, 59]. Crystallography studies have shown that OxDc has an elliptical shape with focal 

points being 90 Å and 85 Å [60]. Also, it has been reported that OxDc has a pI of 6.1 [61]. 
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Enzyme Immobilization 

The fundamental parameters to be considered for enzyme immobilization include: 1) 

Relative enzyme activity before and after immobilization, 2) Favorable coupling conditions, 3) 

Stability of the protein-substrate complex, and 4) Determination of the active enzyme 

concentration within its matrix [38, 62]. Properly designed supports stabilize enzyme activity 

over an extended period of time to be used episodically [38, 62, 63]. The immobilization 

technique applied in this work entrapped the enzymes using a UV-photopolymerizable process 

for a lightly crosslinked hydrogel composed of poly(2-hydroxyethyl methacrylate-x-1mol% 

diethylene glycol dimethacrylate) (p(HEMA-x-DEGDMA)).  

Kinetic Model 

The reaction for enzyme catalysis of its substrate is given as, 

1 2

1

k k

k
E S ES E P

−

+ → +                       (1)  

where E is the enzyme, S is the substrate, and P is the product. The enzyme-substrate complex, 

ES, forms for the catalytic process to occur, and the constants, ki, denote the rates associated 

with the formation or breakdown of the ES complex. When Michaelis-Menten kinetics is 

observed, it can be described as  

max
[ ]

[ ] m

SV V
S k

=
+

     (2) 

The Michaelis Menten constant, km, is defined by, 

1 2

1

( )
m

k kk
k

− +
=      (3) 

and represents half the amount of substrate needed to saturate the enzyme. Vmax is the maximum 

velocity when the enzyme is saturated by its substrate. These kinetic constants can be used to 
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compare oxalate activity between the free and immobilized enzymes and try to learn what may 

cause the changes in activity between the two forms. 

Experimental Procedures 

Enzymes. Oxalate oxidase from barley seedlings (Sigma) was provided as a lyophilized 

powder. Stock solutions of OxO were prepared to 1.0 mg/mL in 20 mM 

Hexamethylenetetramine-HCl, 100 mM NaCl buffer (Hex-NaCl). A specific activity of 0.71 

units/mg solid was indicated for commercial OxO. Specific activity is defined as the amount of 

OxO (mg) necessary to produce 1 μmol H2O2 from oxalate per minute at 37°C at a pH 3.8. 

Results of protein concentration from a Bradford assay using Coomassie Plus indicated only 

10% of the dry weight was actual protein, which was accounted for in the reported values herein.  

The lab of Nigel Richards, Chemistry department, University of Florida, provided OxDc, 

which was prepared through recombinant methods. This enzyme was provided at 1.2 mg/mL in 

20mM Hexamethylenetetramine-HCl, 500 mM NaCl, pH 6.1. As determined by the Richards 

research group, the OxDc had a specific activity of 58 units/mg-dissolved solid. One unit is equal 

to the production of 1 µmol formate/min by 1 mg of equivalent solid OxDc in solution measured 

at 22°C in 50 mM acetate, pH 4.2. 

Polymer Synthesis.   HEMA monomer was passed over a column packed with charged 

dimethacrylate (DEGDMA), was used as received and stored at 20°C. The photoinitiator, 2,2-

dimethoxy-2-phenylacetophenone (DMPA), was dissolved to 600 mg/mL into N-methyl 

pyrollidone (NMP) and stored at 20°C. All chemicals were stored in amber bottles or vials. The 

UV lamp was mounted at a fixed distance of ~25 cm above the samples. An LP record player 

was used as a turntable for the samples to get a uniform exposure of UV irradiation on all sides 

of the sample. 
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Other reagents and equipment. Chemicals purchased from Sigma Chemical, USA, include the 

monomers HEMA and DEGDMA; the enzymes Oxalate Oxidase, Horseradish Peroxidase (EC 

1.11.1.7), and Formate Dehydrogenase (EC 1.2.1.2); and, buffer salts such as 

hexamethylenetetramine-HCl, sodium chloride, sodium acetate, sodium hydroxide, hydrogen 

peroxide, and potassium formate. All chemicals were processed with deionized, distilled water 

(ddH20, 18.2 MΩ, Barnstead). Activity assays were colorimetric and performed on Beckman 

DU-640 spectrophotometer (GMI, Inc) and absorption of all samples was measured in PMMA 

cuvettes (1.0 cm). 

Film Preparation 

Reaction solutions for the films were composed of 40 v% buffer (with dissolved enzyme or 

without for controls) and 60 v% monomer (Table 1). The same amount of polymer was in each 

film for this work. Enzyme buffers (1 mg/mL) were diluted with Hex-NaCl by 50 v% (0.5 

mg/mL). The photoinitiator, DMPA, was added to the reaction solution at 1 w% to the total 

weight of HEMA and DEGDMA (ρmonomer ~ 1 mg/mL). The monomer, photoinitiator, and 

diluent, such as the enzyme buffer, were mixed and then degassed with Argon (g) for at least 10 

minutes before photopolymerization. Films of each sample were derived from aliquots of 50 μL 

reaction solution pipetted into a mold made of 2 glass slides with 0.8 mm tubing as a spacer. The 

molds were placed under the UV lamp to cure for 15 minutes while rotated at 33 rpm. The films 

were then removed, washed, and stored in Hex-NaCl (22°C, ≥ 2 days) before the initial activity 

test. For free enzyme tests, stock solutions were diluted with Hex-NaCl buffer immediately 

preceding the test.  

Enzyme Activity Test 

To start the activity tests, the films were removed from their storage solution, blotted dry, 

and immersed in a 2 mL vial with ddH2O (0.5 mL) and 200 mM acetate (0.25 mL).  The activity 
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test was initiated when 200 mM oxalate (0.25 mL) was added (Vt = 1 mL), except for tests that 

varied oxalate concentrations and were diluted accordingly. Activity tests were run at 37°C for a 

predetermined amount of time. Then the sample solutions were treated with their respective 

assay method to measure the product.  

Activity Assay for OxO  

Reaction vessels of the OxO samples were placed in boiling water for 5 minutes to stop 

any further reaction. The samples were then cooled to measure the total activity. A colorimetric 

assay was used to measure OxO activity from hydrogen peroxide (H2O2) formed at a 1:1 molar 

ratio to oxalate (Scheme 3-3). The assay uses a dye, ABTS, (2-2’aziisobis-3-ethylbenzthiazoline-

6-sulphonic acid), which undergoes a colorimetric change when it is oxidized by the activity of 

Horseradish Peroxidase (HRP). The absorption of ABTS* was read at 650 nm. 

The OxO activity assay consisted of an OxO sample or standard (0.5 mL), which was 

mixed with 5 mM ABTS (0.49 mL) and 2400 U/mL HRP (10 μL) in ddH2O (Vt = 1 mL) [64]. A 

color change from clear to green was immediate and the absorbance was read within 10 minutes 

of mixing. A stock of 8.8 mM H2O2 was made by diluting 30% H2O2 (1 µL) in ddH2O (0.999 

mL) (Vt = 1 mL). Standards of 0, 8.8, 44, and 88 nmol H2O2 were prepared by respectively 

bringing 0, 1, 5, and 10 μL H2O2 stock to 0.5 mL with ddH2O and then adding 200 mM acetate, 

pH 4.2 (0.25 mL) with 200 mM oxalate, pH 4.2 (0.25 mL) (Vt = 1 mL). 

Activity Assay for OxDc  

To stop any further reaction of OxDc, 100 µL of 1 M NaOH was added to samples and 

mixed thoroughly (Vt = 1.1 mL). A second colorimetric assay was used to measure formate, a 

1:1 molar by-product of OxDc, and quantify decomposed oxalate (Scheme 3-4). The assay 

utilized NAD+, which is reduced by FDH activity against formate. The absorption of NADH was 

read at 340 nm. 
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The OxDc assay was adapted for larger sample volumes and enzyme concentrations, and 

consisted of 0.1 mg/mL FDH, 1.0 mg/mL NAD+, 50 mM KiPO4, pH 7.6, (0.945 mL) mixed with 

a sample or standard (0.055 mL) (Vt = 1 mL) [59, 65]. A change in absorption occurred when 

NAD+ reduced to NADH. This absorbance was measured at 340 nm after incubating overnight at 

37°C. Formate standards from 0-10 mM were prepared from a stock of 100 mM formate in 

ddH2O (0.1 mL), and was mixed with 200 mM acetate (0.25 mL), 200 mM oxalate (0.25 mL), 

ddH2O (0.4 mL), and 1M NaOH (0.1 mL)  (Vt = 1.1 mL). 

Results and Discussion 

Activity with Respect to Time 

To apply Michaelis-Menten kinetics to the enzymes, an initial test needed to be conducted 

to determine the linear region of activity over time. The purpose was to determine a time point 

within the linear region to test for km and Vmax in a later experiment. In this activity test, the 

products of OxO and OxDc were measured over time for a period up to 60 minutes in a solution 

of 50 mM oxalate in 50 mM acetate, pH 4.2 (1 mL). 

OxO 

Free and immobilized OxO tests showed a linear response up to 60 minutes for the 

production of H2O2 (Figure 3-1). The rate of oxalate consumption was higher in the case of 

immobilized OxO (1.0 nmol/min-μg) than for free OxO (0.5 nmol/min-μg) as determined by the 

slopes of the linear curve. This indicates a positive response by OxO to the immobilization 

process due to an apparently higher activity. Yet, the immobilization process is unlikely to 

improve the inherent activity values of OxO.  

OxDc 

Free and immobilized OxDc showed measured product that was linear up to 30 minutes, 

yet they exhibited a decreasing rate from 30 to 60 minutes (Figure 3-2). In the linear region up to 
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30 minutes, the rate of free OxDc (25 μM/min-μg) was much higher than immobilized OxDc 

(7.5 μM/min-μg). The decrease in the activity for immobilized OxDc was not due to the 

photopolymerization process because 1) another experiment to study UV exposure on free 

enzyme activity did not reveal large sensitivity to irradiation by either enzyme (supplemental 

data), and 2) it did not seem to affect immobilized OxO in Figure 3-1.  

The lower rate of immobilized OxDc may be due to the impeded release of formate, which 

could build up in the film. If the formate were bound, this would obscure the measurable formate 

in the solution, and explain why the activity is lower overall for the immobilized OxDc. This 

could also an eventual effect on OxDc activity like product inhibition. The film provides a 

volume ~10 % than that of the solution, and this concentrates both substrate and product in the 

film. If indeed the formate becomes bound, it does not become released from the film 

(supplemental). 

The non-linear activity in free OxDc after 30 minutes suggests that product inhibition 

could have occurred, the enzyme activity dies as a function of time, or the enzyme was no longer 

saturated by oxalate. The latter point seems unlikely by analyzing the data. At 30 minutes, free 

OxDc consumed 800 μM/μg oxalate and by 60 minutes 950 μM/μg was consumed. Since there 

was only a loss of 1 mM oxalate from the initial 50 mM oxalate, more than enough oxalate 

would be present to saturate the enzyme. Therefore, the rate loss of product formation should not 

be from a loss of saturation with oxalate. Product inhibition has not been reported before for 

OxDc in the literature.  

