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ABSTRACT 

 

Affordable, accessible biosensors for the diagnosis, management, and treatment of chronic 

diseases are critical to reducing healthcare costs. An often overlooked chronic condition that 

affects over 8 million Americans is gout. This condition is characterized by severe pain, and in 

more advanced cases, bone erosion and joint destruction. This thesis explores the fabrication and 

characterization of an optical, enzymatic uric acid biosensor for gout management, and the 

optimization of the biosensor response through the tuning of hydrogel matrix properties. 

Sensors were fabricated through the co-immobilization of oxygen-quenched 

phosphorescent probes with oxidoreductases within a biocompatible copolymer hydrogel matrix. 

Characterization of spectral properties and hydrogel swelling was conducted. In addition, 

evaluations of the sensitivity, repeatability, and long-term stability of the uric acid biosensor were 

conducted. The findings indicate that increased acrylamide concentration improved the biosensor 

response by yielding increased sensitivity and reduced lower limit of detection. However, the 

repeatability and stability tests highlighted some possible areas of improvement. Specifically, a 

consistent drift was observed in the response during repeatability testing, and a reduction in sensor 

response was seen after long-term storage tests. Overall, this study demonstrates the potential of 

an on-demand, patient-friendly gout management tool. This work also demonstrates an alternate 

use of the porphyrin-oxidoreductase biosensing platform and paves the way for a multi-analyte 

biosensor. 
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NOMENCLATURE 

 

AAm Acrylamide 

AEMA 2-aminoethylmethacrylate 

BMAP Palladium (II) tetramethacrylated Benzoporphyrin 

DI Water Deionized water 

DMSO Dimethyl sulfoxide 

EDC 1-ethyl-3-(3-dimethylamino) propyl carbodiimide hydrochloride 

EGDMA Ethylene glycol dimethacrylate 

HEMA 2-Hydroxyethyl Methacrylate 

NHS N-hydroxysuccinimide 

PBS Phosphate-buffered saline  

PdBP Tetramethacrylated Pd(II) benzoporphyrin  

PEG Poly(ethylene glycol) 

TEGDMA Tetraethylene glycol dimethacrylate 

λex Excitation wavelength  

λem Excitation wavelength  
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1. INTRODUCTION 

 

1.1 The Chronic Disease Epidemic 

Advancements in science, medicine, sanitation and public health infrastructure over the 

past century has led to a surge in the average American lifespan from 47 years in 1900 to 79 years 

in 2010.1 According to the US Census Bureau, the percentage of the population 65 years and above 

has doubled within the past 50 years and is expected to continue to increase in the upcoming 

decades.2 This increase in lifespan marks one of the greatest human achievements, largely 

attributed to the reduction of infectious diseases and infant death.1 However, while the mortality 

from infectious diseases, such as tuberculosis and pneumonia, have significantly reduced, chronic 

illnesses like heart disease, cancer, respiratory disease, and diabetes have emerged as the leading 

causes of death in the world and are becoming increasingly prevalent as the world’s population 

continues to age.3  

Due to rising healthcare costs, expanding population, and growing shortage of nurses and 

physicians, most healthcare systems are not well suited to handle this rising burden of chronic 

diseases.4 According to the World Health Organization, chronic diseases constitute of 78% of all 

medical expenses in the United States,5 and 18% of the GDP.6 Even more alarming is that just 5% 

of the most severely chronically ill patients account for over half of all healthcare expenditures.7 

Contrary to popular belief, the burden of chronic diseases is perhaps even more detrimental in 

developing nations, which are simultaneously affected by infectious and chronic diseases, while 

being hindered by the lack of resources and poor healthcare infrastructure.8 India for instance, has 

the largest diabetic population in the world,9 while suffering from high mortality rates from malaria 

and pneumonia.10 South Africa, and many other developing nations are undergoing a similar 
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epidemiological transition.11 Clearly, the rise of chronic diseases is one of the largest global issues 

we currently face. 

The need for affordable, accessible options for the diagnosis, management, and treatment 

of patients at risk or suffering from chronic diseases is critical to reducing healthcare costs and 

improving living standards of millions worldwide. This concern has fueled intense research in 

fields like pharmacology, genetics, radiology, data analytics, biomaterials, tissue engineering, and 

drug delivery. The field of biosensors, which are analytical tools capable of converting biological 

events into measurable signals, has also become an area of strong interest as tools in precision 

medicine12 and mobile health (mHealth)13 capable of providing low-cost but accurate patient 

health information without exhausting expensive clinical labor and facilities. As such, the market 

biosensors is projected to reach $21 billion dollars by 2020.14  

1.2 An Overview of Biosensors 

The study of biosensors has become a vast, interdisciplinary field, spanning a wide variety 

of disciples, including chemistry, physics, and biology among others.15 Due to the wide number 

of applications in fields like agriculture, nutritional science, defense, environmental science, and 

medicine, biosensors have sparked the interests of researchers both in academia and industry. 

Examples of commercially available biosensors used in medical applications include glucose test 

strips for diabetes management and pregnancy tests.  

Biosensors differ from physical sensors, which measure physical parameters, such as 

respiratory rate, heart rate (pulse), electrocardiogram (ECG), blood pressure, body temperature, 

and oxygen saturation level.16 These parameters are usually measured using miniaturized 

electrodes, LEDs, and photodiodes embedded in a skin-interfacing wearable, such as smart 

watches, patches, smart tattoos.17 Due to advancements in processing power and wireless 
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communications, numerous consumer devices with physical sensing capabilities, like the Apple 

Watch, Fitbit, and Samsung Gear have reached the market and seen widespread adoption.18 Many 

of these devices primarily focus on fitness and general wellness purposes, unlike biosensors which 

tend to be medical devices focused on disease management through the detection of chemical 

substances in the body.  

Biosensors are primarily composed of two components (Figure 1-1): (1) a biorecognition 

element that specifically detects the target analyte of interest, and (2) a signal transducer that 

converts the detection of the analyte into a measurable signal. Other significant components 

include the signal processor and scaffold to immobilize the sensing components.19,20  

 

Figure 1-1: Schematic representation of a biosensor 

Biosensors are often categorized by their method of signal transduction and by the 

mechanism of the biorecognition element. Methods of biorecognition include the use of enzymes, 

antibodies, nucleic acids, aptamers, nanoparticles, and cells.21 Due to the exceptional selectivity 

naturally enabled by their unique 3D conformation and capability to efficiently catalyze certain 

chemical reactions, enzymes are the most widely used biorecognition molecules.22 Common 

methods of signal transduction include optical, piezoelectric, thermal, magnetic, micromechanical, 
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and electrochemical techniques. Biosensors based on electrochemical signal transduction are 

currently the most common,6 although optical modalities are also widely used.15 

The first true biosensor, known as the glucose enzyme electrode, was pioneered by Leland 

Clark and Champ Lyons in 1962 and was of the electrochemical sort.23 The glucose enzyme 

electrode, which built upon the Clark oxygen electrode discovered in 1959,6,24 consisted of a 

platinum electrode, surrounded by a layer of glucose oxidase solution entrapped in a 

semipermeable membrane. The device indirectly detected glucose through the measurement of 

oxygen, which was consumed by glucose oxidase during the catalysis of glucose into gluconic 

acid and hydrogen peroxide.25 Over a half century later, this mechanism of glucose biosensing has 

only been slightly modified, with hydrogen peroxide being detected instead of oxygen. The Clark 

enzyme electrode paved the way for the miniaturized disposable glucose-sensing strips and 

transcutaneous glucose biosensors widely used by diabetics today for the self-monitoring of blood 

glucose. These amperometric glucose sensors currently dominate the biosensor market, consisting 

of 85% of the global biosensor market due to the prevalence of diabetes mellitus in societies around 

the globe.6 

Biosensors vary not only in their method of signal transduction and mechanism of analyte 

biorecognition, but in their form-factor and how they interact with biofluids or target analytes. 

Two promising biosensor configurations that eliminate the need for blood sampling are wearable 

and implantable biosensors.17 Target biofluids for wearable biosensors include interstitial fluid, 

sweat, tears, and saliva.26 Implantable biosensors on the other hand, primarily target blood, 

interstitial fluid, and cerebrospinal fluid.27,28 Measurement of analytes in each of these biofluids 

presents a number of challenges, perhaps none greater than finding a correlation with serum 

analyte concentrations. Although the correlation between serum glucose concentration and 
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interstitial glucose concentration has been well established,28,29 a similar correlation has not been 

established with other biofluids, or even between serum and interstitial fluid using other analytes. 

Consequently, this lack of established correlations between analyte concentrations in serum and 

alternate biofluids has been a limiting factor in the development of a wider variety of 

biosensors.6,30,31  

Another challenge in developing wearable biosensors in particular is in obtaining reliable 

and adequate volume of biofluids samples.32 A prominent example of this obstacle was seen in  

the GlucoWatch biographer by Cygnus Inc., which was the  First FDA-approved non-invasive 

glucose biosensor (2001).33 To obtain biofluid samples, this device used reverse iontophoresis 

(RI) where oppositely charged electrodes are used to pass a mild current through the skin to drive 

the electro-osmotic flow of metabolites, such as glucose and sodium, from the interstitial fluid to 

the surface of the skin. However, RI-induced skin irritation and inaccuracies in glucose readings 

lead to the removal of this device from the market.26 Research on the development of contact-

lens glucose biosensors by industry giants, like Google/Verily Life Sciences and Novartis, have 

also been derailed by similar challenges in consistently obtaining reliable biofluid samples (tears) 

with glucose concentrations that strongly correlation with serum glucose levels.34 

Although currently elusive, establishing correlations between human serum and alternate 

biofluids can open the doors to the development of wearable biosensors that can be used in real-

time monitoring of analytes in tears, sweat, interstitial fluid or saliva.35 Non-invasive, wearable 

biosensors would not only be strongly desired by patients and physicians, but by society as a 

whole, as out-of-hospital patient health monitoring could potentially reduce costs incurred 

through hospital visits, while enabling better personalized care.36 
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1.3 Implantable Biosensors 

By directly interfacing with human serum in situ, implantable biosensors circumvent many 

of the issues that affect the accuracy of wearable biosensors. Both of these biosensor types offer 

two key benefits. First is their ability to continuously monitor analytes, which allows patients to 

be notified when analyte levels cross dangerous thresholds that may not be captured through 

intermittent discrete monitoring. Continuous monitoring also provides the potential to better 

understand how analyte levels are affected by changes in diet, lifestyle habits, and medication.37 

The second key advantage of wearable and implantable biosensors is the flexibility and 

convenience they offer to patients and clinicians. Since implantable biosensors can passively 

perform analyte measurements, while requiring minimal intervention from physicians and patients, 

they can serve as excellent tools for remote patient monitoring, while improving patient 

compliance. 

