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ABSTRACT 

EXPLORATION OF THE DIABETIC URINARY PROTEOME VIA HYDROGEL 

NANOTECHNOLOGY AND PROOF OF PRINCIPLE OF A NON-INVASIVE A1C 

ASSAY 

Michael George Harpole, M.S. 

George Mason University, 2016 

Thesis Director: Dr. Alessandra Luchini 

 

An urgent need exists to develop non invasive diagnostic tests to monitor chronic health 

conditions such as diabetes. Urine is an attractive biofluid that holds untapped potential 

for diagnostics because of its availability, ease of collection, and the urine proteome’s 

reflection of the body’s physiologic state. Nevertheless, important challenges related to 

urinary protein biomarkers have not been met in the past: low abundance and 

perishability of protein biomarkers, and masking of low abundant proteins by highly 

abundant proteins. In order to address these issues hydrogel nanoparticles loaded with 

organic dyes, never used before in protein chromatography, were developed that in a 

short amount of time can capture, concentrate, and preserve low abundance proteins 

present in urine. In this work, dye loaded hydrogel nanoparticles were applied to capture 

and concentrate the glycated form of hemoglobin (A1C), a recognized blood biomarker 

for diabetes that has not previously been measured in urine. A dye chemistry was 
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identified that harvested A1C from urine with high affinity. Anecdotally, western blot 

analysis showed the presence of A1C in the urine of one diabetic patient. A1C was not 

detectable in the urine without the use of nanoparticles. The work herein provides 

preliminary data and procedures for further development of a urinary test to monitor A1C 

in the urine of diabetic patients. Moreover, to gain a better understanding of the urinary 

proteome, urine processed by dye loaded nanoparticles was analyzed by liquid 

chromatography mass spectrometry (LC/MS-MS) to identify low abundance, labile 

urinary proteins along with highly abundant proteins. The analysis yielded 1226 proteins 

from 2ml of urine, supporting the hypothesis that dye loaded hydrogel nanoparticles are 

essential for developing diagnostic tests that are sensitive and non-invasive at the same 

time.     
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BACKGROUND 

Current State of Urine Proteomics/Biomarker discovery 
Urine is an easily obtainable bio-fluid, generated via glomerular filtration of 

plasma, which has promising diagnostic characteristics because the physiological 

condition of patients is reflected in the urinary proteome (Froehlich et al., 2014). 

Additionally, it has been shown that both diet and exercise affect the urinary proteome 

which may provide a tool for monitoring and proactively implement healthy life styles 

(Binder et al., 2014; Chen, 2015; Li et al., 2015). Although the urine proteome has high 

inter-individual variability there are some proteins which have been shown to be resident 

in urine. These proteins, epidermal growth factor, polymeric immunoglobulin receptor, 

plasma serine protease inhibitor, protein AMBP, keratin, type II cytoskeletal 1, collagen 

alpha-1 (VI) chain, and serum albumin, could  reflect a baseline which may be used to 

normalize across patients (Larina et al., 2015). These characteristics make urine a 

promising fluid for diagnostics and a possible source of many biomarkers yet to be 

discovered. The main unresolved challenge in exploiting the wealth of information in the 

human urinary proteome is how to harvest and stabilize the low abundant and labile 

urinary proteome (Barratt and Topham, 2007; Kreunin et al., 2007; Pisitkun et al., 2006). 

The depth of our knowledge of the urinary proteome has grown significantly in 

the past 10 years. The increased sensitivity of mass spectroscopy (MS), in combination 

with liquid chromatography coupled mass spectroscopy (LC-MS) and new preprocessing 
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methods have caused a surge in identified proteins (Bantscheff et al., 2012). In 2006 it 

was reported that the urine proteome contained at least 1500 proteins (Adachi et al., 

2006). According to the peptide atlas database this number jumped to over 2000 in 2013 

(Desiere et al., 2006; Farrah et al., 2014), and to 3429 proteins in 2015 (Santucci et al., 

2015). With the use of combinatorial peptide ligand libraries and the dye alcian blue an 

additional 115 more proteins were found later that year (Candiano et al., 2015).  

Urinary proteomic techniques for biomarker discovery employ the following 

general work flow. First the urine sample is collected from the subjects, typically the first 

or second void after waking or a random sample. All samples are collected midstream to 

help prevent contamination from local urogenital bacteria. After sample collection, the 

urine is clarified via centrifugation and the resulting pellet is discarded. Clarification of 

the specimen is confirmed by microscopic analysis. Next the urine proteins are usually 

concentrated through a variety of methods. Many studies utilize ultrafiltration units to 

concentrate large volumes (100ml concentrated to approximately 1ml) (Castagna et al., 

2015; Chen et al., 2013; Olivieri et al., 2005; Siwy et al., 2014). Other procedures involve 

the precipitation of proteins via ice cold ethanol or trichloroacetic acid (Froehlich et al., 

2014; Guo et al., 2015; Khristenko et al., 2015). Some of the more recent concentration 

technologies are immuno-depletion, combinatorial peptide ligand libraries (CPLL) and 

hydrogel nanoparticle (NP) processing (Filip et al., 2015; Harpole et al., 2016; Magni et 

al., 2015). After concentration the sample can also be separated by mass and charge via 

2D sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Li et al., 

2010). The samples are then chemically modified and undergo trypsinization prior to a 
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final desalting step. After MS-MS analysis, the raw data (spectrums) are then queried 

using a search engine such as MASCOT (http://www.matrixscience.com/) or SEQUEST 

(http://fields.scripps.edu/sequest/) against a protein database such as UniProt 

(http://www.uniprot.org/). The resulting proteins are then compared between 

experimental groups for differential expression giving rise to potential biomarker 

candidates. These candidate biomarkers are then validated with a secondary technique 

such as an enzyme-linked immunosorbent assay (ELISA) or western blot. The promise of 

biomarker research is the development of assays which can aid in the diagnostics and 

prognostics of diseases. 

Urine Protein Biomarkers for Diagnosis/Prognosis 
The end goal of developing non-invasive assays via the urinary proteome is to 

generate diagnostics and prognostics for diseased states. The utilization of urine to 

discover biomarkers in chronic diseases, acute diseases, and infectious diseases is 

promising because of its availability and ease of collection. 

Urine protein biomarkers hold great potential for diagnosis and monitoring of 

chronic diseases such as cancer, chronic kidney disease, and chronic cardiovascular 

disease. Recently it was shown that a three protein biomarker panel could successfully 

separate healthy controls from individuals with non–small cell lung carcinomas (Nolen et 

al., 2015). This study highlights the diagnostic capabilities of urine proteins with a 

sensitivity of 84% and a specificity of 95% (Nolen et al., 2015). Although the diagnostic 

capability needs to be expanded, as other cancer types confounded results, this study 

shows that there are urinary proteins able to assist in a non-invasive test for non-small 
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cell lung carcinoma. Additionally, potential urine biomarkers have been discovered for 

chronic cardiovascular disease. It has been found that some urine biomarkers in 

hypertensive patients could indicate possible heart failure (Kuznetsova et al., 2012). 

Kuznetsova et al. (2012) found a panel of 18 peptides which were able to discriminate 

between hypertensive patient with the possibility of heart failure and healthy controls 

(Kuznetsova et al., 2012). Zhang et al. (2015b) continued this study by following the 

same cohort and showed that the peptide panel, referred to as HF1, was more predictive 

of cardiovascular events than diastolic blood pressure (Zhang et al., 2015b). Many 

diagnostic tests utilize urine to screen for chronic kidney injury. The most common is the 

routine urinalysis coupled with urine and serum creatinine levels to calculate the 

estimated glomerular flow rate. However, these indicators appear after there is already 

damage to the renal system. Cantley et al. (2015) elucidated a panel of 167 urinary 

proteins, dubbed the Target Urinary Proteome Assay, using quantitative MS to help 

diagnose and generate a prognosis for chronic and acute kidney diseases (Cantley et al., 

2015). The ability to predict outcomes in chronic disease is a useful and potentially 

lifesaving aspect of non-invasive urine sampling. Furthermore, the ability to diagnosis 

acute phase diseases with urinary proteins has been revealed. 