In an experiment to expose the enzyme to oxalate and measure reusability, there was some 

evidence to suggest OxDc activity dies over continued use (Figure 3-3, n = 3). The typical 

activity test was applied after exposing the films to a low level of oxalate (1 mM). On day 1, the 
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film lost 80% of its initial activity. After being rinsed and put back into solution, the film lost all 

but slight activity by days 2 and 3. The activity of OxDc is not stable against exposure to oxalate, 

especially in this buffer. OxO showed a decrease in activity after repeated use but the loss was 

not as large as OxDc. 

The other buffers studied for presoaking the films include, the Hex-NaCl storage buffer 

(pH 6.1), acetic acid at the optimal pH for activity (pH 4.2), and urine (pH 6.1). It was shown 

that films from both enzymes actually preserved their activity longest in urine, which is a 

solution these enzymes could be used for an application to inhibit encrustation. The increase in 

activity from being stored in urine is probably due to the higher ionic strength of the solution and 

the presence of other proteins in urine like albumin that could stabilize enzyme structure. The 

trend shows that the enzymes loose activity against oxalate over repeated use in each of the 

solutions, yet OxDc dies faster than OxO.  

Activity with Respect to Oxalate Concentration 

A 30-minute test period was chosen since it was at the upper end of the linear region for 

OxO and OxDc in the free and immobilized state. Oxalate was varied from 0.5 to 100 mM in 

order to test a wide range of concentrations. The raw data for enzyme activity was compiled with 

the Michaelis Menten equation to determine the kinetic constants using KaleidaGraph (Table 2). 

OxO 

Free OxO clearly exhibits substrate inhibition after 10 mM oxalate (Figure 3-4a). The 

activity of free OxO at 50 mM oxalate is about half the activity at 10 mM oxalate. Substrate 

inhibition for OxO has been reported ≥ 4 mM oxalate [55]. The experiments showed that the 

immobilized OxO had a higher apparent activity at 50 mM oxalate (Figure 3-4b). For example, 

at 50 mM oxalate the activity appears to be 0.8 μM/min-μg for free and 1.1 μM/min-μg for 

immobilized OxO.  
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Substrate inhibition is a phenomenon in which the substrate builds up by binding to the 

non-active sites of the enzyme and lowers overall activity. The constant for substrate inhibition’s 

formation, ks, is factored into Michaelis Menten models shown below,  

max[ ]
[ ][ ] 1m

s

V SV
Sk S
k

=
⎛ ⎞

+ +⎜ ⎟
⎝ ⎠

     (4) 

 
The substrate inhibition model can explain the higher activity for immobilized OxO in 

terms of ks. Immobilized OxO exhibits a larger ks value (650 mM) than free OxO (35 mM). This 

larger ks value for immobilized OxO represents a smaller effect in substrate inhibition, and this 

difference in ks highlights the transport resistance of oxalate into the film.  

The kinetics of free and immobilized OxO are different at concentrations higher than 10 

mM oxalate. Less substrate inhibition can be seen for immobilized OxO. As oxalate increases, 

immobilized OxO has a constant velocity (Vmax) up to 75 mM oxalate, and substrate inhibition 

finally appears in the films through 100 mM. The activity of immobilized OxO is twice that of 

free OxO at these levels of oxalate. 

Using the substrate inhibition model from equation (4), the Vmax for free OxO (1.8 

μM/min-μg) was indeed larger than for immobilized OxO (1.2 μM/min-μg). The km of free OxO 

(1.8 mM) was about half that of the immobilized OxO (4.1 mM), which indicates a decrease in 

affinity for oxalate in the immobilized form. If the data is modeled using regular Michaelis 

Menten kinetics, equation (3), the data is poorly modeled for free OxO. Without accounting for 

substrate inhibition, the Vmax for immobilized OxO stays the same but the km decreases to 3.1 

mM and appears to have a higher affinity for oxalate. 

It was not expected that the immobilized OxO would have a higher activity than free OxO. 

It is assumed that the enzyme would not improve its kinetic properties upon immobilization. The 
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difference in ks between free and immobilized OxO explains this behavior. A lower oxalate 

concentration inside the film could lead to less substrate inhibition. A diffusion resistance of 

oxalate through the film could be due to the negative charge of oxalate at pH 4.2 (pKa,1 = 1.2 and 

pKa,2 = 4.2). The apparent enzyme activity was measured higher since it was affected less by 

substrate inhibition and this is supported by the different ks values. 

OxDc 

A 30-minute test period was chosen to test OxDc against oxalate, so that the activity was 

not in the non-linear range of Figure 3-2. The plots for reaction rate against oxalate concentration 

(Figures 5a and 5b) show that the kinetic values for Vmax and km are much slower for the 

immobilized than the free form of OxDc (Table 2). Also, the activity of immobilized OxDc is not 

as efficient as the case for immobilized OxO. 

The Vmax for immobilized OxDc is 20% than that of the free form, and the km of free OxDc 

is over 40 times less that of immobilized OxDc. It is apparent from that free OxDc is saturated 

with OxDc by 10 mM oxalate (Figure 3-4), and immobilized OxDc possibly reaches saturation 

by 50 mM oxalate. The dramatic effect on immobilized enzyme activity is explained by mass 

transfer effects of the substrate and product. 

Formate, a charged species, would have an ionic interaction with the immobilized OxDc 

that inhibits its diffusion out of the polymer. OxDc has a pI of 6.1, and has a positive charge at 

pH 4.2, which could attract the negatively charged formate (pKa of formic acid is 3.8). Although 

the formate concentration outside of the film did not change over time once the activity was 

stopped (supplemental), it does not necessarily mean the ion would desorb from the enzyme.  

It is hard to determine if oxalate or formate diffusion caused the low activity for 

immobilized OxDc. It may be a combination of both. But, the volume of the film (100 μL) is ten 

times less than the free enzyme solution. The immobilized enzymes have a higher concentration 
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of ions inside surrounding it in the film than the solution with free enzyme, and this rise in ionic 

concentration may have effects that these experiments cannot directly measure.  

Formate concentration inside the film would influence the enzyme activity since OxDc is 

susceptible to activity die off or product inhibition. If the product accumulates in the film 

because it does not diffuse sufficiently, the apparent activity outside the film is lower. When 

formate diffusion from the film is hindered, it is further possible that less formate is generated 

over time due to reduced activity or product inhibition.  

Kinetic Models 

These following models represent the transport parameters of product and substrate for the 

free and immobilized enzymes (Figure 3-6). They provide simplified representations of how the 

enzymes would generally behave according to certain rates controlling the diffusion of substrate 

or product. Here substrate inhibition is accounted for OxO. 

Conclusions 

Oxalate-degrading enzymes (OxO and OxDc) were entrapped into p(HEMA-x-1mol% 

DEGDMA) using a photopolymerization technique. Enzyme activity was measured for the free 

and immobilized forms and Michaelis Menten models were applied to study the kinetic 

constants, including substrate inhibition. These models compared the kinetic constants to 

understand the effects of the immobilization process on the entrapped enzyme activity and 

whether a substrate inhibition model was appropriate. 

Free OxO was shown to suffer substrate inhibition with at least 10 mM oxalate. The 

substrate inhibition model gave a ks of 35 mM for free OxO. The immobilized OxO did not show 

substrate inhibition during the 30 minutes test except at 100 mM oxalate and had a ks of 660 

mM. Mass transfer effects of oxalate in the film allow less substrate to the enzymes, which 

enables OxO to have a higher activity (or reduced substrate inhibition). According to the 
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substrate inhibition model, the Vmax for free and immobilized OxO are 1.8 and 1.2 μM/μg, 

respectively, and the km for the immobilized OxO is half that of free OxO at 4.1 mM. Without 

accounting for substrate inhibition, the Vmax for free and immobilized OxO are 0.9 and 1.1 

μM/μg, respectively, and the km for the both free and immobilized OxO is lowered to 0.3 and 3.1 

mM, respectively. 

OxDc dramatically looses activity against oxalate and does not display a highly retained 

enzyme activity. Using the Michaelis Menten model, the free OxDc has a Vmax of 23.5 μM/min-

μg and a km of 0.5 mM for free OxDc whereas immobilized OxDc has a Vmax of 5.0 μM/min-μg 

and a km is 23.2 mM. The decreased activity measured by formate production may be due its 

diffusion resistance from the film, which could impede ongoing activity by OxDc activity dieing 

off or through product inhibition. Hydrogen peroxide, measured as the OxO product, has a 

neutral charge and would not have substantial interactions with the film or enzyme to affect its 

diffusion from the film. Furthermore, oxalate diffusion into the film also decreases activity for 

immobilized OxDc although it helped OxO in these experiments to determine kinetic constants.  

Enzyme activity could be improved in future tests by changing the characteristics of the 

film. A change of crosslinker density could elicit a better understanding of oxalate diffusion and 

ensure substrate inhibition is minimized at physiological values of oxalate. Also, the film for 

OxDc could be changed to include acrylic acid, so that the acid groups can be ionized and repel 

formate from the bulk. This paper has found that the nature of the film and entrapped enzymes 

inside its bulk affect the diffusion of ions. Yet, the overall enzyme activity of the immobilized 

enzymes reveal this technique is viable for measuring oxalate at physiologically levels of oxalate 

or to even use it in urine for encrustation resistance. 
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Supplemental Data 

Effects of Ultra-Violet Light Exposure on Activity 

Photopolymerization was studied for the effects of UV light exposure had on enzyme 

activity (Figure 3-7). Free enzyme (2 µg OxO or OxDc) was mixed with ddH2O and 200 mM 

acetate similarly to the free enzyme test with time. This solution was placed under the lamp at a 

distance of 30 cm.  After a period of time (0, 1, 5, 10, 20, and 30 min), the samples were taken 

out of the UV radiation. When samples were finished, they had 200 mM oxalate (0.25 mL) 

added to initiate the activity test (15 min). 

Exposure to UV radiation showed a steadily decreasing enzyme activity. Initially, the 

enzymes do not lose much initial activity in the first five minutes (~5%). Then, enzyme activity 

becomes more affected by 10 to 20 minutes. OxO seems to have less appreciable affect until 30 

minutes (89 to 77%) where as OxDc shows steady declining activity from 10 through 30 minutes 

(85 to 73%). 

Product Diffusion from Films over Time 

A test was devised to determine if the product of enzyme activity was releasing from the 

films over time to know if the measured product was a function of time. This would indicate if 

the product were bound to the film or immobilized enzyme, and how large the measured product 

deviated over time. The results show that it appears there is no significant difference in the 

measured product for both enzymes (Figure 3-8a and 3-8b for OxDc and OxO, respectively). 
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Scheme 3-1 Decomposition of oxalate by OxO. 
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Scheme 3-2 Decomposition of oxalate by OxDc. 
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Scheme 3-3 Chemical reaction of OxO assay to measure oxalate degradation. 
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Scheme 3-4 Chemical reaction of OxDc assay to measure oxalate degradation. 