When compared to wearables, implantable biosensors are not without their challenges. 

Perhaps the most significant of these challenges is the effect of the foreign body response (FBR) 

on device biocompatibility, which refers to the ability of the biosensor to remain safe and effective 

throughout the operational lifetime of the device.38 The foreign body response consists of a 

combination of acute and chronic inflammation. Acute inflammation occurs immediately after 

biosensor implantation and consists of the non-specific absorption of proteins such as albumin and 

fibrinogen to the surface of the implant.39 During chronic inflammation, macrophages play a 

central role in the formation of foreign body giant cells, the release of enzymes and reactive oxygen 

species capable of degrading the implant, as well as in the recruitment of pro-fibrotic agents that 

lead to the formation of a fibrous capsule around the implant.40 Therefore, considerations must be 

made during the design of implantable biosensors for (1) the reduction in analyte diffusion into 
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the biosensor matrix due to the formation of a fibrotic capsule around the biosensor implant, and 

(2) the local change in the physiological and chemical environment due to the acute and chronic 

inflammation. Despite these challenges, the potential of implantable biosensors in precision 

medicine and chronic disease management remains promising. 

While several needle-based transcutaneous continuous glucose monitors (CGMs) exist, 

very few fully-implantable biosensors have been brought to the market. The CGMs currently on 

the market, which include the Medtronic Guardian, Dexcom G6 CGM, and Abbott FreeStyle 

Libre, must be replaced every 7-14 days and are incapable of long-term biosensing because they 

open up a pathway for infection, and exacerbate the foreign body response due to their mechanical 

incompatibility and recurring micromotion.41-43  

Noteworthy is the Eversense long-term continuous glucose monitor by Senseonics, the first 

fully-implantable glucose biosensor.44 In July 2018, the Food and Drug Administration granted a 

premarket approval of this 90-day implantable glucose biosensor. A larger, more robust version of 

the Eversense, known as the Eversense XL CGM, has been shown to last for twice as long, and 

received a CE Mark of approval for use in the EU in September 2017.45 The functionality of the 

Eversense is based on boronic acid detection of glucose and fluorescent optical transduction. 

Interestingly, a 3-way comparison between the Eversense, Dexcom G5, and Abbott Freestyle Libre 

Pro found the Eversense to be “significantly better than two other CGM systems,” when compared 

to measurements using a traditional glucose strip.46 This may be due to the reduced foreign body 

response of a fully implanted system when compared to transcutaneous biosensors. 

Despite the prevalence of implantable glucose biosensors, there exist numerous other 

biosensor applications for the management of chronic diseases. In fact, mortalities from heart 

diseases, cancer, and chronic lung diseases are roughly seventeen, seven, and four times greater 
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than that of diabetes, respectively.3 Reducing the chronic disease burden therefore requires the 

exploration of other analytes during the development of novel biosensor technologies, with glucose 

biosensors serving as a possible model for the design and commercialization of such devices. As 

such, work is underway on identifying detectable biomarkers that can be used to monitor various 

disease states.47-49 Thousands of biosensors for a wide range of analytes, much of which are outside 

the scope of this report,  have been reported on.50 

1.4 Research Objective 

This thesis explores the systematic development and characterization of an optical, 

enzymatic uric acid biosensor for gout management. Measurements of uric acid levels would 

enable gout patients to monitor the dynamics of their uric acid concentrations, allowing them to 

take anti-hyperuricemic medication or make adjustments in their diet and water intake to reduce 

the risk of unexpected gout attacks. Sensors were fabricated through the co-immobilization of 

oxygen-quenched phosphorescent probes with an oxidoreductase within a biocompatible 

copolymer hydrogel matrix. The effect of the hydrogel composition on the swelling, oxygen 

sensitivity, and uric acid sensitivity was evaluated. To further evaluate the viability of this 

platform, the selectivity, short-term cyclic performance, and long-term stability of the system was 

tested. Building on previous studies by the McShane group, this study expands the applications of 

our sensing platform, beyond oxygen, glucose and lactate sensing that have been previously been 

studied.51-53 Overall, the objective of this project is twofold: First, to develop a minimally-invasive 

biosensor for uric acid determination, which has substantial individual merit for gout management 

and second, to expand the utility of our sensing platform, thereby laying the foundation for the 

development of a multianalyte biosensor. 
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1.5 Outline of Sections 

 The following sections of this thesis include the: Background and Literature Review 

(Section 2), Materials and Methods (Section 3), Results and Discussion (Section 4), Summary and 

Conclusions (Section 5), and References. Section 2 provides the clinical motivation for uric acid 

biosensing and summarizes the relevant literature on current uric acid measurement techniques, 

highlighting the need for accessible, patient-friendly tools for uric acid measurement. Section 2 

also reviews current biosensor technologies and explains the utility of an optical biosensor for 

chronic gout management. The section concludes with a description of the porphyrin-

oxidoreductase platform as a novel tool for conducting in-vivo and ex-vivo uric acid measurements. 

Section 3 details the materials, and experimental protocols used in the fabrication and 

characterization of the uric acid biosensors, while Section 4 presents the findings and analysis of 

the described experiments, with special emphasis on the comparison of the sensitivity between 

biosensor compositions. These complete set of experiments include: (1) spectral characterization 

of the excitation and emission of the porphyrin molecules immobilized in biosensor matrices, (2) 

swelling ratio experiments to quantify the hydrophilicity of the different hydrogel compositions, 

(3 and 4) oxygen and uric acid response tests to investigate the sensitivity of the system to oxygen 

and uric acid changes, (5) selectivity experiments involving the exposure of sensors to various 

analytes, and (6) long-term stability tests to investigate the longevity of the biosensing system. 

Finally, Section 5 concludes the thesis by summarizing the notable findings and key 

takeaways from this work. This section also describes the major limitations of the system, with 

proposed solutions to several of these challenges. An outlook on future of this platform as a 

possible multianalyte biosensor is provided at the end of the section. References to numerous 
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published works that supported the experimentation and analysis contained in this report were also 

reported. 
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2. BACKGROUND AND LITERATURE REVIEW 

 

2.1 Arthritis and Gout 

Arthritis is one of the most prevalent chronic conditions in the United States, affecting over 

21% of all U.S. adults and roughly 50% of adults 65 and above.54 Despite not usually being fatal, 

the condition is a large economic burden to society and can dramatically reduce the quality of life 

of patients.55 The term arthritis is actually loosely defined, and describes a range of over 100 

rheumatic conditions. Some of the most prevalent forms of arthritis include osteoarthritis, 

rheumatoid arthritis, fibromyalgia and gout.56 While each of these forms of arthritis have unique 

underlying causes, common symptoms they share are pain, swelling, and redness of the affected 

joint(s). 

Gout is the most prevalent form of inflammatory arthritis,57 affecting over 8 million 

individuals in the United States. Due to the aging population and poor dietary habits in society, 

this figure is only expected to increase in the upcoming decades.58 Prevalent in elderly populations, 

gout is known as one of the most painful medical conditions suffered by humans and can severely 

limit the mobility of patients, inhibiting the freedom to pursue normal daily activities. Gout also 

presents a significant economic burden and those who suffer from the condition experience a 

$3000 average increase in annual healthcare and $1300 average increase in annual work-related 

expenses.59,60 

2.2 Pathophysiology of Gout 

Gout occurs due to the formation and accumulation of uric acid crystals around the joints.61 

Uric acid (Figure 2-1), is a heterocyclic compound found throughout the body and is the end-

product of purine metabolism. Purines are derived from exogenous sources, such as seafood and 
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red meat. As well as endogenously from nucleoproteins revealed after cell death.62,63 Uric acid is 

produced by the liver and excreted by the kidneys or gastrointestinal tract. The compound is a 

weak acid, with a pKa of 5.8.61 Therefore, in physiological conditions, the compound mostly exists 

as its deprotonated resonance hybrid, urate, and associates with sodium ions to form monosodium 

urate (MSU) salts.64 

Figure 2-1: Chemical structure of uric acid 

The supersaturation of uric acid in the blood stream occurs around 6.8 mg/dL, where uric 

acid reaches its physiological solubility limit in human plasma. In some cases, hyperuricemia leads 

to the deposition of urate crystals in the articular and periarticular tissue of the joints. The 

phagocytosis of these crystals by neutrophils induces an inflammatory response, which consists of 

a migration of leukocytes and the release of pro-inflammatory cytokines, which leads to swelling, 

severe pain (gout attack), and in more advanced chronic cases, bone erosion and destruction.64,65  

An excruciating pain in the big toe during sleep is the hallmark of the onset of a gout attack. 

During one of these flares, the mere weight of one’s bedsheets can lead to a severely painful 

throbbing sensation that is caused by the increased urate crystallization that tends to occur at cooler 

night-time temperatures.66 Distal joints, particularly the first metatarsophalangeal joint of the big 

toe, is the region most affected by gout because of the lack of blood flow,67 combined with the 

gravity-induced sinking of these crystals, due to their relatively high density, that leads to the 

increased accumulation of urate in this region.  
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Hence, the most prevalent risk factor for this crystal-induced inflammation is 

hyperuricemia,58 which occurs when there is either an overproduction, or insufficient removal of 

uric acid from the blood stream by the kidneys. In 90% of hyperuricemia cases, insufficient renal 

excretion is the underlying factor.65,68 Interestingly, most individuals (~78%) with hyperuricemia 

remain asymptomatic. However, the vast majority of patients who suffer from gout are 

hyperuricemic.66 

Since humans, unlike most other mammals, lack the enzyme needed to break down the 

compound, an inability to excrete uric acid leads to a harmful accumulation of the compound in 

the body. Incidentally, the presence of estrogen in women is hypothesized to reduce urate 

deposition through the upregulation of renal excretion of the compound. Therefore, the risk of 

hyperuricemia is generally higher among men. Rates of hyperuricemia also rises significantly in 

older populations, likely due to a decrease in renal efficiency, although the exact reasons remain 

unclear.65 

In addition to gout, hyperuricemia is also associated with several pathological conditions 

like renal insufficiency, Lesch–Nyhan syndrome, insulin resistance, leukemia, and 

nephrolithiasis.61,69 Furthermore, patients undergoing chemotherapy or voluntary fasting in 

preparation of surgical anesthesia may also suffer from hyperuricemia due to increased cell death 

and conversion of adenosine monophosphate to uric acid.61 If uric acid levels are not reduced after 

an acute gout flare, reoccurrence is much more likely, with 75% of patients suffering from gout 

reoccurrence within a 2-year period.65 Chronic gout develops when the accumulation of larger 

urate tophi, or deposits of urate crystals, accumulate in the joints and surrounding tissue, leading 

to recurrent, more intense, gout flares.70 
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 A brief overview of purine metabolism is useful in understanding how uric acid 

accumulates in the joints. In the human body, purines are processed via a long sequence of complex 

enzymatic reactions that begins with adenine and guanine, the two purine nucleic acids, and ends 

with uric acid.62 Xanthine oxidase, plays a critical role in the production of this compound, as it 

catalyzes the oxidation of xanthine to uric acid, producing hydrogen peroxide during the process.62 

Uric acid is then excreted through the urinal or gastrointestinal tract, preventing uric acid 

accumulation in the body. Hence, dysfunction of the kidneys is a major risk factor for gout. 