Acute diseases like appendicitis, and acute kidney disease have recently been 

shown in the literature to have possible urinary biomarkers which could aid in diagnosis 

and prognosis. Appendicitis is often hard to diagnose in young children and additional 

markers would greatly increase early treatment thus lowering mortality. A study by 

Kentsis et al., (2010) revealed 57 potential markers which have possible diagnostic and 
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prognostic characteristics for appendicitis (Kentsis et al., 2010). Kentsis et al. (2010) 

showed that of these 57 candidates three had high receiver operating characteristic (ROC) 

curves with values ranging from 0.84 to 0.97 (Kentsis et al., 2010). However it was later 

shown that white blood cell counts had a higher sensitivity (Kharbanda et al., 2012). This 

research still suggests that the urinary markers combined with white blood cell counts 

could make a better assay to help in the diagnosis of pediatric appendicitis (Kharbanda et 

al., 2012). Increasing the number of markers measured in a diagnostic test should help 

increase the prognostic capability of the assay because more of the underlying molecular 

mechanisms are being examined. Arthur et al. (2014) examined a panel of 32 potential 

biomarkers for acute kidney injury (AKI) after cardiac surgery and found a combination 

of two which had an ROC of 0.93 (Arthur et al., 2014). Arthur et al. (2014) found that 

these markers could help determine if patients would progress to high stage AKI or death.  

In addition to the endogenous urine proteomic markers, exogenous markers are 

helpful in the diagnosis of infectious diseases. Infectious diseases, diseases caused by 

microbes such as bacteria or viruses, are sometimes difficult to diagnosis in early stages. 

This latency between diagnosis and infection allows for complications to arise. Two 

notable infectious diseases with this characteristic are congenital Chagas disease and 

Lyme disease. Chagas disease is caused by the parasite Trypanosoma cruzi. If left 

untreated Chagas can cause cardiac and intestinal complications. Early detection of 

congenital Chagas is difficult because of the low sensitivities of microscopic tests. It was 

found the trypan blue hydrogel nanoparticles could effectively concentrate the Chagas 

antigen in urine and enable an early diagnosis (Castro-Sesquen et al., 2014). Lyme 
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disease is a bacterial disease caused by Borrelia burgdorferi. If not caught in the early 

stages, it can lead to many complications including arthritis and heart failure. Recently it 

was shown that bacterial antigens can be detected in urine early on in the infection 

(Douglas et al., 2011; Magni et al., 2015). The ability to detect these antigens in urine 

highlights the concentrating abilities of hydrogel nanoparticles (NP). Additionally, it was 

shown that this assay could detect whether the antibiotic course given to treat the disease 

resulted in the absence of detectable urinary antigen (Magni et al., 2015). The ability of 

NPs to concentrate low abundant proteins could enable the discovery of new endogenous 

and exogenous disease biomarkers. 

Diabetes Overview and Diagnostics 
Diabetes is a disorder in which the body is no longer able to properly absorb 

glucose from the blood stream. An increase in the blood sugar content can lead to serious 

complications like kidney failure, blindness, cardiovascular problems and loss of limbs 

(Judah et al., 2016; King and Grant, 2016; Remuzzi et al., 2002; Singh et al., 2005). 

There are three main types of diabetes: gestational, type one (juvenile onset diabetes), 

and type 2 (adult onset diabetes). Gestational diabetes occurs during pregnancy when 

hormones, which influence sugar levels and insulin sensitivities, become unbalanced 

(Lain and Catalano, 2007; Reece et al., 2009). Type 1 diabetes is an auto-immune 

disorder in which the patient’s own immune system attacks specialized cells in the 

pancreas (Christoffersson et al., 2016). These cells, known as beta islet cells, are 

responsible for releasing insulin. Insulin is a hormone that signals cells to absorb sugar 

from the bloodstream. As islet cells are destroyed, the patient’s blood glucose level 
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steadily increases. This causes diabetes to appear early in life. Type 2 diabetes occurs 

over time and its actual mechanism of development is not completely understood 

(Olokoba et al., 2012). In Type 2 diabetes, the body becomes resistant to insulin wherein 

sugar is not absorbed from the blood and hyperglycemia occurs. Type 2 diabetes has been 

strongly correlated to obesity (Olokoba et al., 2012). Diabetes is currently diagnosed 

using A1C levels, fasting glucose levels (FGL), and/or an oral glucose tolerance test.  

In the fasting glucose test the patient is asked to fast for 8 hours before a clinic 

visit. During the visit blood is drawn and analyzed for glucose. The normal FGL is 

100mg/dl or below, a prediabetic FGL is above 100mg/dl and below 125mg/dl, and a 

person is considered diabetic if their FGL is above 125mg/dl (Sacks et al., 2011; Seino et 

al., 2010). The oral glucose tolerance test also requires fasting for 8 hours. At the clinic 

the FGL level is determined via an initial blood test and then the patient is given a high 

sugar content drink (between 75g-100g). After the administration of the glucose the 

patient's blood sugar is checked periodically over a 2-hour course. The increase in blood 

glucose is then examined. If the blood glucose level is below 140mg/dl, the patient is 

considered normal, an increase of blood glucose between 140mg/dl and 199mg/dl is 

considered to have an impaired glucose tolerance, and any levels higher than this are 

considered diabetic (Sacks et al., 2011; Seino et al., 2010).  

More recently the hemoglobin A1C blood test was developed. Hemoglobin is a 

protein found in blood which transports oxygen and carbon dioxide. It has been found 

that, through a non-enzymatic pathway, the beta subunit of alpha hemoglobin can become 

glycated via the Maillard reaction (Holmquist and Schroeder, 1966a, 1966b; Maillard, 
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1912). Additionally, it was found that this glycated hemoglobin, known as A1C, is 

elevated in diabetic patients and that the ratio of A1C to total hemoglobin shows how 

well blood glucose has been controlled over the prior two months (Bunn et al., 1978; 

Koenig et al., 1976; Nathan et al., 1984; Rahbar, 1968). In 1988 the American 

Association for Diabetes (ADA) suggested that diabetics should have their A1C levels 

tested semiannually to monitor blood glucose control. The A1C test is simpler for 

diabetics to undertake because no fasting is required. Blood is drawn and then one of 

several tests can be performed, including high performance liquid chromatography, ion 

exchange chromatography or immunoassays (Weykamp et al., 2009). Each diagnostic 

assay is an invasive procedure requiring the patient to provide blood via venipuncture. 

Diabetic patients suffer from both invasive diagnostic and invasive control 

programs. The necessity to inject insulin multiple times a day and monitor blood sugar 

levels via multiple finger pricks each day causes discomfort to diabetic patients. Recently 

there have been methods proposed for non-invasively checking blood sugar levels 

(Pleitez et al., 2012). The non-invasive diagnostic trend is important in helping encourage 

better control of the disease. Recent studies have shown that plasma A1C levels can be 

correlated to proteins within urine (Zhang et al., 2015a).  This finding shows that proteins 

in urine can be linked to long term blood glucose control and thus may lead the way to a 

new non-invasive A1C test. In this work, I propose a possible alternative to venipuncture 

with a diagnostic test based on urinary concentrations of A1C which may be detectable 

via hydrogel nanoparticle concentration. 
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Specific Aims 
This work has two main aims:  

Aim 1 is to design, produce and validate hydrogel particles that can capture and 

concentrate A1C with high affinity. Nanoparticle processed urine will then be probed for 

A1C and total hemoglobin via western blotting. This is valuable information which will 

aid in the development of a non invasive test that can monitor glucose level diabetic 

patients without the need of venipuncture or finger stick capillary blood collection.  

Aim 2 is to design, produce and validate hydrogel nanoparticles for urinary 

proteome explorations. Urine processed through different nanoparticles will then be 

analyzed by LC/MS-MS.  

Great emphasis has been put on the synthesis, characterization and validation of 

the nanoparticles. These aspects are very important to secure reproducible results once 

the technology is translated into clinical diagnostic practice.  
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METHODS 

Hydrogel nanoparticles were synthesized utilizing a radical reaction. The reaction 

was performed in a three-neck flask apparatus Figure 1. 

 

 
Figure 1 Nanoparticle reaction apparatus.  

A three neck flask was fitted with a thermometer, an Allihn condenser and a rubber stopper. The vessel was 

submerged in a mineral oil bath on a heated stir plate. The left stopper was utilized as a port to purge with 

nitrogen gas and add chemicals after nitrogen purge. 

 

A three neck flask was outfitted with an Allihn condenser, a thermometer and a rubber 

stopper. All of the synthesis reactions followed the same general radical reaction which is 

diagramed in Figure 2. 
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Figure 2 Nanoparticle synthesis reaction. 

 The nanoparticle reaction was performed by mixing N-Isopropylacrylamide, N,N’-Methylenebis(acrylamide), 

and a co-monomer that will serve as moiety to covalently attach dyes. The R group was either acrylic acid, 

allylamine or allyl cyanoacetate. 