 

Table 3-1 Composition for immobilizing OxO and OxDc into p(HEMA) films. 
Composition of Reaction Solution Volume of Reactants (per mL of reaction mixture) 
Enzyme Buffer (0.5 mg/mL) 0.400 mL 
99mol% HEMA 0.589 mL 
1mol% DEGDMA 0.011 mL 
1w% DMPA 0.010 mL 
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Figure 3-1 Activity of free and immobilized OxO for periods up to 60 minutes. 
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Figure 3-2 Activity of free and immobilized OxDc for periods up to 60 minutes. 
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Figure 3-3 Activity of immobilized enzyme in p(HEMA) after being stored in a buffer solution, 

tested against 50 mM oxalate, and restored. (A) OxDc; (B) OxO. 

Table 3-2  Constants determined by applying Michaelis Menten kinetics on raw data from 
Figures 1 and 2. (N.A.-not applicable, n = 2) 

 
Enzyme (state) Vmax  

(μM/min-μg) 
km 
(mM) 

ks 
(mM) 

OxO (free) 1.8 ± 0.1 1.8 ± 0.1 35.4 ± 3.7 
OxO (imm) 1.2 ± 0.2 4.1 ± 0.6 660 ± 140 
OxO (free) 0.9 ± 0.0 0.3 ± 0.0 N.A. 
OxO (imm) 1.1 ± 0.1 3.1 ± 0.1 N.A. 
OxDc (free) 23.5 ± 1.4  0.5 ± 0.1 N.A. 
OxDc (imm) 5.0 ± 1.9 23.2 ± 9.1 N.A. 
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Figure 3-4 Activity tests for reaction rates for OxO. (A) free OxO; (B) immobilized OxO. 
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Figure 3-5 Activity tests for reaction rates for OxDc. (A) free OxDc; (B) immobilized OxDc. 
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Figure 3-6 Proposed models for the kinetic mechanisms of oxalate catalysis by free and 

immobilized OxO and OxDc. The model for OxO accounts for substrate inhibition 
(represented by OxOSS). 
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Figure 3-7 Activity profiles of free OxO (2 μg) and OxDc (2 μg) against 50 mM oxalate after 

exposed to UV for different periods of time. 
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Figure 3-8 Profiles of product release from films over time after the activity test.(A) OxDc; (B) 

OxO. 
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CHAPTER 4 
DEVELOPMENT OF A P(HEMA) COATING FOR THE PURPOSE OF IMMOBILIZING 

OXALATE-DEGRADING ENZYMES ONTO A URETERAL STENT 

Coatings 

Overview  

Coatings are products of liquids, pastes, or powders that are applied to surfaces, or 

substrates, and form a film that is protective, decorative, or provides some other functional role. 

The main components of a coating are its binders, pigments, solvents, and additives [66]. Many 

types of coating formulations include resins, latex, or monomers [67]. Use of waterborne 

coatings over organic solvents has become more popular in recent years since it reduces fire 

hazards, environmental pollution e.g. ozone layer degradation, higher insurance premiums and 

added maintenance on manufacturing equipment [67,68]. Photopolymerization is an emerging 

field and considered to be a viable way to process materials containing enzymes or other 

biologics, especially since its faster and more benign to enzyme structure than thermal systems 

[68]. 

Curing by UV radiation is a simple, reliable, low energy, and quick method for 

polymerization [67]. It is widely utilized in the coating industry and traditionally applied for fast-

drying protective coatings, printing inks, and adhesives [68]. Photopolymerization is being used 

in biomedical applications, in particular, to form hydrogels for coatings that can serve various 

functions such as lubrication, low protein fouling, or microarrays for patterning cells and 

proteins [69-75]. Hydrogels synthesized by photopolymerization have also been applied as 

coatings for urological materials to deliver antibiotics or provide lubricity [76,77]. 

Due to a need to minimize stress while processing enzymes and preserve their active 

structure, a waterborne, photopolymerization method in an aqueous buffer was devised for this 

project. This method helped to process dissolved enzymes and utilize room temperature 
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conditions upon polymerization. Waterborne systems are becoming more common in biomedical 

coatings, and many successful in incorporating biologics, including p(HEMA) [78-81].  

The entrapment of enzymes, growth factors, and cells by photopolymerization is chosen as 

an alternative to thermal initiation due to the sensitivity of biologics to high temperatures [38]. 

Photopolymerization has been previously used to entrap cells, drugs, and proteins [68, 79, 80]. 

Entrapment occurs when the coating is cured and the polymer forms around the enzyme, which 

physically restricts diffusion of the enzyme within the hydrogel mesh. The immobilized enzyme 

has been shown to retain significant amount of activity with respect to enzyme in the free state. 

In addition, a higher concentration of enzyme (relative to surface adsorption or chemical bonding 

to a surface) might be possible due to the three-dimensional structure of a hydrogel coating.  

Therefore, UV photopolymerization for the encapsulation of the oxalate-degrading enzymes into 

a hydrogel coating seemed like the most viable approach for this project. 

An advantage of photopolymerization is the ability to control when chain propagation is 

initiated. Photopolymerization requires that a photoinitiator be mixed into the solution, and upon 

UV irradiation, it decomposes to generate a free radical, which initiates the propagation of chain 

formation. The chain length is dependent on initiator and monomer concentration; so small 

quantities of initiator are used to form long, elastomeric chains between crosslinks [47]. Too 

much initiator could also cause defects in the monomer network like loops and dangling chains. 

Typically, initiator is applied at 1w% of the monomer content. 

Coatings can be applied by dip coating methods, which provide a low cost, simple, and 

easy way to control the coating application to a surface [67]. Main parameters that determine 

coating thickness are viscosity, angle and rate of withdrawal, and geometry of substrate [81, 82]. 



 

57 

The geometry of the ureteral stent was a challenge to apply the reaction mixture by dip coating, 

so a fundamental approach towards developing the coating process was developed. 

Design Principals 

A fundamental approach to designing a coating would entail the following questions: 

• What is the substrate and coating material and how will they react with one another at the 
interface 

• How will the coating be applied and cured 

• What is the desired coating thickness to optimize substrate/product diffusion balanced 
against maximizing the quantity of active enzyme capable of serving the intended function 

• How long will enzyme reside in coating reaction solution without a significant loss of 
activity 

• What concentration of enzyme is needed for the intended application 

• What types of activity tests will be applied 

• For how long will the coating be utilized 

 
Details of the solutions chosen for these questions with respect to stent encrustation are 

summarized below and indicate the rationale used to develop the composite coating material. 

Substrate and coating material 

For this study, Cook Urological Inc. kindly provided ureteral stents to test the coating 

process. These stents are made of poly(urethane) (PUR). The material for the coating was chosen 

to be p(HEMA) since it has had prior use as a coating for urological prostheses [41]. These 

materials could be manufactured together along an assembly line, so the simplest methods were 

always favored when pursuing the objectives of achieving a coating. 

Initially, wet chemical methods were used to modify the PUR surface and make it reactive. 

The photopolymerization process takes at least 5 minutes and the reaction solution would drip 

off the stent before then. This is one reason why future studies should try to speed the curing 
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process. Also, companies use various methods from wet chemistry to coronal discharge in order 

to modify a surface for reactivity. The reaction solution was adhered using superglue, which 

became the only method that stuck the solution on long enough for it to cure along its length. 

Stents as long as 10 cm were coated this way successfully in the laboratory. Since chemically 

modifying the surface didn’t make a big difference at the end, it was abandoned. 

The immobilization method for the enzymes was chosen to be entrapment, which is in 

contrast to chemically modifying the protein for binding or adsorbing the enzyme simply to the 

coating surface. Entrapment fulfilled the effort to effectively immobilize the enzymes on the 

stent surface and retain their activity. 

Application and curing 

The waterborne coating was to be applied by dip coating the stent into the reaction solution 

and then curing it by UV photopolymerization. Dip coating stents with a waterborne solution is 

not trivial; the coating solution usually dripped off the stent before polymerizing. Also, water has 

a high surface tension and is considered to be a poor solvent for flow characteristics during 

polymerization [67]. A novel technique was employed to affix the reaction solution to the stent. 

The technique employed to affix the coating onto the stent was based on two concepts: 

adhesion and viscosity (Figure 4-1). For the first concept, a primer was made to attach the initial 

layer on the stent (Steps 1-3). Superglue was brushed thoroughly onto clean stents (length = 1to 

2 cm) and allowed to partially dry for about 2 minutes. Superglue was used as an adhesive to 

“capture” the reaction solution onto the stent surface long enough for the photopolymerization to 

cure the coating. Superglue has been used in various forms before as a medical adhesive, 

including cyanoacrylate, and there are many ways to characterize its use for a given application 

and getting FDA approval [83]. Future work can venture into these directions, if necessary. 
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For the second concept, glycerol was used to increase viscosity of the reaction solution. 

Added as the aqueous phase in the reaction solution, glycerol was used in replacement of buffer 

while the monomer composition stayed the same. Glycerol changed the reaction solution to a 

non-Newtonian fluid, which gets less viscous with increasing shear rate from dipping. This 

allowed for more control of thickness during application of the coating. It also prevented splatter 

[67]. 

The stent was dipped into the primer coating solution for 30 seconds. Stents were 

withdrawn slowly by hand and photocured by UV for 30 minutes. More time is allowed for the 

primer layer to cure than with the enzyme layers since viscosity is much higher due to the 

glycerol, which slows the cure rate. Primer coatings were washed sequentially against ddH2O 

with 25%, 10%, and 0% ethanol. 

The primer was studied by changing its viscosity and dip time in the reaction solution. The 

second layers were studied by length of time dipping and dip cycles. These studies help deduce 

how to load this novel coating with enzymes. 

Enzymes were applied by applying a secondary layer to the primer (Steps 4 and 5). The 

reaction solution was the same as the films made in Chapter 3 only larger (400 μL per 1 cm 

length). The stents were immersed into the coating solution for a period of time and withdrawn 

slowly by hand. The secondary layer was finally cured for 15 minutes. Coated stents with 

enzymes were washed in Hex-NaCl buffer until ready to use. 

Degradation to enzyme 

As demonstrated in Chapter 3, the coating solution had a short shelf life (Figure 3-10). It 

was also shown to degrade over time from exposure to UV (Figure 3-11). Fresh reaction 

solutions were polymerized to make the films or coatings in order to limit the exposure of the 
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enzyme to the denaturing effect of the reaction solution. Exposure to UV radiation was kept to 

15 minutes for curing all enzyme samples. 

Loading concentration of enzyme 

The concentration of enzyme was based on the composition for the film. In this case, the 

aqueous phase was limited to 40v% of the reaction solution. So, the final concentration was 

determined from its stock solution, which concentration is based on its solubility. For the films 

used in this study, OxO concentration (0.1 mg/mL) has a maximum concentration at 0.04 mg/mL 

reaction solution, i.e. 2 μg/50 μL in the films. A maximum concentration of OxDc (1.0 mg/mL) 

was 0.4 mg/mL reaction solution. Concentrations of OxDc can be made higher for this project in 

the future, but still must be used fresh to avoid precipitation over time. 