Therefore, therapeutic approaches to reducing uric acid production through xanthine oxidase 

inhibitors, such as allopurinol and febuxostat, are the primary method used to treat hyperuricemia 

in gout patients.71 

2.3 Current Methods of Uric Acid Measurement 

Treating and managing gout requires maintaining low uric acid concentrations for extended 

periods. In fact, patients who have been diagnosed with gout are often advised to maintain serum 

urate concentration below 6 mg/dL for several years to allow for the dissolution of urate crytals.72 

Failure to manage gout can lead to a progression of the disease from an acute phase to a chronic 

tophaceous phase. During this phase, which is much harder to treat, uric acid crystals accumulate 

in the synovial spaces in greater volumes.68,70 

Maintaining low serum urate concentrations requires frequent measurements, along with 

diet adjustments and the use of anti-hyperuricemic medication. However, current methods of uric 

acid measurement present a barrier for many patients. In fact, even after gout diagnosis, studies 

show that only 20% of patients obtained measurements of serum uric acid concentration, despite 

the failure of 40 – 80% of them to achieve target uric acid concentrations of below 6 mg/dL.73 
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The low compliance to uric acid measurement is likely due to the cost and inconvenience 

of the current clinical standard methods of uric acid measurement. These techniques primarily 

consist of laboratory tests where high performance liquid chromatography (HPLC), colorimetry, 

and electrochemical techniques are performed on blood and urine samples obtained from 

patients.74-77 Due to the required materials and labor, such techniques can be slow, costly, and are 

not practical for frequent monitoring of uric acid in chronic gout patients. Hence, the use of 

affordable, easy-to-use biosensors for uric acid measurements presents a compelling alternative to 

current standards.69 

The physiological concentration of uric acid typically ranges from 1.5 to 7.0 mg/dL in 

healthy patients and 7.4 to 8.7 mg/dL in hyperuricemic patients.62,78 Hence, uric acid biosensors 

should be capable of resolving uric acid changes around a 0 – 10 mg/dL analyte range. As 

explained earlier, hyperuricemia is the primary concern in gout. Therefore, monitoring 

hypouricemia, which occurs when uric acid levels fall below 2 mg/dL, is not nearly as critical as 

in glucose biosensors, where a failure to detect low analyte concentrations can be fatal. Other 

design considerations for uric acid biosensors include achieving high reproducibility and 

sensitivity, which can vary widely depending on the method of uric acid detection and signal 

transduction, with electrochemical biosensors generally being more sensitive than optical 

biosensors.79-81 

2.4 Enzymatic Electrochemical Uric Acid Biosensors 

To create a more patient-friendly means of uric acid measurement, researchers worldwide 

have explored the development of affordable, point-of-care uric acid biosensors using a wide range 

of approaches.77,82-87 The most prevalent type of these biosensors operate through electrochemistry 

and can be divided into two categories, non-enzymatic and enzymatic.88 Non-enzymatic 
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electrochemical uric acid biosensors operate by exploiting the electroactive nature of uric acid by 

using electrodes to oxidize uric acid into allantoin, CO2 and H2O2.69 However, such techniques are 

susceptible to interference from alternate electroactive species like ascorbic acid.88 

Most uric acid biosensors in research are of the enzymatic electrochemical nature.69 With 

the use of uric acid oxidase, or uricase, as a biorecognition element; enzymatic electrochemical 

biosensors generally show greater sensitivities than their non-enzymatic counterparts. However, 

many electrochemical enzymatic biosensors still suffer from selectivity issues due to the use of 

electrodes and peroxidases.89 Specifically, this class of biosensors work by generating H2O2 

ensuing the catalysis of uric acid by uricase. H2O2 is then measured by a peroxidase or electrode 

to indirectly determine uric acid concentration. The presence of electroactive species in human 

serum can therefore interfere with uric acid measurements. Hence, despite considerable research 

progress in this domain, the translation of electrochemical uric acid biosensors from research 

projects into commercial products have been slow, and very few of these devices have obtained 

FDA approval.69 

2.5 Optical Uric Acid Biosensors 

Though not as common electrochemical methods, a variety of optical biosensors have been 

explored for the detection of uric acid. Several of these techniques are based on the use of 

absorbance,90 fluorescence,82,85,91 and surface plasmon resonance.92,93 There are a few key 

advantages of optical biosensing over electrochemical methods. Firstly, they eliminate the need 

for electrodes and peroxidases that can otherwise be affected by alternate electroactive interferents, 

such as glucose, urea, and ascorbic acid. The use of optically responsive probes, such as 

fluorophores, phosphors, metallic nanoparticles, and chromogenic agents; although not without 

their challenges, mitigate the interference issue. 
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Secondly, optical probes are excellent tools for the design and fabrication of implantable 

biosensors that eliminate the painful process of drawing blood samples. For instance, optical 

biosensing allows for the possibility of transdermal interrogation of miniature biocompatible 

hydrogel implants by an optical transmitter situated on the surface skin. Developing fully 

implantable electrochemical biosensors is currently not as feasible, due to the difficulty of 

miniaturizing the required electronics and the inability to physically decouple the bioreceptor, 

signal transducer, and signal processor, which require a power source to function. An implantable 

uric acid biosensor would be especially well suited for geriatric patients, who suffer from chronic 

gout and suffer from limited joint mobility and dexterity needed to perform finger pricks. With an 

implantable uric acid biosensor that passively monitors and records in vivo uric acid fluctuations, 

these patients will be better able to keep their levels under the threshold needed to dissolve uric 

acid tophi, and avoid the occurrence gout attacks, while understanding how their diet and lifestyle 

habits influence their uric acid levels. 

2.6 Porphyrin-Oxidoreductase Biosensing Platform 

Most current optical biosensing techniques for uric acid detection are not well suited for 

implantation applications due to optical signal interference from autofluorescence and light 

scattering from surrounding tissue.94 Long-lifetime phosphorescent probes for signal transduction 

can used to solve this challenge. McShane and coworkers have demonstrated the use of 

metalloporphyrin probes, with phosphorescence lifetimes that are hundreds of microseconds long, 

in the development of implantable biosensors capable of detecting glucose, lactate, and oxygen.51-

53 These sensors are fabricated by coimmobilizing, oxygen-sensitive metalloporphyrin molecules 

(signal transducers) and oxidoreductase enzymes (bioreceptors) within a hydrogel matrix.  
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This porphyrin-oxidoreductase platform is the basis of this study, which describes the 

fabrication and characterization of the first implantable uric acid biosensor based on 

phosphorescence. In this system, the consumption of oxygen during the catalysis of the oxidation 

of uric acid into allantoin, carbon dioxide, and hydrogen peroxide by uric acid oxidase leads to a 

local depletion of oxygen as shown in the following reaction and in Figure 2-2.  

 

Figure 2-2: A schematic of the excitation of a uric acid biosensor, containing BMAP and uric 

acid oxidase 

These local oxygen changes within the biosensor matrix leads to a measurable alteration 

of an optical signal. Specifically, a decrease in oxygen concentration leads to an increase in 

phosphorescence intensity and lifetime due to the collisional quenching of the excited phosphor 

by oxygen. Intensity and lifetime are therefore proportional to analyte concentration and inversely 

proportional to local oxygen concentration. 
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Phosphorescence lifetime, as opposed to luminescent intensity, was used for the 

transcutaneous optical signal transduction due to the temporal separation of the signal from 

background noise and autofluorescence. The collisional quenching of palladium (II) 

tetramethacrylated benzoporphyrin (BMAP) in generally described by the Stern-Volmer 

relationship: 

𝐼0

𝐼
=  

𝜏0

𝜏
=  1 + 𝐾𝑠𝑣[𝑂2] 

Where I and τ represent the luminescence intensity and lifetime at a specific concentration of 

oxygen, while 𝐼0 and 𝜏0 represent the intensity and lifetime in the absence of oxygen. The Stern-

Volmer constant (Ksv), characterizes the oxygen sensitivity and is the slope of the Stern-Volmer 

graph. Therefore, the intensity and phosphorescence lifetime are inversely proportional to the 

oxygen concentration and directly proportional to the concentration of uric acid. Besides the long 

phosphorescence lifetime, another key advantage of using BMAP in implantable biosensor 

applications is the long excitation wavelength of the phosphor. This allows for excitation in the 

“optical therapeutic window,” where absorption from water and proteins are low (detailed in 

section 4.3). 

Overall, the function of the porphyrin-oxidoreductase biosensing platform is a complex 

balance of uric acid diffusion, enzymatic reaction rate, and oxygen diffusion. In this uric acid 

biosensing system, the performance of the uric acid biosensor was regulated by tuning the swelling 

of the biosensor matrix (detailed in section 4.2) in order to adjust the diffusion of uric acid into the 

hydrogel and the sensitivity of the biosensor. The strategy, rationale, and test results for the 

selection of these materials are further explained the following sections. 
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3. MATERIALS AND METHODS 

 

This section describes the design, fabrication, and evaluation of enzymatic optical uric acid 

biosensors for implantable and ex-vivo applications based on the use of uricase a biorecognition 

element, and porphyrin molecules for optical signal transduction. Specifically, uricase and BMAP 

were immobilized in three copolymers of 2-hydroxyethyl methacrylate (HEMA) and acrylamide 

(AAm). In addition to a description of the rationale, design, and characterization of the uric acid 

biosensor system, the effect of copolymer composition on the swelling ratio, oxygen response, and 

uric acid response was determined. Relevant metrics, such as the sensitivity, limit of detection, 

selectivity, and storage stability are also detailed. 