 

A solution of N-isopropylacrylamide (NIPA) (Sigma 415324), N, N′-

methylenebisacrylamide (BIS) (Sigma 146072) and an additional co-monomor were 

mixed, filtered, purged with nitrogen, and heated to 75°C. The mixture was maintained at 

75°C under a nitrogen atmosphere for 30 minutes. The co-monomer was either acrylic 

acid (AAc) (Sigma 147230), allylamine (AA) (Sigma 241075, or allyl cyanoacetate 

(Acyano) (TCI C1039). The radical reaction was initiated by the addition of potassium 

persulfate (KPS) (Sigma 379824). The specific for each reaction are as follows. 

Acrylic Acid Particle Synthesis 
A total of 500ml of Milli-q water (reagent grade water: type 1, 18.2 MΩ 

resistivity, total organic carbon < 25ppm) was added to a 1 liter Erlenmeyer flask. Under 

a chemical hood 4.750 grams of NIPA, 0.400 grams of BIS were weighed out on an 

analytical balance (Mettler Toledo #M154). The NIPA and BIS was added to the 500 mL 

of water and dissolved by swirling in the flask. The NIPA/BIS solution was passed 



12 

 

through a 0.45-micron filter into a 1L three neck flask. An additional 100ml of Milli-q 

water was used to rinse the filter. The three neck flask was outfitted as shown in Figure 1. 

The flask was suspended in a mineral oil bath situated on a stirring hot plate (Fisher 

Isotemp). A 5 centimeter teflon stir rod was added and the solution was set to stir at 150 

RPM. The solution was degassed for 30 minutes by addition of nitrogen gas (Roberts 

Oxygen #R31) via the rubber stopped and a long syringe needle. Next, 500µl of AAc was 

added via syringe through the rubber stopper. The solution was allowed to degas for 15 

minutes. The temperature was then increased to 75°C and allowed to stabilize for 45 

minutes. After the temperature stabilized, 0.276g of KPS was dissolved in 5ml of water 

inside a 50ml polypropylene falcon tube. The KPS solution was added to the reaction 

vessel via syringe through the rubber stopper. After the solution turned cloudy the 

degassing needle and vent needles were removed from the reaction vessel. The reaction 

was run for 6 hours; the heat was then turned off and the suspension was stirred 

overnight. The particle suspension was then washed of unreacted monomers via 

centrifugation. A portion of the suspension was aliquoted into 8 high speed centrifuge 

tubes and spun down at 43, 667 RCF in a Beckman Coulter floor centrifuge for 45 

minutes. The supernatant was discarded and the particles in each tube were resuspended 

in 25ml Milli-q water. The particles were vortexed to help re-dissolve any unreacted 

monomers. The particle suspension was then spun again and the procedure repeated 5 

times. This was repeated for the remaining particle suspension. After washing the total 

particle suspension was brought up to 600ml by addition of Milli-q water. 



13 

 

Allylamine Particle Synthesis 
A total of 250ml of Milli-q water was added to a 1L Erlenmeyer flask. Under a 

chemical hood 9.0g of NIPA and 0.280g of BIS were dissolved in the Milli-q water by 

swirling. The NIPA/BIS solution was passed through a 0.45micron filter into a 1L three 

neck flask. An additional 100ml of Milli-q water was utilized to rinse the filter. The three 

neck flask was outfitted as previously shown in Figure 1.  A 5cm magnetic teflon stir rod 

was added to the solution and the solution was stirred at 150 RPM. Next the solution was 

degassed by the addition of nitrogen gas through the rubber stopper via a long syringe 

needle for 30 minutes. Then 676µl of AA was added via syringe through the rubber 

stopper. The solution was degassed for an additional 15 minutes and then the temperature 

was brought up to 75°C. The temperature was allowed to stabilize for 45 minutes. A total 

of 5ml of water was placed in a 50ml polypropylene falcon tube and 0.100g of KPS was 

added. The KPS solution was added via syringe into the reaction vessel. After the 

solution turned cloudy the degassing needle and vent needles were removed from the 

reaction vessel. The reaction was held for 6 hours after which the heat was turned off and 

the solution was allowed to sit stirring overnight. The particle suspension was then 

washed of unreacted monomers via centrifugation. A portion of the suspension was 

aliquoted out into 8 high speed centrifuge tubes and spun down at 43, 667 RCF in a 

Beckman coulter floor centrifuge for 45 minutes. The supernatant was discarded and the 

particles in each tube were resuspended in 25ml Milli-q water. The particles were 

vortexed to help redissolve any unreacted monomers. The particle suspension was then 

spun again and the procedure repeated 5 times. This was repeated for the remainder of the 
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particle suspension. After washing the particles were brought up to a volume of 300ml 

with Milli-q water. 

Allyl Cyanoacetate Particles. 
The allylcyanoacetate (Acyano) particles were prepared following the allylamine 

particle synthesis procedure with the following changes. Instead of allylamine, 1.06ml of 

Acyano (TCI C1039) was added after degassing. During the washing steps the particles 

were transitioned to 70% ethanol. 

Acrylic Acid Particles with Fast Blue B Cross Linker Synthesis 
A total of 0.308g of fast blue b salt (Sigma D9805) was dissolved in 350ml Milli-

q water. The solution was then passed through a 0.45 micron filter and added to a 1L 3 

neck flask. A 50ml portion of Milli-q water was used to rinse the filter. The flask was 

outfitted as in Figure 1 and a Teflon magnetic stir bar was added. The solution was set 

stirring at 150 RPM. The solution was degassed with nitrogen for 30 minutes and then 

88µl of AAc was added via syringe. The solution was then allowed to continue degassing 

for 15 minutes. During this degassing 2.375g of NIPA and 0.1g of BIS was dissolved in 

150ml of Milli-q water. The solution was then filtered with a 0.2 micron syringe filter. 

An additional 50ml of Milli-q water was used to rinse the filter. The NIPA/BIS solution 

was degassed for 15minutes. The NIPA/BIS solution was quickly added to the FBB 

solution and allowed to degas for an additional 30min. Next 262µl of AAc was added via 

syringe to the solution and the final solution was allowed to degas for 15 minutes. Then 

the solution was brought up to 75°C and allowed to stabilize for 45 minutes. A total of 

138mg of KPS was dissolved in 5ml of Milli-q water and added to the solution via 
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syringe. After the solution became cloudy the nitrogen line and venting needles were 

removed. The reaction was allowed to run for 6 hours and then the heat was turned off. 

The particle solution remained stirring overnight. The particle solution was then washed 

of unreacted monomers via centrifugation. A portion of the solution was aliquoted out 

into 8 high speed centrifuge tubes and spun down at 43, 667 RCF a Beckman Coulter 

floor centrifuge for 45 minutes. The supernatant was discarded and the particles in each 

tube were re-suspended in 25ml of Milli-q water. The particles were vortexed to help 

redissolve any unreacted monomers. The particle solution was then spun again and the 

procedure repeated 5 times. This was repeated for the remaining particle solution. After 

washing the particles were brought up to a volume of 300ml with Milli-q water. 

Particle Size and Concentration Characterization 
Nanoparticle batches were characterized by both concentration and hydrodynamic 

light scattering. Nanoparticle concentration was determined via particle lyophilization. 

The weight of a 50ml polypropylene falcon tube was determined by weighing three times 

on an analytical balance and averaging the weight. Next 20ml of the particle suspension 

was dispensed into the tube via a volumetric pipette. The top of the tube was sealed with 

parafilm containing pin holes for venting. The solution was then snap frozen on dry ice. 

The frozen particle solution was lyophilized under vacuum for 48 hours in a Millrock 

lyophilizer. The weight of the tube plus the lyophilized particles were determined by 

weighing three times and taking the average. The weight of the particles was determined 

via the difference of the initial tube weight and the tube plus lyophilized particle weight. 
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The final concentration was determined by dividing the particle weight by the initial 

particle solution volume. 

The hydrodynamic diameter of the particles was determined over a temperature 

range of 20°C to 40°C in 5 degree increments. A plastic cuvette was rinsed 3 times with 

Milli-q water to remove any particulate contamination. Next approximately 2ml of Milli-

q water was added to the cuvette. An aliquot of particle suspension was added to the 

cuvette starting with 10µl of particle suspension and the suspension was adjusted so that 

the intensity was between 5 x 104 and 1 x 106. The particle diameter was then determined 

in a Beckman Coulter light scattering machine via a sequence run for each temperature. 

A total of thirty minutes was allowed to elapse for each temperature. 

Alternative Reactive Dyes Search 
New dyes for nanoparticle functionalization were found utilizing web searches. 

The World Dye Variety webpage (http://www.worlddyevariety.com) was manually 

searched for dyes containing a vinyl sulphone moiety. Additionally, dyes from TCI’s web 

page (http://www.tcichemicals.com/) were manually searched for dyes containing 

primary amines. Dye structures were then cross referenced in the Sci-Finder 

(https://scifinder.cas.org) substance identifier. 