Enzyme activity tests 

Colorimetric assays described in Chapter 3 were used to measure enzyme activity. These 

tests were vigorously studied against varying amounts of enzyme, oxalate, time, pH and storage 

buffer. This had provided a guide and baseline for the values determined from enzyme activity in 

coatings. Coating samples contained much less enzyme than the films characterized in Chapter 3 

because less than 50 μL reaction solution was applied to the sample stent piece. Activity tests for 

coated stents had to proceed for longer periods of time to accumulate enough enzyme activity 

products to measure (10 hrs for 1 cm stent sample). 

Storage and use 

The lifetime of these coatings are designed for two periods of time, storage in buffer and 

application in urine. Storage can be envisioned to be in a sterile package, in which the coated 

stent is submerged in a storage buffer. The remainder of the lifetime of the stent will be used in 

vivo as a ureteral prosthesis in urine. 
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The goals are to achieve stabile activity of films stored in Hex-NaCl and urine for up to 3 

months (Figures 3-26 and 3-28).  The President of Cook, Pete Yonkman, acknowledged that it 

would be useful to show activity for a period up to 3 months to be a competitive product. The 

data collected for this was better to perform on films rather than stents because films contain a 

known and larger amount of enzyme to give a strong signal faster. Also, later trials can utilize a 

more appropriate manufacturing process for the coated stents.  

Coating for this Project 

The p(HEMA) coating developed for this project was designed to provide a proof of 

principal that immobilization of the active enzyme onto the stent could be achieved. The coating 

was composed of a primer and secondary layers, in which the primer provided a substrate for the 

second layer that contains the enzyme to be applied. The enzyme was entrapped onto the surface 

after the secondary solution was absorbed into the primer layer and was cured in the presence of 

the enzyme. The main advantage for the primer was that it has an optimal viscosity by using 

glycerol, and allowed this layer to coat the stent along its length. 

Both the primer and the secondary layer were mainly composed of p(HEMA). The primer 

was made with glycerol whereas the secondary layers were made with buffer, in which there 

were several advantages. First, the primer is affixed onto the stent in a quick and simple way and 

glycerol can help control primer thickness. The buffer dissolved in the secondary coating 

solution allowed the enzyme to be fully. By dip coating into the reaction solution with the primer 

on the stent, the solution was absorbed into the primer since it was hydrophilic and made of the 

monomer. This was one way to immobilize the enzyme in an affixed coating on the stent. 

Materials 

The coating consisted of 60 v% monomer and 40 v% aqueous phase (either glycerol or 

ddH2O). Monomers included HEMA and DEGDMA. Superglue was purchased at a local store 
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and it was composed of cyanoacrylate dissolved in methyl ethyl ketone (MEK). Glycerol 

(Sigma) was stored at 22°C. It was transferred to a vessel that was placed into boiling water, 

which lowered its viscosity, so it could be pipetted with a micropipettor. 

Primer Studies 

The primer was a key for applying the enzyme onto the stent. Preliminary studies were set 

up to gauge the effect that glycerol would have on thickness. Glycerol could be diluted with 

ddH2O to reduce its viscosity. This could make the coating thinner, if necessary. Optical 

photographs were used to show the need for an adhesive like superglue (see Figure 4-2). Then, 

SEM was used to assess microstructure and thickness of the coatings after they were 

photopolymerized (see Figures 4-3 to 4-6). 

Application 

The primer was finally developed after a long struggle to get the monomer reaction 

mixture to adhere to the stent long enough to be cured. After many trials of applying the solution 

and having a big ring form on the bottom of the stent after curing, a novel approach had to be 

taken. Early efforts to hydrolyze the surface with photoinitiators, peroxides, acids, and bases all 

failed to get a form a full coating along the stent. Also, Methocel, a cellulose-derivative was 

added to the reaction solution to increase viscosity. None of these methods really provided a 

robust method for coating. As glycerol was beginning to be used as a thickener, the idea came 

for super gluing the reaction mixture to the stent. 

Reaction solutions contained either ddH2O (control) and/or glycerol as the aqueous phase 

(40v%). Amounts of glycerol varied by diluting it with ddH2O. Superglue was brushed onto one 

set of stents before coating with the reaction solution. Stents were dipped and submerged into the 

coating solution for 1 minute. Stents were then cured for 20 minutes and washed against ddH2O 

for 2 days. To stain the coating purple, the stents were dipped into a solution with crystal violet 
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(0.5w/v%) and rinsed off in water.  The stents alone do not absorb stain to an appreciable level.  

Photos were taken with a digital camera (Figure 4-2).  

Glycerol concentration 

Two parameters were found to affect thickness of the primer coating were duration of 

submersion in coating solution and the percentage of glycerol. To observe these effects, SEM 

was used to characterize various effects from changes in the composition of primer coating 

solutions. Traditional techniques to analyze coatings were taken from planar and cross-sectional 

views to obtain thickness and porosity. In some cases, peeled back films were used, which is 

common in the analysis of failure in coatings [84]. 

In Figure 4-3, A-C, stents were immersed for one minute into the reaction solution and 

then photopolymerized. Figure 4-3, A and B, showed the microstructure, and higher 

magnification showed the primer to be porous at the surface and interconnected.  

Summary of primer thickness was listed in Table 4-1. It showed that the longer the stent 

was kept in the primer solution, then the more coating adhered. Primer thickness went from 83 to 

187 μm from a dip time of 30 to 60 seconds. The use of glycerol increased coating thickness, as 

was also seen from the digital photographs in Figure 4-2. From 0 to 40% glycerol, the coating 

went from 25 to 187 μm with one-minute dip times.  

Variation of primer composition led to several effects on thickness and porosity that could 

be examined. Glycerol could be diluted with ddH2O to change viscosity and be seen be as a 

thinner primer coating (Figures 4-4 & 4-5). Porosity could be seen at the surface. With no 

glycerol and only ddH2O in the aqueous phase, these thinner films exhibited less porosity. 

Increasing monomer volume fraction in the coating solution also affected thickness and 

porosity (Figure 4-6). The films were thicker with 20% glycerol here than with ddH2O. The bulk 

material seemed non-porous while there was a top layer that exhibited an open, cellular structure. 
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Yet, at planar, low magnifications, it can be seen that it was a denser material throughout the 

surface than with less monomer content. The kinetics of the reaction in addition to the amount of 

water in the polymer phase most likely determined final morphology. 

Secondary Layer Studies 

The secondary layer was absorbed into the primer, and this way the enzyme could be 

entrapped onto the surface. The secondary layer was initially studied with FTIR and compared to 

the primer that was applied with glycerol. Triton X-100 was then studied to determine any 

positive effects it may have for applying the enzyme. Extent of enzyme entrapped in coating was 

assessed with enzyme activity assays. Enzyme was applied by submerging stents with primer 

into the reaction solution for a period of time or by reapplying the coating through layering it. 

These studies gave an idea of how to best achieve an active enzyme onto a ureteral stent.  

FTIR 

Functional groups on samples of p(HEMA) made with glycerol or ddH2O were detected by 

an FTIR spectrometer. Samples were dried under vacuum for 2 days. Films were optically 

transparent. 

Peaks from FTIR transmission through the sample were shown in Figure 4-7 and summed 

in Table 4-2. The spectra was similar between the primer and secondary layer of the final 

p(HEMA) product. Polymerization using glycerol did not lead to different FTIR signatures, 

which could detect a difference in bonding states within p(HEMA). Hydrogen bonding could be 

expected through hydroxyl groups as a possible difference one could see between the spectra. 

Yet, glycerol seemed to rinse out of the films quickly in wash solutions. Since no hydrogen 

bonding was detected in the primer spectrum, glycerol did not affect the final p(HEMA) product. 
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Triton X-100 

Triton X-100 was used as a model surfactant to promote adsorption of the enzyme onto the 

primer. Triton X-100 is a nonionic surfactant and can interact with a protein because surfactants 

have hydrophilic and hydrophobic characteristics, as are proteins [85]. Tests for this experiment 

were conducted on stents coated with Triton X-100 in the formulation as well as tested films 

made from the coating solution. 

The reaction solution (Vt = 400 μL) was prepared with the OxO stock (1 mg/mL), Hex-

NaCl, and 10v% Triton X-100. OxO stock concentration was 0.5 mg/mL and final film 

concentration of OxO was 1μg. Stents had primer already coated onto them and hydrated in Hex-

NaCl. These samples were immersed into the reaction solutions for different periods of time, e.g. 

1, 10, 30, and 90 minutes (Table 4-3). 

Results are plotted for absorbance at 650 nm and show several trends (Figure 4-8).  The 

profiles between coatings with varying Triton-X 100 are similar at 1 minute and 1 hour and 30 

minutes while at 10 and 30 minutes are similar but different that the others. Coatings without 

Triton X-100 are highest from 1 minute and 1 hour 30 minutes dipping while the lowest at 10 

and 30 minutes.  For all samples, coatings with 0.1% Triton X-100 were higher than 0.5% Triton 

X-100. 

A set of samples was made into films from the reaction solutions immediately after the 

coatings were applied to the stents (n = 3). Samples were photopolymerized and processed as 

described earlier (Figure 4-9). The activity test was run for 1 hour at 37°C. Results show that 

film activities from coating solutions without Triton X-100 were higher by 10-20% than those 

with Triton X-100. Thus, Triton X-100 was not used as an additive to the coating solution. 



 

66 

Layering the Coating 

The purpose of these experiments was to layer the enzyme onto the primer through a 

secondary layer and determine how adding the coating layers could maximize enzyme activity. 

Layering onto the primer was studied two ways. One was to immerse the stent into the reaction 

solution for a period of time, in which soaking can get more enzyme adsorbed onto the surface. 

When the reaction cured, the matrix entrapped the enzyme. The second way was to sequentially 

dip the stent into a reaction solution with enzyme. These secondary coating layers were partially 

cured with UV in between dip cycles. Since the primer and secondary layers are hydrophilic, 

then they absorb reaction solution for more layers. 

Primer 

Primer coatings were prepared by brushing superglue onto the stent (L = 1 cm) and 

allowing them to dry for about 2 minutes before submerging into the coating solution. The 

coating solution was made with 40% glycerol. Stents were dipped for 30 seconds, and then 

withdrawn to be cured. This correlated to the coatings shown in Figure 4-3, D, that had an 

average thickness of 83 μm. Primers were cured by UV for 30 minutes. The primers were 

washed against decreasing concentrations of ethanol (25% to 0) and equilibrated with ddH2O 

prior to coating the secondary layer. 

One sample of the primer was assessed by SEM (Figure 4-10, A and B). The primer 

coating seemed to have been applied uniformly with a thickness of about 50 μm. Also, the 

surface was textured in some places as a result of slow curing. Primers were suitable for layering 

experiments. 
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Immersion time 

Coating solutions were prepared with OxO (1 mg/mL) as the 40v% aqueous phase. 