3.1 Materials 

2,2-dimethoxy-2-phenyl-acetophenone (DMAP/Irgacure 651) and ethylene glycol were 

obtained from Sigma (St. Louis, MO, USA). 2-Hydroxyethyl methacrylate (HEMA), Ophthalmic 

Grade, and triethylene glycol dimethacrylate (TEGDMA), min 95% were purchased from 

Polysciences, Inc (Warrington, PA). Acrylamide (AAm) monomer and dimethyl sulfoxide 

(DMSO) were acquired from VWR (Radnor, PA, USA). Palladium (II) tetramethacrylated 

benzoporphyrin (BMAP or PdBP) was donated by Profusa, Inc. (San Francisco, CA). Uric acid 

was purchased from USB Corporation (Cleveland, OH), while uric acid oxidase/uricase from 

recombinant Escherichia coli (E. coli) was acquired from BBI Solutions (Cardiff, UK). 

3.2 In-vitro Testing System and Instrumentation 

A benchtop testing system, consisting of a newly-designed Delrin flow cell (detailed in 

section 4.1), a previously-designed optics system, along with commercially-available peristaltic 

pumps and incubators were used to conduct oxygen and uric acid response tests. Optical readers 
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for sample interrogation were mounted onto the Delrin flow cell, which contained four biosensor 

samples (three experimental samples, and one enzyme-free reference). Each reader contained a red 

LUXEON Rebel LED from Lumileds (Amsterdam, Netherlands), powered at a current of 200 mA, 

and was used to excite samples around 630 nm. Readers also housed photomultiplier tubes (SensL, 

Cork, IR), positioned 8 mm away from the LED, and used to collect the emission signal after 

collimation by an emission filter (FF02-809/81, Semrock). 

Buffer solutions containing select uric acid and oxygen concentrations were supplied to the 

flow cell using a Masterflex L/S Series peristaltic pump purchased from Cole-Parmer (Ct Vernon 

Hills, IL). Oxygen and uric acid testing systems shared a similar equipment setup. The primary 

differences between both were the type of solutions used, and the choice of a closed loop design 

for oxygen response tests versus a flow-through design for uric acid response tests, the specific 

set-ups are detailed in Sections 2.6 and 2.7. 

A LabVIEW program was used to control the LED in the optical reader during the 

excitation and emission phase. For emission, an excitation pulse from the LED was generated for 

500 µs. Following excitation, the LED was switched off for 2500 µs while the voltage across the 

PMT was measured and used to calculate the phosphorescence emission lifetime (𝜏). A brief 

waiting period of 7 µs between excitation and emission was granted to reduced interference. An 

Infinite 200 PRO 96-well plate reader (Tecan Life Sciences, Switzerland) was used to conduct 

absorbance and emission scans. Free radical polymerization was performed using a Blak-Ray B-

100SP UV Lamp purchased from UVP (Upland, CA). 

3.3 Selection of Hydrogel Compositions 

The hydrogel matrix plays a central role in the structure and function of the biosensing 

system. Not only does it immobilize the enzyme and dye, but regulates the diffusion of uric acid 



 

22 

 

 

 

into the matrix, which influences biosensor response. Hence, careful selection of a hydrogel 

material that provides tunable diffusion properties, biocompatibility, and a suitable chemical 

environment for homogeneous dispersion of the immobilized sensing chemistry is key to 

developing an effective uric acid biosensor. To serve this purpose, a copolymer system of 2- 

Hydroxyethyl Methacrylate (HEMA) and acrylamide (AAm) was used (Figure 3-1).  

HEMA hydrogels have been extensively studied, and are used in a variety of biomedical 

applications, from controlled drug release to soft contact lenses fabrication.95 This material was 

selected as the primary monomer for the uric biosensor matrix due to its chemical stability, strong 

mechanical properties, high optical clarity, and biocompatibility.96 Despite these desirable 

properties, the swelling ratio of HEMA is thermodynamically restricted to just 40%.97 As a result, 

HEMA is frequently copolymerized with more hydrophilic monomers, like methacrylate and 

acrylamide (AAm).97,98 Most known for its use in gel electrophoresis, AAm is a highly absorbent 

material that possesses good optical properties and biocompatibility, ideal for the use in a 

biosensor.96 Therefore, adjusting the ratio of AAm added to the copolymer provides a means of 

tuning the swelling of the biosensor hydrogel matrix, while retaining optical clarity, mechanical 

integrity, and biocompatibility.51,52 

 

Figure 3-1: Chemical Structure of acrylamide (AAm), 2-hydroxytheyl methacrylate (HEMA), 

and poly(HEMA-co-AAm) (adapted from Rapado and Peniche, 2015)97  

Modification of the swelling ratio of the hydrogel matrix allows for regulation of uric acid 

diffusion into the biosensor. Less-swollen hydrogels create a more tortuous path for uric acid 
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diffusion towards immobilized uricase enzymes, which leads to reduced oxygen depletion and as 

a result, lower phosphorescence lifetimes and biosensor sensitivity. Specifically, assuming the 

catalysis of uric acid oxidation is analyte-limited, versus oxygen or enzyme limited (explained in 

greater detail in Section 4.5), the rate of uric acid diffusion into the hydrogel matrix dictates the 

amount of oxygen depletion by uric acid oxidase and therefore the magnitude of optical response 

of the biosensor. 

This phenomenon was observed in prior glucose diffusion studies conducted by our group, 

where a 30-fold increase in analyte diffusivity was observed in a copolymer of HEMA and AAm 

(50:50 molar ratio) versus a polyHEMA homopolymer. This increase in diffusivity translated to a 

6-fold increase in biosensor sensitivity.99 We therefore hypothesize that the uric acid biosensor 

sensitivity can be improved by increasing the concentration of acrylamide. To test this hypothesis, 

three hydrogel compositions of poly(HEMA-co-AAm) were fabricated with molar ratio 50:50, 

75:25, and 90:10 molar ratios of HEMA and AAm respectively.  Prior studies showed increased 

sample variation and decreased repeatability in hydrogel compositions with AAm ratios greater 

than 50% due to phase separation. Therefore, the 50:50 composition was set as the upper limit for 

acrylamide concentration.52,99 

3.4 Biosensor Fabrication 

 Hydrogels were fabricated using free-radical polymerization of monomer precursor 

solutions, crosslinker, copolymer solutions, enzyme mixture, and dye solutions. The difference in 

the fabrication procedure between each copolymer composition was in the volume of HEMA or 

AAm monomer added. HEMA was available in liquid form, while an AAm solution was made by 

dissolving crystalline powdered AAm monomer in deionized water to form a 0.67 w/v%. 

Appropriate volumes of each monomer solution was added to collectively produce a 250 µL 
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solution (i.e. 125 µL of HEMA solution was combined with 125 µL of the AAm solution to create 

a 50:50 poly(HEMA-co-AAm) precursor composition).  

The detailed gel fabrication steps are as follows: (1) 2.5 mg Igracure 651 was weighted 

into a 2.5 ml microcentrifuge tube, (2) pre-calculated volumes of HEMA and AAm monomer 

solution were addedbefore vortexing, (3) 5 µL of TEGDMA (crosslinker) was pipetted into the 

monomer mixture, (3) 90 µL of ethylene glycol (co-solvent) was added to the mixture, which was 

vortexed again, (4) 12.5 µL of a 10 mM BMAP solution dissolved in DMSO was pipetted to the 

centrifuge tube, and (5) 49 mg (125 units) of uricase, along with 107.5 µL of  PBS (pH 7.4) was 

added to the solution. Prior to gel fabrication, a “sandwich” glass mold was made using paperclips 

to clamp a 0.03’’ Teflon spacer between two glass slides. 

The mixture was repeatedly pipetted for a few minutes to improve the homogeneity of the 

sensing chemistry in the precursor solution before being pipetted into the premade glass mold. The 

precursor-loaded mold was placed under a UV lamp, emitting light of 365 nm, for 

photopolymerization of the precursor solution for 3 minutes on each side. After crosslinking, the 

gel slab is carefully removed from the mold, rinsed with DI water and placed in a 45 ml tube 

centrifuge tube containing PBS (pH 7.4) and allowed to equilibrate overnight in a 4 ºC refrigerator. 

Afterwards, gels were rinsed with DI water, placed in fresh PBS, and again stored in 4 ºC. During 

storage, tubes containing gels were wrapped in aluminum foil to avoid photobleaching of the 

immobilized phosphor. For later experiments, thin disc-shaped samples were punched from 

fabricated hydrogel slabs using a 6 mm biopsy punch (VWR, PA). 

3.5 Swelling Ratio 

 To calculate the swelling ratio, 3 freshly-made samples of each composition were weighed 

for their hydrated mass Ws after soaking overnight in PBS (pH 7.4) to reach their equilibrium 
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swelling volume. Prior to this step, samples were blotted to remove excess buffer on the surface 

of hydrogel discs. Next, samples were desiccated for 24 hours and then weighed for their dry mass 

Ws. The final swelling ratio was obtained using the following equation: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 =  
𝑊𝑠 − 𝑊𝑑

𝑊𝑑
 ×  100 

3.6 Oxygen Response 

An understanding of how the phosphorescence lifetime of the uric acid biosensors vary 

with oxygen concentration is critical to understanding biosensor function. Doing so characterizes 

the biosensor sensitivity to oxygen and defines the absolute achievable lifetime range of the 

immobilized phosphors within a hydrogel matrix. Therefore, before introducing uric acid, the 

response of biosensors of each composition to changes in oxygen was assessed. 