Nanoparticle Dye Functionalization 
Different chemical strategies were exploited in order to covalently link dyes to the 

nanoparticle polymeric meshwork. Dyes were covalently linked to acrylic acid particles 

through a carboamide strategy. Dyes were covalently linked to allyamine particles via a 
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chlorazine ring or a vinyl sulfone moiety. A dye was synthesized on directly onto the ally 

cyano acetate particles through a condensation reaction 

Acrylic Acid Functionalization 
The acrylic acid particles had dyes attached to them via the schematic in Figure 3. 

First the dye being utilized was dissolved in 0.2M phosphate buffer (pH=8.1) at a 10X 

molar excess than the acrylic acid in the particles. This solution was then spun down to 

remove undissolved dye and a 0.2 micron filter was used to remove any dye aggregates. 

Next, AAc nanoparticles were spun down and the supernatant removed. The particles 

were then resuspended in 0.2M sodium phosphate monobasic anhydrous (Fisher S397). A 

10X molar excess of solution of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) (Acros 171440100) and N-hydroxysuccinamide (NHS) (Fisher 

PI24500) was prepared in 0.2M sodium phosphate monobasic. 
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Figure 3 Acrylic acid particle dye functionalization schematic. 

 The carboxylic acid moieties on the nanoparticles are activated via EDC and then stabilized via NHS. The 

initial product or the secondary intermediate can then react with an amine within the dye structure.  

 

The AAc particle solution was placed in a round bottom flask and set to stir at 5. The 

EDC/NHS solution was added and the activation reaction was allowed to run for 15 

minutes. The particles were then spun down again and the supernatant was removed. The 

particles were resuspended in 0.2M sodium phosphate buffer (pH=8.1) and added to the 

dye solution previously made. The dye particle solution was left to react while stirring 

overnight. The dyes utilized to functionalize the AAc NP are shown in Figure 4. 
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Figure 4 Amine containing dye structures.  

The structure of the dyes utilized to functionalize the AAc NP. 

 

The functionalized particles were then washed via centrifugation as described in the 

synthesis section with the exception that they were washed until the supernatant became 

clear twice. After washing the particle size was determined via hydrodynamic light 

scattering as described earlier. 

Allylamine Functionalization 
The AA NPs were functionalized utilizing reactive dyes. The reaction schematic 

for the AA NPs is shown in Figure 5. 
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Figure 5 Allylamine dye functionalization schematic.  

The reactive dyes have a moiety utilized to covalently link them to a substrate. The top reaction is a chlorazine 

ring and the bottom reaction is a vinyl sulphone. 

 

Dye was dissolved at 5mg/mL in a volume equivalent to the volume of 

nanoparticles to be functionalized. Anhydrous sodium carbonate (Fisher S263) was 

dissolved in the dye solution to create a final concentration of 10mg/mL. The sodium 

carbonate and dye solution was stirred for 30 minutes. Next the solution was spun down 

to remove any undissolved dye and carbonate precipitates. The dye solution was then 

filtered using a 0.2micron filter. The dye solution was stirred at setting five and an 

equivalent volume of AA NPs were added. The solution was stirred for 48 hours. The 

particles were washed as previously described until the supernatant became clear twice. 

The dyes utilized are shown in Figure 6 and Figure 7. After washing the particle size was 

determined via light scattering a previously described. 
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Figure 6 Cibacron blue and remazol brilliant blue were incorporated into particles via nucleophilic substitution 

 

 

 
Figure 7 Vinyl sulfone dyes.  

These dyes have not been utilized in the hydrogel nanoparticles before. All the new dyes have a vinyl sulfone 

moiety to enable covalent linkage to the nanoparticles. The reactive black 31 (RB31), reactive red 23 (RR23), 

and reactive blue 221 (RB221) all contain a copper atom. 
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Allylcyanoacetate Functionalization 
The Acyano particles were functionalized via a condensation reaction onto the 

cyano group. Vanillin (SigmaV1104) was dissolved in ethanol at 25mg/mL and mixed in 

a 1:1 ratio with the particles. The solution was then placed in a Sonicator (Branson 

1510R-DTH) for 60 minutes. Next the particles were washed as previously described 

with the exception that the first three washes were in 70% ethanol then the fourth wash in 

35% ethanol and finally two washes in water were performed to remove the ethanol. 

Nanoparticle Validation 
After dye functionalization the nanoparticles underwent a qualitative validation 

step to assess the NP capturing ability and the absence protein contamination. This 

validation was accomplished via a silver stained sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE). Particles were considered validated if proteins were 

captured and eluted from the particles and no signal was seen in the negative controls. 

Nanoparticle Validation/Screening 
The NP batch to be validated was incubated with a low concentration biofluid. 

Initial validations were performed utilizing a serially diluted serum sample. The optimal 

dilution was determined via a previous serial dilution experiment in which a serial 

dilution of serum was run on an SDS-PAGE and silver stained. The serum was diluted to 

the point that the lowest molecular weight proteins were not visible on a silver stained 

SDS-PAGE. A total of 450µl of a 1:600 dilution of serum was generated. Then 150µl of 

the nanoparticle batch was combined with 150µl of the serum dilution and allowed to 

incubate at room temperature for 15minutes. The particles were spun down at maximum 

speed in a microcentrifuge. The supernatant was removed and saved on wet ice. Next 
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150µl of Milli-q water was utilized to resuspend the nanoparticles. This was done to 

remove any unbound proteins. The particle solution was allowed to incubate at room 

temperature for 15 minutes and was then spun down and the supernatant was removed 

and saved on wet ice. Next 150µl of elution buffer (70% acetonitrile, and 10% 

ammonium hydroxide) was added and the particles were resuspended. The 

elution/particle mixture was allowed to incubate at room temperature for 30 minutes. The 

particle elution mixture was then spun down at maximum speed for 30 minutes and the 

supernatant (eluate) was removed and transferred to a new microcentrifuge tube. The 

elution was then dried under nitrogen gas flow for approximately 45 minutes at 47°C. 

The eluate was immediately utilized or stored at -80°C overnight. 

The 10µl of the saved supernatant and wash were aliquoted into microcentrifuge 

tubes. The dried eluate was reconstituted with 10µl of Milli-q water. Sample buffer 

containing 10% TCEP and SDS loading buffer solution was prepared. The samples were 

mixed 1:1 with the sample buffer and boiled for 10 minutes. SDS-PAGE was carried out 

on a 4-20% gel at 200 volts for 50 minutes. The proteins were then visualized via silver 

stain. 

Nanoparticle Validation 
After it was determined that the nanoparticles could capture proteins, a more 

through validation process was performed. A total of 500µl of particles were incubated 

with 5ml of urine for thirty minutes; this was referred to as the experimental setup. To 

ensure batch to batch consistency a 500µl portion of particles from a previously validated 

particle batch were also incubated with 5ml of urine as a positive control. Additionally, 
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500µl of the experimental batch was incubated with synthetic urine (containing no 

proteins) as a negative control. A portion of the initial urine sample was saved for 

downstream analysis. After the incubation period the particle/urine solution was spun 

down in a microcentrifuge at 16,100 RCF for 30 minutes. The supernatant was removed 

and a portion was saved for downstream analysis. Next, the particles were suspended in 

1ml of Milli-q water and allowed to incubate for 30 minutes at room temperature. The 

particles were spun down and the supernatant was removed and a portion saved for 

downstream analysis. The particles were then eluted in the same manner as described in 

the initial validation. An SDS-PAGE was performed and the proteins were visualized via 

silver staining.  

Silver Staining 
The gels were first fixed in 7.5% acetic acid and 10% methanol for 15 minutes. 

Next the gel was washed with Milli-q water 3 times for 5 minutes each. The gel was then 

washed with Milli-q water for 1 hour to ensure all of the acid was washed off. The gel 

was then sensitized in a 0.02% sodium thiosulphate solution. The sensitizing solution was 

washed off using three one minute washes in Milli-q water. The gel was then incubated in 

the dark with a 0.2% silver nitrate solution for 25 minutes. Next the silver nitrate solution 

was washed off with 3 one minute washes in Milli-q water. The gel was then developed 

in a 100ml solution containing 3g sodium carbonate, 2ml 0.2% sodium thiosulfate and 

50µl formaldehyde. The gel was allowed to develop until the ladder bands appeared (3 to 

8 minutes). The development reaction was quenched by removal of the development 
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solution and addition of 6% acetic acid. The gel was then imaged on a Umax Powerlook 

2100XLscanner at a resolution of 600dpi.  