Monomers were mixed and the reaction solution was purged with Argon (g) for 15 minutes. 

Stent samples that were already coated with primer were immersed into the solution for various 

times. Periods of 1, 10, 30, and 60 minutes were tested. After withdrawing from solution, the 

coatings were cured by UV for 15 minutes. Then, coated stents were washed against several 

exchanges of Hex-NaCl. Stents were stored in Hex-NaCl until use in activity test. Activity was 

tested against 50mM oxalate in 50 mM acetate, pH 4.2. Since much less enzyme was applied 

onto the stents, the activity test against oxalate was allowed to run for 10 hours in order to allow 

sufficient product to have formed. 

The results of the activity test showed there was a dependence on immersion time (Figure 

4-11). At 1-minute immersion, the total activity was ½ to ¼ the activity at later times. Immersion 

times of 20 and 60 minutes were similar when accounting for the standard deviations, which 

were large for all groups. 

Images of coatings made from various immersion times were taken with SEM (Figure 4-

12, A-D). An array of images based on their activity can be compared for their coating 

morphology. In a qualitative sense, the layers can be seen for their total coverage, thickness, 

porosity, and adhesion to the primer. Primer can be seen in Figures 4-12, A-C. The secondary 

layer is smooth and can be seen in contrast to the primer. In these coatings, it was difficult to 

correlate coating thickness from SEM images to enzyme activity. Although, if the extent of the 

secondary layer, such as in Figure 4-12, D, was smooth and continuous, then it likely had higher 

levels of activity.  
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Dip cycles 

These stents with primer were immersed into the reaction solution for 10 minutes to apply 

the coating. Then, the coating was partially cured for 5 minutes and re-immersed for 10 minutes 

for each dip cycle. Layering was repeated up to three cycles. Blank coatings without enzyme 

were also coated onto primers. 

Results of coating the stent for multiple cycles showed a contradictory result. The activity 

decreased for increasing dip cycles. This test was repeated and still had similar results. The cause 

may be to processing issues, such as continued exposure to UV, or that the enzyme is not 

accessible within these layers. Coatings will tend to release particulates in solution, so further 

optimization to strengthen the network within the coating would be required. Dipping one cycle 

was stronger that dipping extra times.  

Images were taken with SEM of coatings made from up to 3 dip cycles, which showed 

various levels of activity. The highest activity was demonstrated from coatings dipped one time.  

(Figure 4-14, A-D). In Figure 4-14, A, a low magnification image shows the extent of coating 

along the stent sample that had high activity. Figure 4-14, B, showed a higher magnification 

image of the coating from the same stent. The high activity coating had a full coverage of smooth 

film. Another stent coated one time was shown to not have a full coverage of coating (Figure 4-

14, C). A higher magnification image of this stent showed that substrate was porous and not 

dense with a patch of secondary layer. Therefore, an initial second layer that provides a full, 

smooth coverage of coating was required for an active coating.  

Stents were dipped for 2 or 3 cycles and SEM images were shown in Figures 4-15, A and 

B, and 4-16, A and B. Although, the average activity of these stents was lower than one dip, 

these coatings did retain activity. The full, secondary layer were observed in Figure 4-15, A. In 

Figure 4-15, B, a high magnification showed the porosity of the secondary layer to be less than 1 
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μm. Figure 4-16, A, the image showed the build-up of secondary layers. The wavy primer was 

seen below the secondary layer in addition to a build up of a ring, which was at the bottom 

during curing. Figure 4-16, B, showed the secondary layers from the 3 dip cycles at a part of the 

coating that was broken up and exposed the under layers. 

Conclusion 

A novel coating was developed using a fundamental approach for designing a coating that 

was based on understanding the full scope of applying and using the coating. The fundamental 

questions were answered as the research of various routes led to the use of superglue and 

glycerol to form the primer. The primer was required as a result of the poor adhesion and 

coverage of the stent without these agents. The primer provided a means to absorb sequential 

layers that could include oxalate-degrading enzymes. 

Studies were established to determine process parameters, such as dip time and glycerol 

composition. Thickness was measured to show the dependence on both of these parameters in 

the coating process. It was concluded that 40% glycerol was required for a full primer coating. 

Also, a dip time of 30 seconds was chosen for activity experiments because it provided a mid-

range thickness (83 μm) compared to the other primer compositions. 

Activity tests were used to measure the application of the secondary layer, which included 

OxO and they were required to incubate for 10 hours in order to get sufficient enzyme activity. 

This was due to a smaller amount of immobilized enzyme in the coating compared to the bulk 

material studies conducted in Chapter 3. 

Studies to vary the immersion time showed that the longer the stent with primer was 

immersed in the coating solution, then the higher the activity. This seemed appropriate to allow 

more coating solution to absorb into the primer. Immersion times of 30 and 60 minutes were 

similar. Experiments to vary dip cycles of the stent with primer showed that 1 dip was better than 



 

70 

multiple dips. The standard deviation was large in this study, but the trend was shown in two 

experiments that activity was not increased upon multiple in cycles in this study. Since activity 

was shown to increase by increasing the immersion time, a minimum of 30 minutes should be 

used for this procedure and the stent will only need to have one secondary layer added to it. 
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Figure 4-1 General schematic of coating and photocuring process for stents. 

 

A.  B.  
Figure 4-2 Digital photographs of dip coated primer layers that had varying amounts of glycerol 

(0-40%) in the aqueous phase if the reaction solution. Stained with crystal violet. (A) 
Top Row: Superglue applied before dip coating. Bottom Row: No superglue. (B) 
Magnified picture of stents coated with superglue and reaction solutions containing 
30% (left) and 40% (right) glycerol. 
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A.   B. 

C.   D. 
Figure 4-3 Micrographs of primer layers made from 40 v% glycerol that were coated onto the 

stent by varying time immersed into coating solution. A, B, & C. Submerged for 60 
seconds; D. Submerged for 30 seconds. In A and B, the right image shows a higher 
magnification view of the coating shown on the left. In C and D, cross-sections of the 
stent were used to calculate coating thickness. Scale bars above are given as follows: 
(A) 1 mm/10 μm; (B) 100 μm/10 μm; (C) 100 μm; (D)10 μm. 

 

Table 4-1 Summary of coating thickness based on composition and dip time. 
Primer Coating Solution Dip Time (sec) Thickness (μm), n = 5 
60 v% monomer; 40% glycerol 30 83 
60 v% monomer; 40% glycerol 60 187 
60 v% monomer; 20% glycerol, 20% ddH2O 60 36 
60 v% monomer; 40% ddH2O 60 25 
80 v% monomer; 20% glycerol 60 170 (n = 2) 
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A.   B. 
Figure 4-4 Planar view, A (at low and high magnification), and cross-section, B, of the primer 

coating prepared from 20% glycerol and 20% ddH2O dipped for one minute. A) Half 
the stent is well coated in the left micrograph. At higher magnification on the right, 
the surface of this primer is notably porous. B) The average thickness (n = 5) at the 
cross-section is 36 μm. Scale bars above are given as follows: A-1 mm/10 μm; B-10 
μm. 

 

A.   B. 
Figure 4-5 Planar view, A (at low and high magnification), and cross-section, B, of the primer 

coating prepared from 40% ddH2O dipped for one minute. A) The stent is uniformly 
coated in the left micrograph. At higher magnification on the right, the surface of this 
primer has porosity although lower than Figure 4-4. B) The average thickness (n = 5) 
at the cross-section is 25 μm. Scale bars above are given as follows: A-1 mm/10 μm; 
B-10 μm. 
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A.   B. 
Figure 4-6 Planar view, A (at low and high magnification), and cross-section, B, of the primer 

coating prepared from 80% monomer and 20% glycerol dipped for one minute. A) 
The stent is shown at low magnifications to be uniformly coated with one defect 
towards the top left. At higher magnification on the right, the surface of this primer 
does not show porosity but a denser coating. This is due to a higher monomer volume 
fraction in the composition compared to Figures 4-4 and 4-5. B) Short arrows show 
the dense bulk material with an average thickness of 100 μm. Long arrows extend to 
the surface that includes a porous, open material about an extra 70 μm thicker. This is 
likely due to a difference in polymerization kinetics in these regions of the material. 
Scale bars above are given as follows: A-1 mm/10 μm; B-100 μm. 
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Figure 4-7 Transmission spectra from FTIR of primer formed with glycerol and the second layer 

formed with ddH2O. 

 

Table 4-2  Summary of FTIR results. 
 

 

Wavenumber (cm-1) Functional Group 
1718-1735 C=O stretch 
2895 CH2, symmetric stretch 
2735 CH2, CH3 stretch 
3500-4000 OH stretch 
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Table 4-3 Composition of coating solution and films used for testing effects of Triton X. 
Sample Variable OxO Stock (μL) Hex-NaCl (μL) Triton X-100 (μL) 
0.0v% Triton X-100 80 80 - 
0.1v% Triton X-100 80 78.4 1.6 
0.5v% Triton X-100 80 72.0 8.0 
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Figure 4-8 Activity from stents coated with OxO made from dipping at different amounts of 

time. 
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Figure 4-9 Activity in films made from coating solutions with varying amounts of Triton X-100. 
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Figure 4-10 Micrographs of stents coated with the primer for layering studies. (A) Planar view 

(at low and high magnification), and (B) High magnification. Notice the thick, full   
application of the coating. Scale bars are 1 mm/10 μm for (A) and 100 μm for (B). 
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Figure 4-11 Activity of OxO in coatings that were applied by immersing stents with primer into 

reaction solution for various times. 
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A.   B. 

C.   D.  
Figure 4-12 Micrographs of stents coated with various dip times. (A) Dipped 1 minute and had 

low activity; (B) Dipped 10 minutes times and had medium activity; (C) Dipped 30 
minutes and had high activity; (D) High magnification of surface of stent coated for 
30 minutes that showed porosity on the nanoscale. Scale bars are as follows: (A) 
100 μm; (B) 100 μm; (C) 100 μm; (D) 10 μm. 
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Figure 4-13 Activity of OxO in coatings that were applied with sequential dip cycles into 

reaction solution. 
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A.   B. 

C.   D. 
Figure 4-14 Micrographs of coated stents dipped 1 time. (A) High activity; (B) Same stent with 

high activity at higher magnification; (C) Low activity; (D) Same stent with low 
activity at higher magnification Scale bars are as follows: (A) 1 mm; (B) 100 μm; 
(C) 10 μm; (D) 1 μm. 

 

A.   B. 
Figure 4-15 Micrographs of coated stents dipped 2 times. (A) High activity; (B) High activity at 

high magnification. Notice the surface showing porosity on the nanoscale. Scale 
bars are 100 μm for (A) and 1 μm for (B). 
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A.   B. 
Figure 4-16 Micrographs of coated stents dipped 3 times. (A) High activity; (B) Low activity. 