After gel fabrication, 6 mm punches were made from the larger hydrogel slab and placed 

in the flow cell for monitoring. The flow cell was then connected to the in-vitro testing system 

described in Section 3.2. Each flow cell contained 3 replicate samples and 1 non-uricase containing 

oxygen sensor reference gel. Biosensor responses to oxygen changes were tested by exposing the 

gel samples to 10 mM PBS buffer (pH 7.4) with oxygen concentrations ranging from 0 – 206.8 

µM. Oxygen response tests were conducted in the following sequence: 206.8 µM (21 %), 103.4 

µM (10.5 %), 51.7µM (5.25 %), 25.9µM (2.6 %), and 0 µM oxygen. These oxygen concentrations, 

which encompass low physiological concentrations through ambient oxygen concentrations, were 

controlled using a mass flow controller to bubble in controlled ratios of nitrogen and ambient air 

into a sealed reservoir containing the PBS in a closed-loop system (Figure 3-2). The final 0 µM 

oxygen concentration was achieved chemically through due to limitations in removing all oxygen 

using the gas bubbling method. To purge all dissolved oxygen from the flow cell, a 1 M solution 

of glucose dissolved in PBS buffer was combined with a 6 mg/dL solution of glucose oxidase 
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dissolved in DI water solution. Solution were added in a 4:1 ratio to completely fill the flow cell, 

with special care taken to avoid air bubbles forming in the flow cell. For each oxygen 

concentration, data were collected for at least 30 minutes after a steady state response was 

achieved.  

 

Figure 3-2: In vitro oxygen testing system 

3.7 Uric Acid Response 

Figure 3.3 illustrates the benchtop setup for uric acid response testing, which strongly 

resembles the previously described oxygen test setup with a few differences. Namely, pre-made 

uric acid solutions were used instead of plain PBS buffer. Uric acid solutions consisted of uric acid 

dissolved in 10 mM PBS buffer (pH 7.4). A range of 0 – 10 mg/dL of uric acid was tested in serial 

increments of 2 mg/dL. As with the oxygen response tests, data were collected for at least 30 
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minutes after steady state was achieved, with each step taking a total of 45 – 60 minutes. The other 

notable difference between this system and the oxygen response testing system was in the 

unidirectional flow-through approach. Here, the solution from the outlet was not reused but 

collected in a large waste container. 

After data collection, the phosphorescence lifetime as a function of uric acid concentration 

was plotted. The sensitivity was calculated as the slope of this line, while the limit of detection 

was estimated as the uric acid concentration corresponding to the phosphorescence lifetime at 0 

mg/dL plus 3 times the standard deviation at 0 mg/dL. After comparing these biosensor metrics, 

the hydrogel composition with the lowest limit of detection and greatest sensitivity was chosen for 

all ensuing experiments. 
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Figure 3-3: In vitro uric acid testing system 

3.8 Selectivity 

To assess the selectivity of system, biosensor responses to several alternate analytes present 

in human serum were evaluated and compared to the response to uric acid. These analytes included 

glucose, ascorbic acid, urea, allantoin, creatinine, and acetaminophen. Solutions of physiological 

concentration of each analyte were made using PBS buffer (pH 7.4). Using the flow-through 

system, each solution was individually exposed to the uric acid biosensor samples for an hour each 

after a 1-hr “warm-up” period, where plain buffer was used to obtain a baseline response for each 

sample. Percent changes of the phosphorescence lifetimes for each analyte from the baseline 

response was calculated and reported. 
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3.9 Storage Stability 

To characterize biosensor stability, two types of stability tests were performed: cyclic tests 

and storage tests. Cyclic stability tests were performed by sequentially exposing uric acid 

biosensors to solutions of 0 and 10 mg/dL uric acid for an hour each, using the previously described 

flow-through system to run a total of 20 cycles. These concentrations of urate represent the 

minimum and maximum concentration of urate within our analytical range. Afterwards, the 

percent change in sensor response between cycles was calculated.  

The storage stability of the uric acid biosensors was also assessed to evaluate the long-term 

viability of the sensors from possible loss of enzyme bioactivity. Specifically, uric acid-

bioresponsive slabs were stored in two conditions. Storage condition 1 was in 45 ml of PBS with 

no uric acid, while storage condition 2 was in 45 ml of a 6.8 mg/dL uric acid solution. Both 

solutions were kept at 23 °C at pH 7.4. To partially address the inevitable change in uric acid 

concentration in condition 2, the uric acid solution was replaced weekly. Disc samples were 

punched and tested using the flow-through system after 0, 4, and 8 weeks of storage.  
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4. RESULTS AND DISCUSSION 

 

4.1 Flow Cell Fabrication 

Using SolidWorks, two identical flow cells were designed for in-vitro assessments of 

biosensor samples. The following considerations were made when selecting the material for the 

flow cell: mechanical strength, chemically inertness, durability, thermal expansion and light 

reflectance. Delrin, or polyoxymethylene, is a widely used, mechanically robust, thermoplastic 

material that largely fulfils these criteria. Not only is Delrin relatively easy to machine, but it 

possesses a metal-like high yield strength and wear resistance, despite being a thermoplastic 

material.100 Although susceptible to alkaline oxidation, Delrin is resistant to corrosion from most 

solvents and since the flow cell was to be used with mild buffered solutions around a neutral pH, 

corrosion was not a concern. 

For the simultaneous testing of 3 experimental samples and 1 oxygen reference, the flow 

cells were designed to hold 4 samples (Figure 4-1). Each flow cell consisted of a top half (Figure 

4-2), with hollow indents to secure the optical readers during testing, and a bottom half with a 

narrow channel to allow fluid flow (Figure 4-3). On the bottom plane of the bottom half, threaded 

holes were made to allow for easy connection to tubes connecting the flow cell to peristaltic pumps 

and fluid reservoirs. The 3-D model for the top and bottom halves were designed in SolidWorks 

and professionally machined using a CNC mill. 
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Figure 4-1: Isometric view of the top and bottom halves of the Delrin flow cell

 

Figure 4-2: Engineering drawing of the top half of the Delrin flow cell 

 

DO NOT SCALE DRAWING

Flow Cell Assembly

SHEET 1 OF 1

UNLESS OTHERWISE SPECIFIED:

SCALE: 1:5 WEIGHT: 

REVDWG.  NO.

A
SIZE

TITLE:

NAME DATE

COMMENTS:

Q.A.

MFG APPR.

ENG APPR.

CHECKED

DRAWN

FINISH

MATERIAL: DELRIN(BLACK)

INTERPRET GEOMETRIC

TOLERANCING PER:

DIMENSIONS ARE IN CM

TOLERANCES:

FRACTIONAL

ANGULAR: MACH      BEND 

TWO PLACE DECIMAL    

THREE PLACE DECIMAL  

APPLICATION

USED ONNEXT ASSY

PROPRIETARY AND CONFIDENTIAL

THE INFORMATION CONTAINED IN THIS

DRAWING IS THE SOLE PROPERTY OF

<INSERT COMPANY NAME HERE>.  ANY 

REPRODUCTION IN PART OR AS A WHOLE

WITHOUT THE WRITTEN PERMISSION OF

<INSERT COMPANY NAME HERE> IS 

PROHIBITED.

5 4 3 2 1

 8.66 

 2.20 

 1.97 

 .25  .25 

 .25 

 1.57 

 .40  10.24 

 .35 

 3.94 

 1.77 

 1.50 

 .59 

 1.54  1.57 

 1.10 

A

A

#4-40 Tapped Hole(Depth: 0.25)

 .20 

 .20 

SECTION A-A
SCALE 1 : 3

A A

B B

2

2

1

1

DO NOT SCALE DRAWING

Top
SHEET 1 OF 1

UNLESS OTHERWISE SPECIFIED:

SCALE: 1:2 WEIGHT: 

REVDWG.  NO.

A
SIZE

TITLE:

NAME DATE

COMMENTS:

Q.A.

MFG APPR.

ENG APPR.

CHECKED

DRAWN

FINISH

MATERIAL

INTERPRET GEOMETRIC

TOLERANCING PER:

DIMENSIONS ARE IN INCHES

TOLERANCES:

FRACTIONAL

ANGULAR: MACH      BEND 

TWO PLACE DECIMAL    

THREE PLACE DECIMAL  

APPLICATION

USED ONNEXT ASSY

PROPRIETARY AND CONFIDENTIAL

THE INFORMATION CONTAINED IN THIS

DRAWING IS THE SOLE PROPERTY OF

<INSERT COMPANY NAME HERE>.  ANY 

REPRODUCTION IN PART OR AS A WHOLE

WITHOUT THE WRITTEN PERMISSION OF

<INSERT COMPANY NAME HERE> IS 

PROHIBITED.



 

32 

 

 

 

 

Figure 4-3: Engineering drawing of the bottom half of the Delrin flow cell 

Between both halves of the flow cells, a laser-cut, transparent acrylic rectangle piece (1” x 

8” x 0.1”) was used to mount the hydrogel samples (Figure 4-4). Miniature, half torus-shaped black 

silicone “scorpion tails” were used to clamp down the hydrogel samples in place to withstand flow. 

Finally, thin black silicone sheets were used to create a water-tight seal between the two halves of 

the flow cells, which were securely screwed together to prevent leakage. 

 

Figure 4-4: Acrylic slide with black silicone sample clamps 

4.2 Swelling Ratio 

 Due to differences in molecular structure, HEMA and AAm possess very different levels 

of hydrophilicity, and therefore different swelling ratios. Although generally considered 
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hydrophilic, polyHEMA is much more hydrophobic than polyacrylamide. This likely primarily 

due to two reasons. Firstly, the presence of hydrogen bonds between hydroxyl group of 

polyHEMA likely inhibits the swelling of material.101 Similar intra- and intermolecular hydrogen 

bonding between hydroxyl groups of HEMA and amine side chains of AAm102 have been 

identified in literature, using Fourier-transform infrared spectroscopy (FTIR),97 when HEMA is 

copolymerized with AAM. Secondly, the non-polar methyl group present in the primary structure 

of HEMA likely reduces the hydrophilicity of the material, despite the polarity of the hydroxyl 

groups. In contrast, no pendant methyl groups exist in the primary structure of AAm to reduce the 

hydrophilicity created by polar amine groups in the compound. 

Therefore, increasing the concentration of acrylamide should increase the swelling ratio of 

uric acid biosensors with poly(HEMA-co-AAm) hydrogel matrices. As shown in Table. 4-1, 

testing the swelling ratio of the three copolymers compositions (50:50, 75:25, and 90:10 

poly(HEMA-co-AAm) yielded results that supported this hypothesis. 