SDS-PAGE and Western Blotting 
Samples were run on 4-20% tris-glycine polyacrylamide gels (Invitrogen 

XPO42002). The loading buffer consisted of 10% bond-breaker TCEP solution (Thermo 

Fisher) in 2x tris-glycine SDS sample buffer (Life Technologies LC2676). The samples 

were prepared in a 1:1 ratio with the loading buffer. SDS-PAGE was performed for 50 

minutes at 200V in 1X tris-glycine running buffer. Transfer buffer consisted of 3g tris, 

14.4g glycine, and 200ml methanol, which was brought up to 1L with Milli-q water. The 

gel was washed in transfer buffer for a maximum of 5 minutes prior to transfer to the 

blotting apparatus. The proteins were transferred to 0.45µm pores size Invitrolon PVDF 

(Life Technologies LC2005) under constant 25 volts for 1hour and 30 minutes. The blot 

was then washed briefly in wash buffer (0.1% tween in PBS) and transferred to 0.1% 

tween I-Block. The blot was blocked for 1hr at room temperature with agitation. The blot 

was incubated in a 1:1000 dilution of primary antibody in 5% milk in 0.1% tween PBS 

over night at 4°C with agitation. The primary antibody solution was removed and the blot 

was washed in wash buffer briefly and then 3 times at 3 minutes each wash. The blot was 

then incubated in a 1:1000 of secondary antibody (mouse trueblot ultra, Rockland 

Antibodies) in 5% milk for 1 hour. The secondary antibody was removed and the blot 

was washed briefly in wash buffer and the washed 3 times for 3 minutes each in wash 

buffer. The blot was then developed using SuperSignal West Dura Extended Duration 

Substrate (Thermo Scientific 34075) as per manufacturer instructions. The blots were 
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imaged on a Protein Simple FluorChem R Imager with the setting for full image and the 

exposure set to automatic. 

Antibody Validation and Particle Screening 
An antibody against glycated hemoglobin (A1C) was purchased from Lifespan 

Biosciences (# LS-c194148) and a total hemoglobin antibody was purchased from 

Abcam (#ab33844). Glycated hemoglobin (#325-10) and hemoglobin (t#338-10) were 

purchased from Lee-Biosolutions. Western blots were performed to assess the linearity, 

specificity, and reproducibility of the antibodies. This validation ensures the ability of the 

immunoassay to determine the A1C/Hb ratio. 

The linearity and specificity test was conducted by performing a western blot over 

a range of antigen specific for the antibody. For the anti-A1c antibody a range of 20ng to 

100ng of A1C and 20ng to 100ng total hemoglobin was utilized to perform a western 

blot. The specificity for the A1C need to be tested against the total hemoglobin to ensure 

proper measurement of the A1C/HB ratio. The linearity was performed for the total 

hemoglobin protein in the same manner. The reproducibility of the antibodies was 

performed by running a blot with multiple lanes contain 20ng A1C. The linearity was 

determined by calculating an R2 value from the pixel intensities and the reproducibility 

was determined via the coefficient of variance. 

Next A1C was spiked into Surine and was processed with multiple nanoparticle 

types to assess which particle could capture A1C. A total of 100ng of A1C was spiked 

into multiple aliquots of 5ml synthetic urine. Next 500µl of particles to be screened were 

added to the synthetic urine. The solutions were incubated at room temperature for 30 
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minutes. Then the solutions were aliquoted out into 2ml microcentrifuge tubes and spun 

down. The particles were washed in 1ml of Milli-q water and then repelleted. The 

particles were then incubated with elution buffer (70% acetonitrile and 10% ammonium 

hydroxide) for 30 minutes. The particles were then pelleted and the eluate was removed. 

The eluate was dried under nitrogen gas flow and then western blot was performed using 

the validated A1C antibody. 

Sample Collection 
Urine and blood samples were collected as per IRB review. A total of 100ml of 

midstream urine was collected in a sterile specimen container. Immediately after 

collection 20ml of urine was decanted into a 50ml falcon tube for urinalysis and 

proteome analysis. The remaining 80ml of urine had 1ml of RB31 NP added. A dipstick 

urinalysis was performed on the sample. 

Urine Processing 

Processing for A1C/Hb Western Blots 
The 80ml urine portion with RB31 NP was spun down at 43, 667 RCF in a JA-

Avanti Beckman Coulter centrifuge for 45 minutes. The supernatant was discarded and 

the pellet was resuspended in 40 mL Milli-q water. The solution was incubated with 

agitation for 30 minutes at room temperature to wash off any unbound protein. The wash 

was then spun down and the supernatant was discarded. Each pellet was resuspended in 

1ml of urine and transferred to 2ml microcentrifuge tubes. The wash was incubated with 

agitation at room temperature for 15 minutes. The solution was then spun down at 16,100 

RCF in an Eppendorf microcentrifuge at room temperature. A 10% TCEP SDS-sample 
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buffer solution was created during the centrifugation for use as an elution buffer. After 

centrifugation the supernatant was discarded and the pellets were resuspended in 40ul of 

10%tcep SDS sample buffer and allowed to boil for 10 minutes at 100°C. Next the 

solution was spun down for 30min at 16,100 RCF. The supernatant (eluate) was removed 

and placed in a micro centrifuge for downstream western blot analysis. 

Processing for Mass Spectroscopy 
The 20ml aliquot of urine was spun down at 41500 RPM in a Sorvall Legend 

centrifuge. The pellet was discarded. The urine was aliquoted into 4 15ml falcon tubes 

(5ml each). A total of 500ul of RB31 NP, RB221 NP, RR23 NP was added respectively 

to each of the 5 tubes. The solutions incubated with agitation at room temperature for 30 

minutes. Next each falcon tube was aliquoted into 2ml microcentrifuge tubes and spun 

down at 16,100 RCF for 30minutes. The pellets for each type were resuspended in 1mL 

of Milli-q water and were incubated as previously described. The solution was spun down 

again and the supernatant was discarded. A solution of 70% acetonitrile and 10% 

ammonium hydroxide was prepared as an elution buffer. The pellets for each 

nanoparticle type were resuspended and consolidated in 500ul of elution buffer within a 

2ml centrifuge tube. The solution was incubated at room temperature for 30 minutes with 

agitation. The solution was then spun down as previously described. The supernatant 

(eluate) was removed to a new microcentrifuge tube. The eluates were dried under 

nitrogen gas flow at 42°C. The dried eluate was then stored for downstream mass 

spectroscopy analysis. 
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Mass Spectroscopy Processing 

In-Solution Trypsin Digestion 
The dried eluates were resuspended in 10µL of Milli-q water. A total of 80µL of 

8M urea and 1µL of 1M DTT were added to the sample. Next the sample was incubated 

at 37°C for 30 minutes. Then 6µl of 500mM iodoacetamide was added to the sample and 

the sample was incubated in the dark for 20 minutes. Then 260µl of water and 40µl of 

500mM ammonium bicarbonate was added. Next 5µl of 0.5mg/mL trypsin was added. 

The sample was digested overnight. The digestion was stopped by the addition of 10µl of 

glacial acetic acid. 

Sample Desalting 
The samples were desalted using zip tips or c18 columns. Both methods utilized a 

set of buffers, buffer A (0.1% triflouroacetic acid) and buffer B (80% acetonitrile and 

0.1% trifloracetic acid. The zip tip and the columns were first activated by the addition of 

buffer B three times. Next they were equilibrated with buffer B three times. Then the 

total sample volume was flowed through the c18 three times. Finally, the peptides were 

eluted in two portions of 20µl buffer B. The samples were dried down in a speed-vac and 

stored at -80°C. 

Mass Spectrometry Runs 
The digested proteins (peptides) were resuspended in 10µL of 0.1% formic acid. 

The samples were then loaded onto a c18 reverse phase liquid chromatography column 

(Polymircosciences). The sample was then analyzed via nanospray on a linear ion-trap 

mass spectrometer (LTQ, Thermo Fisher). The samples were injected into the mass 

spectroscopy utilizing a linear gradient of buffer B (0.1% formic acid, 80%acetonitrile) 
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from 0% to 50% buffer B over 100 minutes. The mass spectrometer was run in data 

dependent mode utilizing collision induced dissociation for ionization. The spectra were 

then searched against the SwissProt database utilizing tryptic digestion as a constraint via 

Proteome Discoverer (Thermo Fisher). The results were filtered to 0.05% to 0.01% false 

discovery rate against a reversed database. 