Scale bars are 100 μm for both images.
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CHAPTER 5 
INHIBITION OF ENCRUSTATION BY IMMOBILIZED OXALATE-DEGRADING 

ENZYMES 

Ureteral Stents and Encrustation 

The interaction of urinary stents with urine is complex because urine is a highly buffered 

environment composed of by-products from the kidney and bladder, like proteins, sugars, and 

ions [86]. The physical properties of a stent material affect performance and comfort of the 

patient and these traits include tensile strength, compliance, flexibility, and surface 

characteristics such as wettability and smoothness, i.e. lubricity [87, 88]. 

Current urinary devices are maintained by monitoring comfort on a frequent basis, washing 

out any deposit with acidic solution that may include antibiotics, or exchanging the prosthetic 

device, which requires a hospital or doctor’s visit [89]. It has even been shown that systemic 

doses of antibiotics in the acid solution washes have had little success inhibiting struvite and 

hydroxyapatite formation because of diffusion limitations through the biofilm [90]. Poly(HEMA) 

has been used for surface modification to ureteral stents and  shown to reduce bacterial adhesion. 

The nature of the hydrogel may have a positive impact to the device, and the immobilization of 

oxalate-degrading enzymes may enhance its resistance to biofilm by decreasing encrustation. 

Hydrogel Coatings  

Hydrogels impart a low coefficient of friction to a surface, and result in easier insertion of 

the device and less discomfort to the patient [91]. Polymers that have been used as hydrogel 

coatings for urological prostheses include poly(acrylamide), poly(ethylene glycol), 

poly(HEMA), poly(vinyl alcohol), and poly(vinyl pyrollidone) [92]. First patented by Eckstein in 

1975 as a coating to prevent encrustation, p(HEMA) was chosen as a hydrogel for ureteral stents 

[41]. Eckstein remarked that this phenomenon was due to the shrink-swell capacity of p(HEMA) 

[93]. This work was further established by Block, et al., who observed that p(HEMA) used as a 
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prosthetic ureter for dogs accumulated no encrustation in 2 years of service [94]. In 1997, 

p(HEMA) was re-evaluated as a potential urinary biomaterial and had interpenetrating networks 

of poly(methyl methacrylate) or poly(ε-caprolactone) to provide strength to p(HEMA) so it could 

be used to make the entire stent [95, 96]. In these studies, only the bulk material was tested. The 

co-polymer showed the same encrustation resistance as the control p(HEMA), although the 

bacterial resistance was superior to p(HEMA). 

Other initial stent coatings include Hydron, which was a latex coating applied to latex 

catheters, and showed less encrustation than non-coated control groups [97]. Further studies 

indicated that latex coated catheters showed more encrustation developed here than on non-

coated silicone-based catheters [98, 99]. Another hydrogel coating, Hydro-plus, was applied to 

C-flex stents, which reduced encrustation and damage to endothelial cells of the mucosa 

compared to a control group [100].  

Tunney and Gorman applied a coating of poly(vinyl pyrollidone) (PVP) to poly(urethane) 

(PUR) ureteral stents. The PVP coating showed complex results when compared to non-coated 

stents of silicone and urethane [101]. The PVP-coated stents were as good as silicone for 

resistance to E. faecalis and as good as PUR for E. coli resistance. Also, the PVP coated stents 

and silicone were superior over PUR for resistance to struvite encrustation. But, the PVP coated 

stents were less resistant to hydroxyappatite encrustation than both non-coated stents. 

One study of bulk modifications to urinary devices is Aquavene, a novel poly(ethylene 

oxide) PUR copolymer. Aquavene was shown to resist encrustation by enhancing hydrophilicity. 

Results showed that Aquavene remained unobstructed in its inner lumen for 24 weeks [76]. Most 

studies in the literature refer to surface modifications of stents by use of a coating, and a variety 
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of materials and methods have been tested in order to determine the mechanism that could lead 

to inhibiting encrustation. 

The theory that hydrophilic surfaces are essential to encrustation resistance has been found 

to be insufficient since the encrustation process is complex. Silicone, regarded as a superior 

material for urinary devices, is more hydrophobic than PUR and resists bacterial deposition 

[102]. The mixed results from the studies of PVP-coated catheters and other hydrophilic coatings 

refute the notion that low contact angles are enough to resist encrustation. Current research 

focuses more on designing active rather than passive coatings, in which the active coatings 

interact with the surroundings in a therapeutic way. 

Antibiotic Coatings 

In more recent years, urinary biomaterials that have been studied include novel materials 

that control the release of antibiotics. The release of antibiotics from a coating could help curb 

the high rate of urinary tract infections associated with these devices [103, 104]. These coatings 

would be especially beneficial for patients with impaired immune systems. 

Ciprofloxacin, an effective antibiotic for urinary tract infection, was loaded into liposomes 

that were immobilized in a coating [104-106]. Results of a seven-day in vitro study showed a 39 

mm inhibition zone to bacterial growth and no surface growth of bacteria on the material [105]. 

Yet, in vivo studies found that the liposome-loaded hydrogel coatings showed no significant 

difference of encrustation from the control hydrogel [105]. 

Norfloxacin, another strong antibiotic, was loaded into a PEG/silicone-based coating [106]. 

Due to hydrophobic character of norfloxacin, its release was sustained for over 1 month. Various 

bacteria were isolated from patients with urinary catheters and colonized on an agar plate. 

Samples were placed on the plates and the inhibition of bacteria growth around them was 
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measured. This coating demonstrated resistance to Pseudomonas vulgaris, a urease-producing 

bacterium but did not to Staphylococcus epidermis, a prevalent bacterium found on skin. 

Heparin has also been immobilized onto metallic stents and shown to inhibit encrustation 

[107]. Heparin is thought to be an inhibitor for crystal formation because it competes with 

oxalate or phosphate for binding to calcium. Using a rat model, expandable stainless steel stents 

were encrustation free after 120 days whereas control stents with no heparin were extensively 

covered. There is a potential use of heparin for later studies, in which it could provide a matrix 

for the enzyme. 

Encrustation Models 

Various models exist to study urinary encrustation in vitro. Most models use artificial urine 

composed of a variety of salts and proteins like albumin and urease [108-110]. One researcher 

who tried to standardize a protocol for encrustation in vitro used real urine that was filtered and 

had antibiotics and antimycotics added. This study was run in a 5-day trial and actually showed 

coated stents formed more encrustation than uncoated [111].  

Experimental Study of Encrustation  

Introduction 

The purpose of this study was to compare the activity of immobilized enzymes (OxO and 

OxDc) for their ability to inhibit encrustation compared to a control group. Both artificial urine 

and real urine were tested to determine their effects on calcium oxalate mineralization and 

enzyme activity against oxalate in these solutions. Encrustation is a biologically induced process 

that forms mainly due to supersaturation of mineral precursors in the urine. This study 

investigates encrustation in several assays against oxalate and time to understand their influence 

on mineral formation. 
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The first experiment was for one week and was designed to determine oxalate levels that 

caused encrustation so that the films could be tested later for inhibition. The normal range of 

oxalate in urine goes from 0.05 to 0.30 mM, and levels higher than that indicate potential stone 

formation [112]. For artificial urine, the control groups were tested by varying oxalate 

concentration over a range of 0 to 1 mM oxalate, to evaluate this solutions dependence on for 

forming crystals. In parallel to this test, the control, OxDc, and OxO groups were tested in real 

urine with oxalate concentration varying from 0.0 to 0.5 mM. 

Once the oxalate level was decided upon, the second experiment evaluated all the groups 

for inhibition over 6 weeks. A fresh sample was pulled from its group every week for 1 month, 

and then 2 weeks later. The degree of encrustation was evaluated by polarized light microscopy 

to determine the extent of mineral crystals that had nucleated on the films. At week 6, the films 

were tested with SEM/EDS to perform elemental and microstructural analysis. 

Materials and Methods 

Films  

Films made of poly (99m% HEMA-x-1m% DEGDMA) were prepared individually in 

glass molds as previously described in Chapter 3. A control group with no enzyme was used and 

tested against OxDc (10 μg) and OxO (1 μg). The immobilization process consisted of an 

aqueous phase that provided the enzymes and monomers to form a reaction solution for the 

films. The precursor solutions were miscible and gave rise to a transparent polymer. 

First, a stock monomer with enzyme buffer was purged with Ar (g). A blank film sample 

was made with the Hex-NaCl (40 v%). These solutions were mixed and aliquots were pipetted 

into the glass mold. Samples were cured for 15 minutes and washed against Hex-NaCl for 2 days 

before testing in the encrustation study. 
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Artificial urine  

All materials were reagent grade unless otherwise noted. The composition of artificial urine 

is listed in Table 5-1. The ddH2O was heated to ~80°C by a hot plate to encourage faster 

dissolution of the salts, which were added one at a time. The pH was adjusted using NH4OH to 

obtain a final value of pH 6.0. The volume was then brought to 500mL with ddH2O and then 

allowed to cool to 25°C. 

Urine  

Urine was obtained from a single donor (author) and had a pH of 6.0. It was collected and 

filtered within one day. 

Encrustation crystallizing solutions  

The artificial and real urine solutions were filtered in Stericup filtration units (Millipore, 

Cat. # SCGPU11RE) with a 0.22 μm membrane. Note, urine clogs these filters quickly, and 

several must be used to obtain volumes over 200 mL. A solution of 100X antibiotic/antimycotics 

(Invitrogen) was mixed into the urine-based solutions for a final concentration of 1X to prevent 

microbial growth that could raise the pH through their enzymatic activity (no microbial growth 

or pH change was observed over a period of 6 months). 

Activity tests  

Activity tests were run under varied conditions for films with respect to pH and storage 

duration to give a reasonable estimate of the amount of activity required for inhibition to 

encrustation. The results at the levels at urinary pH (6.0) were factored against the activity 

expected at that particular condition and time. These activity tests were against 50 mM oxalate 

and conducted as described in Chapter 3. 
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Polarized light optical microscopy 

After the test period, samples were removed, rinsed in ddH2O and placed onto a glass slide 

to observe under an optical microscope. Samples were first assessed for encrustation using an 

optical microscope with cross polars and the 1st-order red (gypsum) λ-plate. A polarized optical 

microscope (Olympus BX-60 with MIT 3CCD camera) was used to capture images of mineral 

formation and was ideal to readily assess the degree of encrustation on films. Transmision mode 

was used since the films were transparent, and the gypsum wave plate was used because it 

enables the visualization of both amorphous and crystalline mineral phases.  

Results 

Oxalate-dependence for encrustation in artificial urine 

The p(HEMA) films used for controls showed a dependence on oxalate in one week as 

seen in the polarized micrograph images in Figure 5-1. No minerals formed without the addition 

of oxalate nor at the lower level of 0.25 mM Oxalate (Figures 5-1a and b). Upon the addition of 

0.5 mM oxalate (Figure 5-1c), mineral formation could be detected as small crystallites (~5μm). 

The amount of mineral formation increased up to 1.0 mM oxalate, in which these crystals could 

be seen in aggregates. 

Oxalate dependence for encrustation in real urine 

In Figures 5-2 to 5-4, the control, OxDc, and OxO groups were tested for encrustation by 

spiking urine with oxalate varying from 0.0-0.5mM and testing them for one week. Previous 

tests (not shown) indicated that this range was suitable for mineralization in these in vitro assays. 