Table 4-1: Swelling Ratios of Uric Acid Biosensors 

Hydrogel Composition Swelling Ratio 

50:50 poly(HEMA-co-AAm) 249 ± 9.81 

75:25 poly(HEMA-co-AAm) 131 ± 4.32 

90:10 poly(HEMA-co-AAm) 100 ± 6.19 

 

When compared to the 90:10, composition, the 75:25 composition had a 30% increase in 

swelling ratio, while the 50:50 composition had a massive 250% increase in swelling ratio. This 

difference in magnitude of acrylamide-dependent hydrogel swelling seen in the three hydrogel 

compositions implies that the relationship between swelling ratio and acrylamide concentration is 

more exponential than linear. Hydrogel swelling is primarily dependent on the molecular structure 

of the polymer network, and a closer look at the chemistry of acrylamide reveals an interesting 
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insight to the disproportionate increase in swelling. Specifically, in a pHs above 6, acrylamide 

moieties are believed to be partially hydrolyzed, forming negatively-charged carboxylate 

ions.103,104 Since all hydrogel samples were tested and stored in PBS buffers around a pH of 7.4, 

this alkaline hydrolysis of acrylamide-rich gels may have further drove hydrogel swelling due to 

electrostatic repulsion by carboxylate ions. 

4.3 Absorbance and Emission Spectra of Uric Acid Biosensors 

Conducting transdermal interrogations is often a difficult challenge in the development of 

optical biosensors, due to autofluorescence and optical interference from the surrounding tissue. 

Near IR, phosphorescent, metalloporphyrin probes present a possible solution to this issue, due to 

their ability to operate within the “optical therapeutic window,” which occurs around 650–950 nm. 

In this range, autofluorescence, scattering, and absorption of light by pigments, such as 

hemoglobin, that occurs in shorter wavelengths is minimal. Additionally, light absorbance by 

water, which is prevalent at longer wavelengths, can also be avoided.105 Other advantages of 

metalloporphyrin probes for use as optical transducers are their large Stokes shifts, high quantum 

yields, and extremely long phosphorescence lifetimes granted by triplet excited states.106 

Besides their photophysical properties, another key feature of near IR metalloporphyrin 

probes lies in their inherent responsiveness to changes in oxygen concentration. In the presence of 

oxygen, the luminescent intensity and phosphorescence lifetimes of these molecules are 

collisionally quenched due to the non-radiative energy transfer between the excited phosphor to 

molecular oxygen.107 Oxygen-sensitive metalloporphyrin probes for in vivo monitoring were first 

synthesized in 1995 by Vinogradov and Wilson 108 in the form of tetrabenzoporphyrins. The 

quantum yield and photostability of these molecules were improved by Niedermair et al.,109 as a 
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result, the viability of benzoporphyrins as optical probes of implantable biosensors has become 

much more viable. 

The excitation and emission spectra of Palladium (II) tetramethacrylated benzoporphyrin 

(BMAP), the benzoporphyrin molecule used in this study, was obtained and displayed in Figure 

4-5 (A) and (B). An absorption and emission peak of BMAP (Figure 4-6) occurred around 633 and 

795 nm respectively. This finding indicates that optical transduction of the uric acid biosensor 

occurs in the near-IR region, which would enable for transdermal interrogation of biosensor 

implants with minimal optical scattering, autofluorescence, and absorption. Although, the peak 

excitation wavelength falls before the optical window, the excitation signal still falls in the red 

wavelength range and should therefore be sufficient for sample interrogation.105 

 

Figure 4-5: (A) Excitation and (B) emission spectra of BMAP in 50:50 poly(HEMA-co-

AAm) 

 



 

36 

 

 

 

 

Figure 4-6: Chemical structure of Palladium (II) tetramethacrylated benzoporphyrin 

(BMAP) 

 

4.4 Effect of Oxygen Concentration on Phosphorescence Lifetime  

When oxygen-sensitive phosphors are closely coupled with oxidoreductase enzymes and 

immobilized in a hydrogel matrix, capable of absorbing analyte-rich solutions, an optical biosensor 

is created. The combination of these three elements are the essence of the described system: BMAP 

as the oxygen-sensitive phosphor, uricase as the oxidoreductase enzyme, and poly(HEMA-co-

AAm) as the biocompatible hydrogel matrix. 

 

Figure 4-7: An illustration of the contents of the uric acid-responsive hydrogel 

 



 

37 

 

 

 

Together, they produce an optically responsive hydrogel. In the presence of uric acid, uricase 

drives the local depletion of oxygen and leads to a detectable increase in phosphorescence lifetime 

of BMAP. Central to the function of this system is the phenomenon of collisional quenching. This 

occurs due to the non-radiative transfer of energy between BMAP, at an excited energy state, to 

oxygen, of concentration [𝑂2], and is described by the Stern-Volmer relationship provided in 

Section 2.6. Figure 4-8 (B) shows the Stern-Volmer plot, which the is normalized phosphorescence 

lifetime of all three hydrogel compositions as a function of oxygen concentration. Stern-Volmer 

quenching constant (Ksv) is the slope of the Stern-Volmer plot , and can be used to quantify oxygen 

sensitivity of each hydrogel composition. 

 

Figure 4-8: Effect of oxygen on phosphorescence lifetime. (A) Representative raw data  

(B) Stern-Volmer plot of all hydrogel compositions 

As shown in Table 4-2, the Ksv values were not significantly different among the three 

compositions, despite their slight increase in compositions with greater concentrations of 

acrylamide. This finding is in accordance with our expectations derived from prior studies, that 

imply that Ksv values should be approximately identical all compositions, since molecular oxygen 

is miniscule in size when compared to uric acid and the hydrogel mesh.52  
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Another major factor that influences the Ksv values is the complex chemical environment 

of hydrogel matrix. The hydrogel chemical environment affects the interaction between the sensing 

chemistry and PBS; as well as the dispersion of BMAP within the hydrogel matrix. Despite not 

being significant, there is an observed increase in Ksv values of compositions with greater 

concentrations of acrylamide (Table 4-2), which implies that greater oxygen quenching occurred 

in these compositions, perhaps due to the increased hydrophilicity providing greater access of the 

immobilized phosphors to molecular oxygen in the absorbed buffer. Since all measurements were 

conducted after steady state was achieved (i.e. a flat response was observed on the oxygen response 

curves), it is unlikely that the greater swelling ratios, seen in copolymers with greater acrylamide 

concentrations, is directly responsible for the higher oxygen sensitivity. In other words, after 

steady-state, we can assume that oxygen concentrations in all gels are approximately equal. What 

dictates the oxygen sensitivity of each hydrogel composition is the interaction, or lack thereof, 

between the phosphors and the local aqueous environment, and not the oxygen diffusion rate into 

the hydrogel matrix. 

Table 4-2: Stern-Volmer Constants of Uric Acid Biosensors 

Composition Ksv (% O2)-1 

50:50 poly(HEMA-co-AAm) 0.32 ± 0.06 

75:25 poly(HEMA-co-AAm) 0.29 ± 0.02 

90:10 poly(HEMA-co-AAm) 0.27 ± 0.01 

 

4.5 Effect of Uric Acid on Phosphorescence Lifetime 

After characterizing oxygen response, the effect of uric acid, in a 0 – 10 mg/dL analytical 

range, on phosphorescence lifetime was investigated. At normal physiological conditions, serum 

uric acid concentrations typically range from 2.5 to 7.0 mg/dL in men and 1.5 – 6.0 mg/dL in 

women.62 Although, uric acid levels vary by individual, the clinical threshold for hyperuricemia is 
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generally set around the physiological solubility limit of the compound, 6.8 mg/dL.110 Therefore, 

the selected analytical range for this system should be well suited for most serum uric acid 

measurements. 

The uric acid test results, illustrated in Figure 4-9, demonstrate an increase in 

phosphorescence lifetimes with increased uric acid concentration in biosensors of all copolymer 

compositions. Since the presence of uric acid drives oxygen depletion, reducing oxygen-induced 

collisional quenching of the phosphorescence lifetime of BMAP; this positive correlation between 

uric acid concentration and phosphorescence lifetime is expected. The lack of a signal plateau 

through the specified analytical range indicates that the system is not oxygen or enzyme limited.  

Interestingly, when tested with a solution containing no uric acid, the biosensor composed 

of the 50:50 poly(HEMA-co-AAm) hydrogel has a phosphorescence lifetime roughly 10 µs lower 

than the other two compositions, implying that the oxygen quenching phenomenon was more 

pronounced in this composition than in the other two compositions. 

 

Figure 4-9: (A) Change in phosphorescence lifetime over time (B) Phosphorescence lifetime as 

a function of uric acid concentration for 3 compositions of poly(HEMA-co-AAm). 

 



 

40 

 

 

 

This observation is likely due to the increased access of the phosphors to molecular oxygen, due 

to the higher hydrophilicity of the 50:50 copolymer composition, as indicated by the findings of 

the oxygen response tests (Section 4.4). 

The primary hypothesis being tested in this particular experiment is as follows: as 

acrylamide concentration is increased, biosensor sensitivity should increase due to greater 

hydrogel swelling (demonstrated in Section 4.2). Greater hydrogel swelling creates a less tortuous 

path for uric acid diffusion, which results in an increase in the rate of uric acid influx into the 

biosensor matrix. The results of the uric acid response test support the stated hypothesis. 

Specifically, biosensors of higher acrylamide concentrations were mostly more sensitive with 

lower limits of detections (Table 4-3). Accordingly, biosensors of the 50:50 poly(HEMA-co-

AAm) composition possessed the highest uric acid sensitivity and the lowest limit of detection. 

Conversely, biosensors of the 90:10 composition were the least sensitive, while the 75:25 

composition had the lowest limit of detection among the three compositions, which was 

unexpected. However, since the analytical range was calculated by adding 3 times the standard 

deviation to the uric acid concentration corresponding to the baseline lifetime (0 mg/dL), the 

calculated limit of detection of this system is more of a quantification of the sample variation at 

low uric acid concentrations than a pure metric of uric acid sensitivity. 