A1C Western Blot 
To determine if the A1C/Hb ratio in urine was comparable to capillary blood level 

western blots were performed. A western blot was performed with the following lane 

contents: lane 1 was blank, lane 2 was 20ng A1C, lane 3 was blank, lane 4 was 40µl 

sample SDS-elution, lane 5 was blank, lane 6 was 5 µl stained benchmark and 5µl magic 

mark xp, lane 7 was 5µl stained benchmark and 5 µl magic mark xp, lane 8 was blank, 

lane 9 was 20ng A1C, lane 10 was blank, lane 11 was 40µl sample SDS-elution, lane 12 

was blank. After transfer the blot was divided between lane 6 and 7. One side was probed 

with A1C antibody and the other was probed with total hemoglobin antibody. The pixel 

intensities were acquired from a protein simple imager. The A1C and the total 

hemoglobin was normalized by dividing by intensity of the 20ng A1C lane. The ratio of 

the intensities was then compared to the ratio acquired from the capillary blood test. 

Data Analysis 
Western blot band intensities were generated in Image J or in a Proteins Simple 

Flourchem R imager. The goodness of fit calculations and coefficient of variance for the 

antibody validations were performed in Excel. The final A1C ratio calculations were also 

performed in Excel. The venn diagrams were generated in the R statistical package, based 
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on protein accession number, utilizing the package VennDiagram (Chen and Boutros, 

2011) and code written by me (supplemental file 1). Pie chart comparisons of annotations 

from Gene Ontology were also generated in R using code written by me (Supplemental 

file 2). A chi squared goodness of fit test was performed in R on the ontologies counts to 

see if they were independent of particle/sample. The normalized spectral abundance 

factor (NSAF) was calculated in R by code written by me based on equations from the 

literature (supplemental file 3)  (McIlwain et al., 2012; Paoletti et al., 2006). A heatmap 

was generated in the R statistical package utilizing z-scored NSAFs.  The heatmap was 

generated using the Pheatmap (Kolde, 2015) package and additional code that I wrote 

(supplemental file 3). The following parameters were utilized to generate the heat map; 

un-supervised hierarchical clustering using Euclidian distance. 
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RESULTS 

Core Particle Synthesis 
Hydrogel nanoparticles were successfully synthesized. Figure 8 shows a picture 

of the white core particles.  

 

 
Figure 8 Hydrogel core particles.  

Core particles prior to dye functionalization. From left to right there is 13.9% acrylic acid particles, 10% 

allylamine particles, 10% allylcyanoacetate particle and fast blue b crosslinked 13.9% acrylic acid particles. 

 

The hydrodynamic light scattering performed on the particles gave results reported in 

Figure 9. The hydrodynamic diameter decreased with increasing temperature. 
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Figure 9 Hydrodynamic diameter of core particles measured via light scattering.  

Diameter of the particles over a temperature gradient. The decrease in size is an indication of hydrogel 

nanoparticles. 

 

Nanoparticle Dye Functionalization 

Acrylic Acid Particle Functionalization 
Amine containing dyes were successfully linked to acrylic acid nanoparticles. The 

appearance of color within the pellet after multiple washes is indicative of dye 

incorporation. Figure 10 shows the acrylic acid particles after dye functionalization. All 

the functionalized particles showed a downward trend in hydrodynamic diameter except 

alizarin blue black. 
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Figure 10 Functionalized AAc Particles 

Left to right: 1. Acid black 48:MH37B1, 2. Acrylic acid: AK3B1, 3. Alizarin Blue black:MH35B1, 4. Bismarck 

Brown:MH33B1, 5. Bismarck Brown:MH47B1, 6. Cibacron Blue:RM75B4 (allylamine particle), 7. Diamine 

green B:MH63B1, 8. Evans Blue:CI31B1, 9. Trypan Blue:RM54B4, 10. Trypan Blue:MH55B1 

 

 
Figure 11 Hydrodynamic diameter of acrylic acid particles after dye functionalization.  
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Allylamine Particle Dye Functionalization 
Dyes containing vinyl sulfone moieties and chlorazine rings were successfully 

linked to allylamine particles. Figure 12 shows a picture of the particles after 

functionalization. 

 

 
Figure 12 Functionalized AA NP.  

From left to right; Reactive orange 13, Reactive black 5, Remazol Violet, Reactive blue 221 (RB221), Reactive 

red 23 (RR23), and Reactive black 31 (RB31). 

 

The hydrodynamic diameter for the functionalized particles decreased with temperature 

as shown in Figure 13.  
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Figure 13 Hydrodynamic diameter of functionalized allylamine particles. 

 

The functionalized particles had a downward trend in diameter with increasing 

temperature. 

Allylcyanoacetate Functionalization 
The Allycyanoacetate particles had a dye successfully synthesized onto them 

Figure 14 shows the particles after the reaction was performed. 
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Figure 14 Functionalized allycyanoacetate particles. 

Allycyanoacetate particles reacted with vanillin generated an orange/yellow color indicative of a dye being 

synthesized on  the polymer backbone. 

 

Nanoparticle Validation 
The nanoparticles showed capturing ability in the initial validation step. Figure 15 

and Figure 16 show a silver stained gel of the initial validations for alizarin blue black, 

Cibacron blue, acid black 64, Bismarck brown, trypan blue and diamine green.  
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Figure 15 Initial AAc validation.  

Silver stained gel showing the capturing ability of the functionalized nanoparticles. The first and last lane 

contains a ladder for reference. The second lane shows the initial solution. The remaining lanes show the 

supernatant after incubation with particles, then the wash and finally the elution from the particles. The particle 

batches in the gel from left to right are: alizarin blue black, Cibacron blue, and acid black 48. 

 

 

 

 
Figure 16 Initial AAc validation 2.  

Silver stained gel showing the capturing ability of the functionalized particles. The first and last lane contains a 

ladder for reference. The second lane shows the initial solution. The remaining lanes show the supernatant after 

incubation with particles, then the wash and finally the elution from the particles. The particle batched shown 

from left to right: Cibacron blue, trypan blue, and Bismarck brown. 

 



39 

 

 The overall schematic for this validation is a ladder in the first and last lane for 

reference. The initial (serum dilution) solution is in lane 2. The remaining lanes follow 

the schematic of supernatant wash and elution. A validation of diamine green is shown in 

Figure 17.  

 

 
Figure 17 Diamine green validation.  

 The protein capturing ability of the diamine green particles are shown against trypan blue capturing ability. 

The gel has the following layout: lane1 ladder, lane 2 initial protein solution, lane 3 diluent (negative solution), 

lane 4 trypan blue processing supernatant, lane 5 trypan blue wash, lane 6 trypan blue elution, lane 7 is the 

diamine green supernatant, lane 8 is the diamine green wash, lane 8 is the diamine green elution, lane 10-12 are 

a diamine green negative processing. 

 

This validation shows a ladder in the first lane followed by the initial solution then the 

diluent in lane 3, the next three lanes are a trypan with the supernatant, followed by the 

wash and the elution. Lane 7 has the diamine green supernatant, lane 8 has the diamine 

green wash and lane 9 has the diamine green elution. The final three lanes are the 

negative elution for the diamine green. Diamine green shows capturing ability and 
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generates no false positive banding pattern in the elution. In addition to the serum 

dilution validations urine validation/screening was conducted. 

 Figure 18 shows a prescreen in urine for trypan blue, Congo red, direct blue 2, 

Remazol brilliant blue, and reactive blue 221 (RB221). 

 

 
Figure 18 Urine prescreen 1. 

Silver stained gel showing particle concentrating ability in urine. Lane 1 contains a ladder, lane 2 contains the 

non-processed urine, lane 3 shows trypan blue processed urine, lane 4 shows Congo red processed urine, lane 5 

shows direct blue 2 processed urine, lane 6 shows Remazol brilliant blue processed urine and lane 7 shows the 

first batch of reactive blue 221 processed urine. 

 

This prescreen showed trypan blue and direct blue as having a very wide capturing 

ability. The Congo red, Remazol blue and RB221 also concentrated but only at low 

molecular weights. Additionally, the RB221 showed a very intense band way below a 

protein level. The RB221 was found to have left over contaminants from the dye 

functionalization. In subsequent batches this contaminant was removed. Another urine 
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prescreen was performed in which negatives were incorporated into the scheme. This gel 

is shown in Figure 19. 

 

 
Figure 19 Urine prescreen. 

 Silver stained gel showing concentrating power of nanoparticles in urine. The lane contents are as follows: lane 

1 ladder, lane 2 unprocessed urine, lane 3 negative processing with reactive orange 16, lane 4 urine processed 

with reactive orange 16, lane 5 negative Remazol brilliant violet, lane 6 urine processed with Remazol brilliant 

violet, lane 7 reactive red 120 negative, lane 8 reactive red processed urine, lane 9 negative RB221, lane 10 urine 

processed with RB221, lane 11 negative reactive black 5, and lane 12 urine processed with reactive black 5. 