The controls films shown in Figure 5-2 have the greatest encrustation change as oxalate 

increases. All the films without oxalate added to the urine showed no encrustation. Within one 

week, the crystal formation did not become evident until the addition of 0.3 mM oxalate. At 0.4 

mM there was a sheet of single crystals that formed, and by 0.5 mM, large crystals could be seen 
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in a few spots. More pictures that show the extent and size of crystal growth from this 

experiment can bee seen in the supplemental data section. 

The OxDc films did not show much crystal formation for any of the oxalate concentrations 

through 0.5 mM. There was little evidence of crystal formation from 0.0-0.3 mM oxalate seen in 

Figures 5-3 a-d. At 0.4 and 0.5 mM, encrustation in the form of tiny crystals did occur, but with 

much less extent than the controls or OxO.  

The OxO films did not have much crystal formation up to 0.4 mM oxalate. The big black 

marks are voids in the film and should not be confused as crystals. At 0.5 mM a large extent of 

encrustation developed on the surface throughout the film (Figure 5-4 f). This big difference of 

encrustation between 0.4 and 0.5 mM oxalate suggests OxO worked well up to a certain point of 

oxalate. Considering that OxO suffers from substrate inhibition, and the volume in the film is 

thought to concentrate oxalate (see chapter 3), the enzyme activity may have been lessened at 

this higher level to allow a significant more amount of crystal formation. 

Encrustation over time in artificial urine 

Figures 5-5 through 5-7 shows the growth of crystals on eafh group of films in artificial 

urine against 0.5 mM oxalate. The control group, shown in Figure 5-5, could be seen growing 

crystals by the first week and continuing to encrust the film over the two months. The films with 

immobilized OxDc (Figure 5-6) and OxO (Figure 5-7) exhibited an inhibitory effect for the 

encrustation through the first week. By week 4, crystal growth was apparent for the OxO film, 

indicating the enzymes did not have a lasting effect for encrustation inhibition under these test 

conditions. OxDc seemed to maintain an inhibitory effect against crystal formation in artificial 

urine for the two months. The better performance by OxDc over OxO is likely due to its higher 

activity against oxalate. 



 

88 

Encrustation over time in real urine 

These sets of images in Figure 5-8 through 5-10 compare the degree of encrustation in real 

urine with an oxalate concentration of 0.5 mM, which induced mineralization of calcium oxalate. 

The effect of real urine showed a higher degree of nucleation and growth for encrustation than 

artificial urine. The number of crystals formed in urine grew faster on the films and became more 

predominant over time. The control film still exhibited a higher density of crystals than films 

with immobilized OxDc and OxO. Yet, the films with immobilized enzyme did show crystal 

growth in both OxDc and OxO. 

Figure 5-8 shows the encrustation formation of the control group in real urine. In the first 

week, the films were developing crystals on the surface (1μm), while at the end of the first 

month, there crystals had grown in size (~5-10 μm) and became more predominant on the 

surface. By the end of the second month, the minerals had developed more coverage but still 

appeared to be 5 to 10 μm.  

Figure 5-9 shows the development of crystals on the surface of the film with immobilized 

OxDc. In the first week, there was no discernable crystal growth like there was in the control 

group. At the end of the first month, there appeared to be the formation of large nuclei for 

crystals, but there was little birefringence to denote actual crystal growth. At the end of two 

months, only a few random crystals that appeared large (~50 μm) were apparent on the surface. 

Through Oswald’s ripening effect, the nuclei seen at one month could have dissolved to continue 

to provide ions to grow few, large crystals that were apparent in the second month. 

 Figure 5-10 shows the development of crystals on the surface of the film with 

immobilized OxO. In one week, a slight number of crystals had formed on the surface. By one 

month, the surface was covered by crystals, and just as covered in two months. The crystals 

appeared to be 5 to 10 μm. There were no large crystals as seen for OxDc, and this may indicate 
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that Oswald’s ripening did occur for OxDc since there wasn’t a extent of crystal growth as seen 

in the control and OxO films. 

Figures 5-11 and 5-12 show the pH profile of the enzymes in the pH range of 4.0 to 7.0. 

Since the pH of the solutions was pH 6.0, it is clear that the enzymes would be less active than at 

pH 4.2, which is optimal. The activity of OxDc and OxO was about 20% at pH 6.0 compared to 

pH 4.2. This would lead to an expected activity of OxDc of about 10 nmol/min and OxO of 0.2 

nmol/min. Yet, the amount of oxalate added to the artificial and real urine systems was 0.5 mM, 

or 1 μmol oxalate in the 2 mL sample.  Therefore, the amount of oxalate degraded by the 

enzymes should have been enough to eliminate all of the oxalate within one day. 

Several reasons can be considered for the cause of the development in encrustation on the 

films. First, it was shown that real urine encrusted more heavily than artificial. Urine has a high 

amount of human serum albumin (HSA), which is deposited onto the biomaterial’s surface [113]. 

The organic layer from explanted devices has been shown to favor aggregation of crystals from 

in vitro tests. HSA promotes adhesion with the crystals to the device surface [113]. 

Although one might think that the HSA suppressed transport of oxalate from urine into the 

films to prevent its breakdown by the enzymes, this possibility was examined and not the case. 

An additional set of activity tests were performed on films stored in urine. The results showed 

that the immobilized enzymes retained high levels of activity after being stored in urine for 

periods of time as shown in Figures 5-13 and 5-14. The effects of a storage buffer and urine were 

compared and a higher level of activity was retained when the films were stored in urine. 

Although an organic layer such as HSA may form, it apparently did not affect enzyme activity. 

Conclusion 

In vitro studies for calcium oxalate encrustation were conducted on p(HEMA) and the 

ability of immobilized OxO and OxDc were compared. Artificial and real urine was used to 
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develop encrustation to determine the differences of encrustation from these solutions. Oxalate 

was varied in both solutions to optimize the conditions for encrustation. 

In artificial urine, 0.4 mM oxalate was required to form encrustation in one week on 

control films. In real urine, 0.3 mM oxalate was required. The immobilized enzymes showed a 

dependence on oxalate concentration in urine for their ability to inhibit encrustation for one 

week. 

A two-month study monitored the ability of the immobilized enzymes to inhibit 

encrustation for a longer period of time. The p(HEMA) control group developed encrustation in 

one week and it continued to develop across the surface over two months. Immobilized OxDc 

was able to inhibit crystal growth for the two-month period, although OxO developed 

encrustation to a similar extent of the control group.  

It was seen in several experiments that OxDc had the ability to inhibit encrustation with 

0.5 mM oxalate in urine, even with a reduced activity due being in solution at pH 6.0. This opens 

the possibility of utilizing the immobilized enzyme as a therapy for degrading oxalate 

concentrations in urine, which can be employed as a coating on ureteral stents. The activity of 

immobilized OxDc and OxO are retained in urine over a 6-month period, which also supports the 

idea that this application is viable. 
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Table 5-1 Composition of salts for artificial urine. 
Salt Concentration (mM) Salt Concentration (mM) 
NaCl 105.6 Na2SO4 17.0 
NaH2PO4 29.4 KCl 63.8 
Na3Citrate 3.2 CaCl2 5.8 
MgSO4 1.9 Na2C2O4 0-1.0 

 

A.  B.  C.  

D.  E.  
Figure 5-1 Polarized images of control p(HEMA) films tested in artificial urine with varying 

concentrations of oxalate at 1 week. (A) O; (B) 0.25; (C) 0.50; (D) 0.75; (E) 1.0 mM 
oxalate. Magnification was 50x. 

A.  B.  C.   

D.  E.  F.   
Figure 5-2 Polarized images of control p(HEMA) films tested in real urine against varying 

concentrations of spiked oxalate at 1 week. (A) 0; (B) 0.1;(C) 0.2;(D) 0.3;(E) 0.4;(F) 
0.5 mM oxalate. Magnification was 50x. 
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A.  B.  C.  

D.  E.  F.  
Figure 5-3 Polarized images of films containing OxDc tested in real urine against varying 

concentrations of oxalate at 1 week. (A) O; (B) 0.1; (C) 0.2;(D) 0.3; (E) 0.4; (F) 0.5 
mM oxalate. Magnification was 50x. 

 

A.  B.  C.   

D.  E.  F.  
Figure 5-4 Polarized images of films containing OxO tested in real urine against varying 

concentrations of oxalate at 1 week. (A) O; (B) 0.1; (C) 0.2; (D) 0.3; (E) 0.4; (F) 0.5 
mM oxalate. Magnification was 50x.  
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A.  B.  C.  
Figure 5-5 Polarized images of control p(HEMA) films tested in artificial urine: (A) 1 week; (B) 

4 weeks; (C) 8 weeks. Magnification was 200x. 

 

A.  B.  C.  
Figure 5-6 Polarized images of OxDc films tested in artificial urine: (A) 1 week; (B) 4 weeks; 

(C) 8 weeks. Magnification was 200x. 

 

A.  B.  C.  
Figure 5-7 Polarized images of OxO films tested in artificial urine: (A) 1 week, (B) 4 weeks; (C) 

8 weeks. Magnification was 200x. 

 

A.  B.  C.  
Figure 5-8 Polarized images of control p(HEMA) films tested in urine: (A) 1 week; (B) 4 weeks, 

(C) 8 weeks. Magnification was 200x. 
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A.  B.  C.  
Figure 5-9 Polarized images of OxDc films tested in urine: (A) 1 week; (B) 4 weeks; (C) 8 

weeks. Magnification was 200x. 

 

A.  B.  C.  
Figure 5-10 Polarized images of OxO films tested in urine: (A) 1 week; (B) 4 weeks; (C) 8 

weeks. Magnification was 200x. 
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Figure 5-11 The effects of pH on free and immobilized OxO. Maximum activity for free OxO 

was 0.5 μM/min-μg and for immobilized OxO was 1.0 μM/min-μg. 



 

95 

0

20

40

60

80

100

120

4 5 6 7

pH

R
el

at
iv

e 
O

xD
c 

A
ct

iv
ity

 (%
)

Free
Immobilized

 
Figure 5-12 The effects of pH on free and immobilized OxDc. Maximum activity for free OxDc 

was 10 μM/min-μg and for immobilized OxDc was 4.5 μM/min-μg. 
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Figure 5-13 The effects of storing films with immobilized OxO in a buffer of 100 mM Hex-NaCl 

or real urine, as measure by Vmax.  
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Figure 5-14 The effects of storing films with immobilized OxDc in a buffer of 100 mM Hex-

NaCl or real urine, as measured by Vmax. 

 
Supplemental Data 

A.  B.  C.   
Figure 5-15  Close-ups of blanks (films without enzyme) in 0.4 oxalate in real urine. (A) 50X; 

(B) 200X; (C) 200x. 
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A.  B.  C.   