 

 

 

 

 

Table 4-3: Key Metrics for Biosensor Compositions 

Composition LOD (mg/dL) Sensitivity 

µs/(mg/dL) 

50:50 poly(HEMA-co-AAm) 2.28 ± 1.23 3.71 ± 0.17 

75:25 poly(HEMA-co-AAm) 4.01 ± 1.18 2.92 ± 0.36 

90:10 poly(HEMA-co-AAm) 3.13 ± 0.72 2.46 ± 0.09 
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AAm was copolymerized with HEMA primarily to increase the diffusion of uric acid into 

the biosensor matrix. The importance of this was demonstrated by previous reports by our group, 

which indicated that the diffusion rate of glucose through polyHEMA hydrogels was 2 orders of 

magnitude less than the diffusion rate through poly(HEMA-co-AAm) of various compositions.99 

As expected, this reduction in glucose diffusion also reduces biosensor sensitivity. While glucose 

and uric acid are unique in structure, we anticipate a similar decrease in biosensor sensitivity in 

pure HEMA biosensors, hence the use of AAm copolymerization in this uric acid biosensing 

system. In fact, the reduction of biosensor sensitivity would likely be even more pronounced in 

this uric acid biosensing system for two reasons. Firstly, uric acid has a much lower physiological 

concentration than glucose, roughly by 2 orders of magnitude. Secondly, the activity of uricase is 

significantly lower than that of glucose oxidase.62,111 

Despite the effect of AAm copolymerization on biosensor sensitivity, in prior studies, high 

concentrations of the monomer were found to lead to inhomogeneous dispersion of the sensing 

chemistry and phase separation in the hydrogel matrix. As a result, such copolymers suffered from 

high sample variation and inconsistent results.52 In more severe cases, dye molecules precipitate 

into clusters, which could prevent even access of oxygen to the phosphors, and can lead to an 

artificial inflation of phosphorescence lifetimes.  However, this phenomenon was not as 

pronounced in the uric acid biosensing system described in this report. This may be attributed to 

the greater amount of enzymes used when compared to glucose sensors, due to the lower activity 

of the uricase when compared to glucose oxidase. The amphiphilic ability of proteins to easily 

dissolve in water, while possessing hydrophobic domains that interact with phosphors,108 likely 

promotes the even dispersion and solubility of dye within the hydrogel matrix, negating the phase 
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separation observed in copolymers of high AAm concentrations. This also highlights the 

importance of proper mixing of the precursor solution prior to crosslinking. 

As shown in Figure 4-9, all three copolymer compositions selected in the presented study 

were well suited for conducting uric acid measurements in a 0 – 10 mg/dL analytical range, with 

the 50:50 compositions being the most suitable due to its relatively high sensitivity and low 

analytical range. Interestingly, the slope of the uric acid calibration curve was slightly concaved 

upward, indicating that the system was more sensitive in environments with higher concentrations 

of uric acid. Considering that uric acid drives oxygen depletion, the increase in sensitivity is likely 

a result of the phosphors being more sensitive in low oxygen environment as illustrated in Figure 

4-8. 

A limitation of this uric acid biosensor system revealed in Figure 4-9 is the limited 

phosphorescence lifetime rage, particularly when compared to the absolute lifetime range of 

BMAP. In the presence of no oxygen, the phosphorescence lifetime of BMAP immobilized in a 

50:50 poly(HEMA-co-AAm) is about 240 µs. On the other hand, the highest lifetime obtained in 

the uric acid response test was roughly 61 µs, just 25% of the maximum lifetime in the oxygen 

response test. This means the oxygen level within the hydrogel matrix of biosensors immersed in 

10 mg/dL of uric acid corresponds to ~5% oxygen, as per the oxygen calibration curve of the 50:50 

poly(HEMA-co-AAm) hydrogel composition. This reduced oxygen depletion is likely a result of 

the low enzyme activity of uricase combined with low physiological concentration of uric acid in 

the human body. To improve the biosensor sensitivity, the oxygen concentration should be closer 

to 0 to allow for better resolution of changes in uric acid concentration. Theoretically, this can be 

done by increasing: (1) the activity of uricase through genetic or chemical modifications, (2) 
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further increasing the mesh size of the hydrogel to improve uric acid diffusion into the hydrogel 

matrix, (3) conducting the uric acid response tests in in-vivo-like low oxygen concentrations. 

4.6 Selectivity 

A key advantage of using uricase as a bioreceptor its excellent natural selectivity. In most 

mammals, uricase converts uric acid into allantoin, which is much more soluble in serum. 

However, to avoid uric acid buildup in the body, humans must excrete the compound, mostly 

through urine. Interestingly, although humans possess the gene for the uricase, the enzyme is 

transcriptionally inactive due to an unknown mechanism during primate evolution.69 In this 

system, uricase from recombinant Escherichia coli (E. coli) was physically immobilized in the 

biosensor matrix to specifically detect uric acid, while driving the local depletion of oxygen. 

To test the selectivity of the system, the optical response of uric acid biosensors to various 

physiological concentrations of various organic metabolites commonly found in human serum was 

reported in Table 4-4. As expected, biosensors were the most sensitive to uric acid, while 

producing minimal (< 5%) responses to most other alternate analytes. Notable unexpected 

responses were produced when sensors were exposed to sucrose and glucose, which produced 

responses equivalent to 18% and 11% of the uric acid response respectively. Neither glucose or 

sucrose is a known to interfere with uricase function,112-114 therefore the observed response was 

more likely as result of an alteration in hydrogel environment or other experimental conditions 

during sucrose and glucose tests. One possible explanation for this phenomenon is a change in 

dissolved oxygen in the buffer solution upon the addition of sucrose and glucose, which may affect 

phosphorescence lifetime. A similar alteration in dissolved oxygen has been noted upon the 

addition of glucose to cell culture media.115 To better understand the effect of sucrose and glucose 

on the response of the uric acid biosensors, additional tests would need to performed. 
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Table 4-4: Selectivity of Uric Acid Biosensors 
 

Concentration 

(mg/dL) 

Percent Change 

Uric Acid 5 28.92 ± 2.10 

Ascorbic Acid 1.8 1.17 ± 0.19 

Glucose 90 3.15 ± 2.29 

Sucrose 2.7 5.14 ± 3.25 

Fructose 0.15 0.99 ± 0.61 

Urea 36 0.45 ± 0.13 

Allantoin 0.25 1.14 ± 0.61 

Creatine 2.6 0.73 ± 0.51 

Creatinine 0.9 0.63 ± 0.33 

Acetaminophen 0.9 0.48 ± 0.16 

 

4.6 Stability 

Maintaining repeatability and stability is of critical importance to the function of long-term 

implantable biosensors. Drifts in biosensor responses can lead to inaccurate measurements and the 

administration of the wrong dosage of medication, or the failure to recognize a critical health 

situation. Enzymatic biosensors in particular are vulnerable to changes in apparent sensitivity over 

time due to the denaturation and leaching of enzymes. However, the use of hydrogels for enzyme 

immobilization has been shown to improve enzyme stability,116 although not in all cases. For 

instance, certain chemical immobilization techniques introduce conformational changes and steric 

hindrances that diminish enzyme function. 

In the presented uric acid biosensing system, uricase was physically immobilized in a 

poly(HEMA-co-AAm) copolymer matrix to mitigate bioactivity-loss, while improving enzyme 

stability.117,118 However, physical immobilization may come at the cost of increased enzyme 

leaching due to the lack of chemical bonds with the hydrogel matrix. Another possible source of 
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signal loss in this system was due to the inactivation of uricase by H2O2, a by-product of uric acid 

catalysis. Therefore, we expected to see a decrease in phosphorescence lifetime in the stability 

tests. To characterize the stability and repeatability of this system, cyclic stability tests and long-

term storage stability tests were used to evaluate the repeatability and stability of the samples in 

vitro, using the previously described flow-through system.  

The results of the stability tests yielded mixed results, with cyclic tests showing an unexpected 

250% steady increase in phosphorescence lifetime over 20 cycles (Figure 4-10), while the long-

term storage tests showed an expected decrease in % response after 8 weeks of storage (Figure 4-

11). An analysis of the cyclic stability tests reveals several insights. Firstly, the general increase in 

lifetime can be observed both when uric acid is present (peaks) and absent (troughs). However, 

the drift is much more pronounced in the presence of uric acid concentration. A drift at 0 mg/dL 

uric acid indicates that the drift is not (strictly) a result of changes in enzyme activity or uric acid 

diffusion but likely due to a change in the hydrogel structure.  

 

Figure 4-10: Cyclic stability tests 

Since the phosphorescence lifetime of BMAP is greater in low oxygen concentrations, 

these findings imply that oxygen decreases as the number of cycles increase. This increase in 

lifetime can be the result of a change in the hydrogel structure that increases the interaction 
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between BMAP and molecular oxygen present in the buffer. A repeat experiment (not shown), 

similar to the cyclic test illustrated in Figure 4.7 (A), with identical samples was conducted 48 

hours after the initial test, demonstrated very similar results to the data show in Figure 4.7 (A). 

This indicates a reversal in the drift in phosphorescence lifetime and implies that any changes to 

the hydrogel matrix that may be causing the lifetime increase is reversible, ruling out hydrolytic 

degradation as the sole cause of this phenomenon. 

A more probable cause of the increase phosphorescence lifetime seen in later cycles is due 

to the weakening of the hydrogen bonds between the carboxyl groups of HEMA and amine groups 

of AAm due to the elevated temperatures used during testing (37 ℃). Weakned bonds would result 

in a looser hydrogel network, which may not only allow for easier uric acid diffusion into the 

biosensor matrix, but better access of dissolved oxygen in the buffer solution to BMAP. Prior 

studies by Rapado and Peniche detail this temperature-induced breaking of hydrogen bonds in a 

similar poly(HEMA-co-AAm) hydrogel system in temperatures above 35 ℃.103 

Results of the storage stability tests, shown in Figure 4-11, indicate that biosensor samples 

stored in 0 mg/dL uric acid retained 85% of their response, while samples stored in 6 mg/dL uric 

acid retained 68% of their response after 8 weeks in storage at 23℃. The reduction in biosensor 

response is likely as result of enzyme leaching and bioactivity loss due to enzyme denaturing over 

time. H2O2 deactivation may also play a role in the reduction of signal retention, as samples stored 

in a uric acid concentration of 6 mg/dL had a greater reduction in signal retention than samples 

stored in plain PBS where H2O2 production does not occur. However, samples stored in Condition 

1 showed an odd trend, where a step decrease in response (week 4) preceded an increase in percent 

change in lifetime (week 8). Since enzyme denaturing and leaching tends to be irreversible, the 

trend is less likely a result of a sudden increase in biosensor sensitivity than a result of variations 
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in sample preparation or other experimental anomalies, such as the samples being punched from a 

region of low enzyme concentration in the larger hydrogel slab.  