 

This gel shows that Remazol brilliant violet, reactive red 120, and RB221 can capture and 

concentrate a large range of proteins from urine. The reactive orange 16 also captured 

protein but not with the range of the previous mentioned dyes. The reactive black 5 

captured but it was hard to tell the background from the banding pattern. This gel also 

shows the refinement in the RB221 nanoparticle functionalization because the large dark 

band at the bottom of the gel has decreased. Reactive red 23 (RR23) and reactive black 

31 (RB31) were also screened and successfully captured a wide range of proteins (data 

not shown). 
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 After the prescreen it was decided that RB221, RB31, RR23 and fast blue B 

would be utilized for the urinary proteome analysis. The functionalized particles 

underwent a further validation. Batch to batch variability was examined along with a 

further analysis of the negative. Figure 20 shows the final validation for RB31NP batch 

MH117B2B. 

 

 
Figure 20 Reactive black 31 validation.  

RB31 validation gel lane contents are as follows: lane 1 ladder, lane 2 urine, lane 3 Surine, lane 4 previous batch 

supernatant, lane 5 previous batch wash, lane 6 previous batch elution, lane 6 current batch supernatant, lane 7 

current batch wash, lane 8 current batch elution and the last three lanes are a negative control for the current 

batch.   

 

This validation shows the consistency in banding pattern between a previous batch of 

RB31 NP and a new batch of RB 31 NP. It also shows that there is no negative signal 

being generated by the particles. Figure 21 shows the validation gel for RB221 batch 

MH121B2. This gel shows the batch to batch consistency within the RB221 NP and the 

absence of protein contaminants. 
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Figure 21 Reactive blue 221 validation. 

Lane contents are as follows: lane 1 ladder, lane 2 urine, lane 3 Surine, lane 4 previous batch super, lane 5 

previous batch wash, lane previous batch elution, lane 7 current batch super, lane 8 current batch was, lane 9 

current batch elution and the final three lanes are a negative control for the current batch. 

 

Figure 22 shows the validation gel for RR23 batch MH117B2A. This gel shows the batch 

to batch consistency in the RR23 NP. 

 

 
Figure 22 Reactive red 23 validation. 

 The lane contents are as follows: lane 1 ladder, lane 2 urine, lane 3 Surine, lane 4 previous batch supernatant, 

lane 5 previous batch supernatant, lane 6 previous batch elution, lane 7 current batch supernatant, lane 8 

current batch wash, lane 9 current batch elution and lanes 10-12 show a negative control for the current batch. 
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The fast blue b validation did not have a previous batch to compare against as this was 

the first batch made. Instead of a batch to batch comparison different elution methods 

(boiling SDS versus basic acetonitrile) were compared. Figure 23 shows the fast blue b 

validation gel. The negative elution was performed with basic acetonitrile solution. 

 

 
Figure 23 Fast blue B validation.  

This gel shows the validation of the fast blue b particles. The lane contents are a follows lane 1 ladder, lane 2 

urine, lane 3 Surine, lane 4 super, lane 5 wash, lane 6 Acetonitrile/ammonium hydroxide elution, lane 7 

supernatant, lane 8 wash, lane 9 boiling SDS elution, lane 10-12 are negative control. 

 

 Antibody Validation and Particle Screening Results 
The A1C antibody and the total hemoglobin antibody were both validated 

successfully. The western blots showed banding patterns in the appropriate size for 

hemoglobin. Figure 24 shows the reproducibility of the A1C antibody. The coefficient of 

variance was 15%.  
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Figure 24 A1C Antibody Reproducibility. 

This western blot shows the reproducibility of the A1C antibody. This blot shows that multiple 20ng A1C 

samples generate a similar pixel intensity. The final A1C lane was dropped from analysis due to smiling of the 

gel. 

 

Figure 25 shows the specificity and linearity of the A1C antibody.  

 

 
Figure 25 A1c linearity and specificity 

This blot shows the linearity of the westen blot anlaysis employing the A1C antibody and its specificity for 

glycated hemoglobin. The first lane contains a ladder. Lanes 2-6 contain increasing amounts of glycated 

hemoglobin from 20ng to 100ng. Lanes 7- 11 have total hemoglobin ranging from 20ng to 100ng. The final lane 

is empty. 
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 The intensity from the 80ng point was dropped because of bleeding from the 100ng band 

and a best fit value of 96.9% was obtained. The reproducibility of the total hemoglobin 

antibody can be seen in Figure 26. The first replicate was dropped due to smiling in the 

blot and the coefficient of variance was 14.16%. 

 

 
Figure 26 Total hemoglobin reproducibility validation. 

Western blot which shows the reproducibility of the total hemoglobin antibody. A total of 20ng of hemoglobin 

was loaded on multiple lanes and then the coefficient of variance was determined to be 14.16%. The first 

replicate was dropped. 

 

Figure 26 shows the linearity of the western blot analysis performed with the total 

hemoglobin antibody. 
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Figure 27 Linearity of total hemoglobin antibody. 

 Western blot with a linear range of total hemoglobin and A1C from 20ng to 100ng. 

 

The total hemoglobin antibody show a goodness of fit of 96% for total hemoglobin (60ng 

intensity dropped) and a goodness of fit of 89% for A1C. 

 Figure 28 shows the results of the particle screening for capturing A1C. 

 

 
Figure 28 Particle screen western blot 

RB 31 particles could capture A1C from synthetic urine. The concentration of A1C is below the level of 

detection in the initial solution. 
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The particle screen showed RB31 as having the best capturing ability for A1C.  

A1C Western Blot Results 
A total of 80 mL of urine from a diabetic volunteer was incubated with the 

nanoparticles. Nanoparticles were washed and the captured protein content was eluted 

and analyzed by western blot. The A1C level in the capillary blood of the diabetic 

patients was 8.4%. The comparison between the capillary blood A1C levels and urine 

A1C levels showed a possible correlation. Figure 29 shows the A1C and total 

hemoglobin westerns side by side. The left image contains the blot probed with the A1C 

antibody with the following lane contents: Lane 1 is blank, lane 2 is a loading control of 

20ng of A1C, lane 3 is blank, lane 4 contains diabetic urine processed through the 

nanoparticles, lane 5 is blank and lane 6 contains a molecular weight ladder. The right 

image contains the blot probed with the total hemoglobin antibody with the following 

lane contents: Lane 1 is a molecular weight ladder, lane 2 blank, lane 3 is 20ng A1C 

loading control, lane 4 is blank, lane 5 is urine processed through nanoparticles, and lane 

6 is blank.  
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Figure 29 A1C/Hb ratio western blot.  

Western blot of a diabetic urine sample which was probed for both A1C(left) and total hemoglobin(right). 

  

A calculation of the ratio of urinary A1C to total urinary hemoglobin was attempted. This 

ratio is currently calculated for the proteins detected in capillary blood and it is 

considered pathologic when higher than 6.5%.  The A1C to total hemoglobin ratio taken 

from the western blot was 0.84% which was approximately 10 times off the measured 

capillary ratio of 8.5%. 

Mass Spectrometry Results 
The diabetic urine processed by RB221 had 1065 proteins with 489 being non-

redundant. The diabetic urine processed with RB31 had 1,123 proteins with 504 non-

redundant proteins. The diabetic urine processed with the RR23 had 873 proteins with 

384 non-redundant. The outputs from Proteome Discover can be found in compiled in 

supplemental file 4. Figure 30 shows a Venn diagram of the urine proteins hits by dye. 
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Figure 30 Diabetic urine proteins by dye. 

 

A total of 736 non-redundant proteins were found when the proteins by dye were 

compared. RB221 contained the highest unique proteins with 136, reactive black had 129 

and RR23 had 66. The overlap between all dyes was 236. 

 The healthy urine processed by RB221 had 1093 protein hits and 458 were non-

redundant. The healthy urine processed with RB31 had 1,127 protein hits and 476 were 

non-redundant. The healthy urine processed with RR23 had 1076 protein hits, 412 non-

redundant. The proteins discovered can be found in Supplemental File 6. Figure 31 shows 

the urine protein overlap by dye. 
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Figure 31 Healthy urine proteins by dye. 

 

A total of 707 non-redundant proteins were found when the proteins from the 3 particle 

types were combined. The RB31 had the highest number of unique proteins at 106, the 

RB221 had a total of 105 proteins and the RR23 had a total count of 93 unique proteins.  

 The healthy and the diabetic sample had a total of 971 non-redundant proteins. 

Figure 32 shows the overlap between the healthy and the diabetic urine. 
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Figure 32 Comparison of healthy versus diabetic proteins. 

 

The diabetic sample had 264 proteins, the healthy sample has 235 unique proteins and the 

overlap between the two was 427 proteins. 

 The proteins were further characterized using Gene Ontology annotations. 