D.  E.  F.   
Figure 5-16 Close-ups of blanks (films without enzyme) in 0.5 mM oxalate in real urine: (A) 

50X; (B) 100X; (C) 200X; (D) 50X; (E) 200X; (F) 200X. 
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CHAPTER 6 
SYNOPSIS 

Conclusion 

The work contained in this dissertation examines a method to immobilize oxalate-

degrading enzymes that retains activity against oxalate in a polymer film. A hydrogel material, 

p(HEMA), which had already been used to coat ureteral stents over 30 years ago for inhibiting 

encrustation, was synthesized by UV photopolymerization and shown to be benign towards 

processing the enzymes. Films of p(HEMA) swelled comparably in ddH2O and urine due to the 

polymer’s chemical neutral charge. In summary, this work exhibits the reduction to practice for 

the immobilization and characterization for oxalate-degrading enzymes. 

The films were composed of 99% HEMA-x-1% DEGDMA and the two entrapped oxalate-

degrading enzymes were oxalate oxidase (OxO) and oxalate decarboxylase (OxDc). Oxalate 

oxidase was bought commercially and found to contain 10% protein. Oxalate decarboxylase was 

provided privately with high purity. Analytical techniques were developed to compare free and 

immobilized using Michaelis Menten kinetics. 

Initially, enzyme activity was measured up to one hour to determine the linear response. 

Both free and immobilized forms of the enzymes were linear up to one half hour, although OxO 

seemed linear for at least a period of one hour. Using a time period within this linear range (30 

minutes), oxalate was varied over a range of concentrations to determine saturated conditions for 

enzyme activity. This allowed Michaelis Menten kinetics to be examined. 

The response by OxO to 50 mM oxalate demonstrated that the immobilized form had 

higher activity than the free form. Michaelis Menten kinetics was measured by varying oxalate 

levels through a low to high range, and a substrate inhibition model was applied to OxO to 

resolve the difference of free and immobilized enzyme activity behavior. Oxalate oxidase was 
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exhibited > 10 mM oxalate, which was comparable to a previously reported value of 4 mM. The 

applied model determined that substrate inhibition is more pronounced for the free form of OxO 

due to the resistance of the film to oxalate diffusion, which thereby lowers its concentration 

inside the film during the test period. 

The kinetic constants, Vmax and km, for OxO were determined using Michaelis Menten 

model with and without applying the substrate inhibition. Without applying substrate inhibition, 

the free form had a Vmax of 0.9 ± 0.0 μM/min-μg and a km of 0.3 ± 0.0 mM while the 

immobilized form had a Vmax of 1.1 ± 0.1 μM/min-μg and a km of 3.1 ± 0.1 mM. Applying the 

substrate inhibition model, the free form had a Vmax of 1.8 ± 0.1 μM/min-μg, a km of 1.8 ± 0.1 

mM, and a ks of 35.4 ± 3.7 mM while the immobilized form had a Vmax of 1.2 ± 0.2 μM/min-μg, 

a km of 4.1 ± 0.6 mM, and a ks of 660 ± 140 mM. 

Without applying substrate inhibition, the model has a lower Vmax, or rate of activity, for 

the free form than the immobilized form. By applying the substrate inhibition model, the Vmax 

for the free form is higher than the immobilized form, which physically makes sense. Also, the 

km determined by using the substrate inhibition model is higher for free OxO than without using 

it, which suggests the affinity for oxalate is lower, but it also accounts for ks. The ks for free OxO 

is much lower to indicate its larger inhibition to oxalate than the immobilized OxO.  The values 

for Vmax and km are within the range of previous reports in the literature. These are the first 

known values for ks of a substrate inhibition model applied to OxO. 

Oxalate decarboxylase showed a linear time response for 30 minutes. The activity of free 

OxDc was about 5 times larger than immobilized OxDc. The Michaelis Menten was applied 

without any other inhibition constant accounted since no other inhibition had been previously 

reported.  
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The kinetic constants for OxDc showed the free form had a Vmax of 23.5 ± 1.4 μM/min-μg 

and a km of 0.5 ± 0.1 mM while the immobilized form had a Vmax of 5.0 ± 1.9 μM/min-μg and km 

of 23.2 ± 9.1 mM. The big difference for Vmax and km between free and immobilized OxDc was 

due to several factors, namely diffusion of formate from the film and the decrease of activity for 

OxDc over time against oxalate. This was evident in the trial against soaking the films in various 

buffers, in which activity decreased the most in the buffer that included oxalate.  

Various buffer conditions were studied and included physiological concentration of oxalate 

(1mM), pH, an enzyme storage buffer, and real urine.  These studies helped to determine the 

applicability of the enzymes for viability of storage and application. The maximum activity was 

shown at pH 4.2 to 4.5 and activity drops to be negligible by pH 7.0. Activity is dependent on pH 

and requires the form of monoanionic oxalate. From thermodynamic models, around 20% of 

oxalate in urine is in the monoanionic form; so using the immobilized enzymes in urine should 

have practicability within its range of pH from 4 to 7.0. Also, a reduced activity may be 

sufficient for inhibiting encrustation since urine is normally around pH 6.0. Storing the enzyme 

at pH 6.1 exhibited a larger retained activity than storing at pH 4.2, yet storing in urine showed 

highest activity retention. 

Activity experiments culminated with films stored in urine and Hex-NaCl at 37°C for a 

period of six months. A sample of film was tested at a specific time after the period of immersion 

at 37°C. Immobilized OxO retained its overall initial activity better than OxDc over the six-

month period. Both enzymes retained activity more stored in urine than in Hex-NaCl. In urine, 

the activity for immobilized OxO fell from 1.0 to 0.7 μM/min-μg, a loss of 30%. The activity for 

immobilized OxDc fell from about 5.9 to 2.9 μM/min-μg, a loss of 50%.  
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 Other work for this project consisted of developing a coating that could entrap the enzyme 

using the above process. A hydrophilic primer was developed rather than use chemical methods 

to modify the stent. Superglue was shown to be a superior adhesive for getting the reaction 

products to stick. Glycerol helped to control thickness of the coating application. Experiments 

using SEM to assess the coatings qualitatively and quantitatively were performed to determine 

the best condition for later work. A secondary layer was applied to affix the enzyme into the 

coating. Tests devised to study sequential layers in the coating or immersion time in the coating 

solution were used to optimize the coating technique. It was determined that an immersion time 

of at least 30 minutes was better than the other conditions for this coating method. 

The encrustation model was established using artificial and real urine. A novel technique 

was developed to prevent infection in the solution by using antibiotic and antimycotics solution. 

The solutions were spiked with 0.5 mM oxalate to optimize encrustation conditions. The 

encrustation study was conducted up to two months in these solutions. Samples were analyzed 

using optical polarized light microscopy. 

Immobilized OxDc was able to inhibit crystal growth for the two-month period in both 

artificial and real urine. Immobilized OxO developed encrustation to a similar extent of the 

control group in real urine but inhibited encrustation in artificial urine better than the control 

group. The results of these encrustation experiments verify that OxDc has the ability to inhibit 

encrustation up to 0.5 mM oxalate in urine, even though it exhibits a reduced activity in solution 

at pH 6.0. This opens the possibility of utilizing the immobilized enzyme as a therapy for 

degrading oxalate concentrations in urine, which can be employed as a coating on ureteral stents.  

Future Work 

Future work could entail many possible directions. From the lessons learned from this 

project, OxDc exhibited higher activity against oxalate than OxO. In encrustation studies, OxDc 
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resulted in an encrustation resistant material. Also, entrapping the enzymes seems to be a viable 

process method, although other immobilization techniques can be examined. Furthermore, 

polarized microscopy was a quick way to observe mineralization occurring in these films, and it 

can be an essential characterization technique for future encrustation studies. 

First, a collaboration with a urological products manufacturer like Cook, Bard, or Boston 

Scientific could help apply this coating solution onto a manufacturing line. The coating can be 

assessed for its processability in an actual setting in regards to thickness, cure rate, and stability, 

in addition to other requirements for FDA for approval. Once an optimal coating has been 

achieved and retention of enzyme activity verified, then the best encrustation model will be in 

vivo. In other reported studies, either pigs or rabbits are used as encrustation models. 

Second, other polymers can be researched for their ability to inherently resist encrustation 

or increase diffusion of oxalate and enzyme activity products. Varying the ionic nature of the 

polymer may influence the release of formate for OxDc immobilized materials, such as with the 

use of  poly(acrylic acid) or poly(vinyl amine). Also, other hydrophilic monomers, such as 

poly(vinyl pyrollidone) (PVP), can be added to determine their effects. Well-known antifouling 

polymers such as poly(ethylene glycol) (PEG) and mannose could be added to the formulation 

for studying. Additionally, styrene could be added to increase strength in the coating, if 

necessary. Using a statistical design of experiment with activity as the main output may help 

expedite this process. Also, stabilizers in the formulation could be used that lead to 

interpenetrating networks for the coating. 

Future work may also entail researching other oxalate-degrading enzymes. Oxalate oxidase 

from the sorghum root had been reported to have optimal activity at pH 6, which would be useful 

for this application. Furthermore, chemical methods to modify the current enzymes could 
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possibly shift the optimum pH the enzymes are active. Additionally, covalent linkage to the 

support may be an advantage although it seemed unnecessary for the coating in this project since 

no leakage was detected. 

Finally, a more thorough biochemical analysis could help understand the mechanisms for 

the loss of enzyme activity. Specific techniques, such as non-denaturing electrophoresis can 

deduce if the enzyme loses its hexameric form, which is necessary to be active. Also, circular 

dichroism is a spectral technique to evaluate the secondary structure of proteins. Furthermore, 

oxygen diffusion through the coating material may need to be optimized, which could influence 

enzyme activity. Therefore, developing copolymers or changing to a different polymer system 

could be justified. These research directions could lead to determining optimal materials, 

processing methods, and a deeper understanding of what occurs to the immobilized enzyme 

mechanistically.  
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APPENDIX A 
EXPLANTED STENTS 

  

  

  
Figure A-1  Explanted ureteral stents showing encrustation. 
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Figure A-1 (continued). 
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APPENDIX B 
CALCULATIONS 

Polymers were calculated in terms of molar composition by using the monomers physical 

properties. Since monomers were all liquid, this calculation made it easy to determine the 

polymer molar composition. A monomer was provided with a given formula weight (FW, g/mol) 

and density (ρ, g/mL). When the value of these are brought together as follows,  

monomer

FWA
ρ

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

 

then this value, A, determined a monomer ‘s volume fraction (mL) per mole of a given polymer. 

Each monomer (A) was desired at a particular molar composition (χ, mol), e.g. 99%, or 

0.99 mol HEMA. The contribution of each monomer was added together for a useful formula 

weight of the polymer, given as 

1
polymer i i

i
FW Aχ

∞

=

=∑  

 
in terms of mL/mol and i is any arbitrary monomer. Then, this value was normalized by 60v% 

due to the monomer’s composition in the reaction, and calculated by 

0.6

polymerFW
ζ =  

 
Volume withdrawn, Vi (mL), for a given monomer was determined from the final product 

of their respective values from above, given as 

i iV Aχ ζ=  
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