This possible sample variation raises a secondary issue in the analysis of the long-term stability 

of the uric acid biosensors. Specifically, unique samples, punched from different regions of the 

larger hydrogel slab, were used to represent the different time points (Weeks 1, 4, and 8). As such, 

the differences in the percent change in phosphorescent lifetime may be a result of, not only the 

change in biosensor activity over time, but the inherent differences between samples. A low sample 

variation was assumed during the initial design of these long-term storage stability experiments. 

To address this oversight, future evaluations of the long-term storage stability of the uric acid 

biosensors should either use identical samples for long-term stability testing or minimize sample 

variation and validate this before conducing stability tests using different samples. 

 

 

Figure 4-11: Long-term storage stability test 
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5. SUMMARY AND CONCLUSIONS 

 

5.1 Summary 

 The surging costs of healthcare, catalyzed by the prevalence of chronic diseases in the 

aging population, underscores the need for cheaper and better healthcare options. Precision 

medicine, mobile health, and home health monitoring are emerging as promising initiatives to 

reduce healthcare costs and improve outcomes of patients who suffer from chronic ailments. Gout, 

a painful form of arthritis common among geriatric populations, can drastically reduce mobility 

and quality of life. An on-demand, patient-friendly uric acid biosensor would be valuable in the 

management of chronic gout. This thesis addressees this challenge through the fabrication and 

characterization of an optical uric acid biosensor based on oxidoreductase enzymes and oxygen-

sensitive phosphors immobilized in a biocompatible hydrogel matrix capable of uric acid 

monitoring both in vivo and ex vivo. Upon excitation by red light, samples of these hydrogels 

produce emission signals with phosphorescence lifetimes proportional to local uric acid 

concentration. The use of long-lifetime phosphors makes these hydrogels well suited for 

implantation and transdermal interrogation, with minimal background interference from light 

absorption, scattering, autofluorescence by the tissue environment. 

Three copolymers of HEMA and AAm were tested using a custom in vitro flow-through 

and optical system. The effect of AAm concentration on swelling ratio, oxygen response, and uric 

acid response were also evaluated. In all compositions, uric acid concentration increased with 

phosphorescence lifetime in physiologically relevant conditions. Copolymers containing greater 

concentrations of AAm possessed lower detection limits, higher swelling ratios, and greater uric 

acid sensitivities, with the 50:50 poly(HEMA-co-AAm) composition being the most ideal for uric 
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acid biosensing. Conversely, the oxygen sensitivity was nearly identical among the 3 

compositions, indicating similar oxygen diffusion rates among the 3 hydrogel types. Evaluations 

of biosensor selectivity demonstrated the specificity of the system to changes in uric acid 

concentration, with negligible responses to alternate analytes, with the exception of sucrose and 

glucose. Finally, biosensor stability tests illuminated some shortcomings of the system. 

Specifically, an unexpected steady increase in phosphorescence lifetime was observed during 

cyclic testing. This might indicate an undesired change in the hydrogel matrix during biosensor 

operation that could affect the long-term function of the system. On the other hand, long-term 

storage tests showed an 85% retention in the signals of biosensors stored in PBS buffer at 25 ℃ 

for an 8-week period, and a 68% signal retention in biosensors stored in uric acid solutions at the 

same temperature and time period.  

5.2 Limitations 

Overall, this work represents an important but incremental step in the development of an 

implantable uric acid biosensor for widespread use by gout patients. Looking forward, there are 

several critical areas that should be addressed to improve the translation of this uric acid biosensing 

system from benchtop to bedside. The first technical challenge is in the selection a region of 

implantation. Despite the progress in biosensor research in the past decade, the few implantable 

biosensors that have progressed from research labs to widespread patient use. Despite the vast 

possibilities, this class of biosensors have largely been restricted to a few use cases—namely, 

CGMs implanted in the interstitial space for diabetes management.37,119 Glucose biosensors are by 

far the most well established biosensor types.6 As a result, a plethora of studies on the clinical 

correlation between serum glucose concentrations and other biofluids, such as interstitial fluid, 
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sweat, and tears have been published;29,120,121 although, current implantable glucose biosensors are 

primarily based on tracking interstitial glucose levels. 

Uric acid biosensors on the other hand, do not share this luxury. The clinical literature on 

the correlation between uric acid concentrations in serum and alternate biofluids, such as 

interstitial fluid, sweat, tears and saliva are not nearly as vast. Therefore, more clinical studies need 

be conducted to investigate the correlation between serum uric acid concentrations and alternate 

biofluids, to enable the design of uric biosensors that do not require blood sampling. Possible 

regions of implantation to explore include the: synovial spaces, interstitial spaces, and oral cavity. 

These regions are particularly interesting for uric acid measurements because preliminary studies 

have shown some correlations between uric acid levels in serum and synovial fluid,122,123 

interstitial fluid,124-126 and saliva127,128—although clinical consensus on these correlations remain 

elusive.  In this pursuit, implantable uric acid biosensors, such as that described in this thesis, can 

serve as clinical research tools for real-time analysis of uric acid concentrations in various 

biofluids. 

Another limitation of this system is its oxygen dependence. Due to the indirect detection 

of uric acid through uricase-induced oxygen depletion, unanticipated changes in the molecular 

oxygen around the sensor can result in erroneous sensor readings. For instance, pathological 

conditions such as coronary heart disease, stroke, diabetes, and cancer as associated with tissue 

hypoxia,129 which might interfere with biosensing. Therefore, an oxygen reference must be used 

in concert with this system, and changes in oxygen concentration should be compensated for 

during analysis. Multiplexed uric acid biosensing, using alternate biosensing mechanisms based 

on the detection of a byproduct of the uric acid-uricase reaction, could be another means to 

compensate for the oxygen dependence. 
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5.3 Future Work 

During the characterization of this biosensor system, uric acid response tests were 

conducted in ambient oxygen concentrations (21%). However, typical in vivo oxygen 

concentrations have been reported to be much lower, varying between 1% and 11% oxygen.129 For 

the translation of this uric acid biosensing platform from “bench-to-bedside”, an in depth 

characterization of the uric acid response in low oxygen concentrations must be conducted. Doing 

will likely show the system to be more effective in vivo. Since the phosphors are most sensitive at 

low oxygen, the sensitivity of the system should significantly improve in these conditions. 

However, drastic oxygen depletion, which is a much greater risk at low oxygen concentrations, 

might transform the system from being uric acid-limited to oxygen-limited, thereby inhibiting the 

utility of the system as a uric acid biosensor. If necessary to compensate for the decreased 

concentration of oxygen, the diffusivity of uric acid into the biosensor matrix can also be decreased 

by reducing the hydrogel mesh size with the use of lower molecular weight monomers and a higher 

concentration of crosslinker during hydrogel fabrication. 

Improving the cycle repeatability and long-term stability of the uric acid bioresponsive gels 

is necessary to advance this platform. To address the unexpected drift in phosphorescence lifetime 

observed after cyclic testing of the biosensors, the effect of temperature on the swelling of the 

copolymer matrix can be investigated. Alternate hydrogel compositions should be used if 

poly(HEMA-co-AAm) is found to continuously swell in physiological temperatures. 

Thermoresponsive polymers, such as poly(N-isopropylacrylamide) (PNIPAAm) are widely 

studied for their applications in fields like drug delivery and tissue engineering.130 Interestingly, 

PNIPAAm-based hydrogels have been used in the development of self-cleaning implantable 

glucose biosensors by Grunlan and coworkers.131 However, in the development of this uric acid 
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biosensing system, unanticipated temperature-induced swelling might be the underlying reason 

behind the increase in lifetime seen in later test cycles, due to changes in fluid convection and 

increases in the diffusion of oxygen and uric acid. 

Considerations should also be made for the long-term stability of the system. Central to 

this challenge is the use of enzymes, which are vulnerable to peroxidase deactivation and leaching, 

both of which can result in reduced biosensor response over time. In future studies, catalase can 

be used as a hydrogen peroxide scavenger to increase the longevity of the sensor by preventing the 

deactivation of uricase during long-term use. To reduce the risk of leaching, a small amount of 2-

aminoethylmethacrylate (AEMA) can be added to the copolymer and an EDC/NHS [1-ethyl-3-(3-

dimethylamino) propyl carbodiimide hydrochloride (EDC)/ N-hydroxysuccinimide (NHS)] 

reaction can be used to crosslink the carboxyl groups of uricase to the amine groups of AEMA. 

With uricase crosslinked to the hydrogel matrix and free from peroxidase deactivation, the sensor 

lifetime will likely significantly increase. 

In the development of any implantable biosensor, an important challenge to consider the 

issue of fibrotic encapsulation of the biosensing component that can obstruct analyte delivery to 

the biosensor matrix and reduce biosensor sensitivity. A variety of approaches have been explored 

to mitigate such immune events, such as the use of hydrogels containing zwitterionic materials, 

hydrophilic polymers, and chemical modifications of the sensor matrix to minimize sensor-foulant 

interactions.132,133 However, even with the use of these strategies, host response to sensor 

implantation remains problematic. A proven strategy to combat this issue would be to embed 

dexamethasone-loaded poly D,L-lactic-co-glycolic acid (PLGA) microparticles within the 

hydrogel matrix for the controlled release of the corticosteroid for local immunosuppression.134 
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Dexamethasone is widely used for this purpose, and was successful demonstrated in the use of the 

first ever, 180-day fully impalpable Eversense XL continuous glucose monitor by Senseonics.45 

 Uric acid is not only relevant to gout management, the compound is also associated with 

other major chronic diseases like hypertension, stroke, diabetes, and chronic kidney disease.135-137 

Therefore, this biosensing system can be used in concert with other combinations of 

oxidoreductase enzymes and phosphors in the development of multiplex biosensors for the 

management or diagnosis of different chronic conditions. Accordingly, work is underway in our 

group on using 3-d casted poly(ethylene glycol) diacrylate (DA) hydrogel monoliths in the 

development of “bar code” implantable biosensors, with discrete sensing compartments “coded” 

with unique combinations of optically responsive assays encapsulated in alginate microparticles 

to allow for the measurement of different analytes (Figure 5-1). Developing a multianalyte 

biosensor for the management of chronic kidney disease is most in-line with this work, since renal 

dysfunction is usually the underlying condition of hyperuricemia. 

Figure 5-1: Barcode sensors for multiplex biosensing 
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