Proteome discover attached key words associated with cellular function, biological 

processes and molecular function. The counts can be found in supplemental file 5.  Figure 

33 and Figure 34 show a pie chart of the biological processes by dye in the diabetic 

sample.  

 



 

  

5
3
 

 
Figure 33 Biological processes of proteins in diabetic urine sample by dye. 
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Figure 34 Biological processes of proteins in healthy urine sample by dye. 
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The most prevalent biological functions of the proteins found in the urine samples were 

development, regulation of biological functions, response to stimulus, and transport. The 

proteins’ biological processes were independent of the particle/sample with a p-value of 

0.9999. The annotations concerning the cellular components the proteins make up were 

also counted. Figure 35 and Figure 36 show the breakdown of this annotation. 
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Figure 35 Breakdown of the cellular components the urine proteins belong to in the diabetic urine sample by dye. 
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Figure 36 Breakdown of the cellular components the urine proteins belong to in the diabetic urine sample by dye. 
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It is noteworthy that the main cellular components that the urine proteins arose from are 

the membrane, extracellular area, cytosol, and cytoplasm. The cellular components the 

proteins make up were independent of the particle/sample with a p-value of 0.2762. 

Finally, the proteins were characterized by molecular function which can be seen in 

Figure 37 and Figure 38. 
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Figure 37 Breakdown of the molecular functions the urine proteins perform in the diabetic urine sample by dye. 
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Figure 38 Breakdown of the molecular functions the urine proteins perform in the healthy urine sample by dye. 
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Most of the proteins in the urine were related to protein binding, catalytic activity, motor 

activity, and metal ion binding. The molecular activities of the proteins were independent 

of the particle/sample with a p-value of 0.8943. 

 The normalized spectral abundance factor for each of the protein hits were also 

analyzed utilizing un-supervised hierarchical clustering. The heatmap generated from this 

analysis is shown in Figure 39. 
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Figure 39 Heatmap of urine proteins  

Unsupervised hierarchical clustering of normalized z-scored peptide spectral counts for the urine proteins by dye. 



   

 63    

    

 

The samples clustered into two main clusters, the healthy individual and the diabetic 

individual.  
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DISCUSSION 

Core Particle Synthesis  
The synthesis of the core allylamine and acrylic acid particles have been 

previously described by Luchini et al. (2008) and the results seen in this study correlate 

with their findings. The particles were of a consistent size between batches and of similar 

concentrations. The Acyano particle synthesis generated a large number of particles. The 

quantity of the particles was large enough that they crashed out of the suspension. I was 

unable to quantify the concentration of the particles because of the transition to ethanol 

for the functionalization reaction. The Acyano particles did have an interesting drop in 

size after 25°C, from 735.5nm to 481nm. The concentration of the FBB crosslinked 

particles was also not determined due to time constraints. These particles were very 

difficult to clean which could be indicative of the FBB not fully covalently linking with 

the acrylic acid. The FBB particles also showed a similar drop from 784.5nm to 583.1nm 

after 25°C. The decrease in size of these particles may be of use if the particles were ever 

utilized as a delivery system. 

Particle Functionalization 
The AAc particles all took up dye during the functionalization. The alizarin blue 

black showed an unusual hydrodynamic diameter over the temperature range creating a 

small bell curve shape. The alizarin blue black lacked a primary amine group which may 

have prevented creation of the covalent linkage. Possibly the alizarin blue black may 
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have adsorbed to the particles and as such influenced the swelling characteristics. The 

batch to batch variability between the acrylic acid particles was not consistent. This is 

apparent in the difference in color in Figure 10 between the two Bismarck brown batches 

and the two trypan batches. This variability is what led me to investigate the vinyl 

sulphone dye chemistry.  

The AA particles also took up the dyes. The particles stained with reactive black 5 

had severe clumping issues which may be indicative of crosslinking between the 

particles. Reactive black 5 contains two vinylsulpone groups which could have induced 

particle crosslinking. In the future addition of a NIPA shell to the core particles prior to 

functionalization with reactive black 5 may prevent this from occurring. However, 

crosslinking the particles could hold new possible application of the technology in the 

future. Additionally, it may be of interest to explore the ability to link the particles 

together utilizing this reactive black 5 and another vinyl sulphone dye in various molar 

ratios.  

The particles containing the remazol brilliant violet became extremely 

hydrophobic after functionalization. The appearance of an oil and water separation was 

seen in the particle solution. The remazol brilliant violet particles could capture protein in 

solution but the ability to stay in an aqueous solution is important because of the aqueous 

nature of urine. It may be of interest to explore the proteins the remazol brilliant violet 

capture as the hydrophobic nature may enable enrichment of hydrophobic molecules like 

membrane proteins but this was not in the scope of my study. 
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The Acyano particles were functionalized in a different manner than the other 

particles. The strategy for the Acyano was to synthesize a dye onto the polymer backbone 

of the particles utilizing the cyano group as a constituent of the dye. The development of 

a deep yellow/orange color is indicative of success in this undertaking. The particles also 

showed some hydrophobic tendencies and separated over time. The ability to synthesize 

various dyes/molecules directly onto already synthesize particles may help elucidate the 

bait protein interaction because of the ability to add more specific groups. 

  

Particle Validation 
Many of the particles could capture proteins out of solution and then elute them. 

The Acyano-vanillin particles were the only particles which failed to show any capturing 

ability (data not shown). It is possible that the ethanol was not completely removed 

during the washing steps, which prevented the proteins from interacting with the 

molecular bait. The particles chosen from the validation steps for further experimentation 

were the RB221, RB31, RR23 and the FBB crosslinked particles. These three reactive 

dyes showed a very good capturing and eluting capability and the batch to batch 

variability was low. 

Antibody Validation and Particle Screening 
The generation of a quantitative assay is dependent on the reliability and linearity 

of the detection method. Therefore, validation of antibodies is crucial in the development 

of an immunoassay. The A1C antibody showed a good reproducibility with a coefficient 

of variability of 15%. It is desirable that the COV be below 10% but for a proof of 



   

 67    

    

principle 15% is adequate. The A1C antibody also had an excellent goodness of fit of 

96.9% within a range of 100ng to 20ng of A1C. In future development, the linearity 

experiments should be expanded to encompass a broader range. The total hemoglobin 

antibody also had a low COV of 14%. The linearity of the total hemoglobin antibody was 

also high with a goodness of fit of 96% for A1C but only 89% when total hemoglobin 

was utilized. The signal intensity of the hemoglobin antibody was much greater than the 

A1C antibody to the point that the bands were bleeding together. This high signal also 

interfered with the ability of the protein simple imager to differentiate bands properly. To 

address this the image was analyzed in FIJI (Schindelin et al., 2012) and the intensity of 

the last peak in the lane was utilized to determine the goodness of fit. More optimization 

experiments, possibly with a greater antibody dilution, would be beneficial in future 

development of the assay. 

The RB31 particles were able to capture and concentrate the A1C. The ability to 

capture A1C was illustrated in Figure 28. The RB31 particles were then utilized to probe 

a diabetic urine sample. 

A1C Western Blot Results 
Diabetic urine was processed with RB31 nanoparticles and probed for A1C. 

During urine collection, the volunteer’s A1C/Hb ratio was determined via an A1C Now 

blood test as 8.2%. The intensities of the total hemoglobin band and the A1C band were 

normalized by the intensity of a loading control and the end ratio was found to be 0.84%. 

This is far from the known value from 8.2% but it is possible that the ratio may need to 

be transformed because of the biofluid source. Many proteins in urine may already be in a 
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state of degradation and even though the particles were added right after the urine was 

voided it is possible degradation was occurring in the bladder. Additionally, it was found 

that the intensity of the loading control was greater than expected and may need to be 

adjusted in future development of the test. The loading control band intensity is used to 

normalize data across antibodies (total and glycated hemoglobin); therefore the band 

intensity needs to be optimal regarding intensity. The total population of A1C is already 

low in the bloodstream so it makes sense that the level in urine is extremely low. The 

harm in this is that the signal I saw may be due to the large amount of hemoglobin which 

was concentrated by the nanoparticles. 

Mass Spectrometry Results 
The protein content of the urine, if sampled with high sensitivity, may yield 

important information which could aid in future diagnostics. Each dye utilized in the 

study was able to capture some proteins which the other dyes could not.  

In the mass spectrometry runs the particles enabled the detection of 971 non-

redundant proteins. A total of 30ml of urine was utilized to generate the result, which is a 

small volume when compared to recent literature. Were able to detect 3429 proteins 

through an extensive fraction setup of urine pooled from 12 individuals (approximately 

160ml per individual). The utilization of nanoparticles greatly reduces the complexity of 

the protein concentration steps and enabled the detection of approximately 36 proteins 

per milliliter which is quite good when compared to the 20 proteins/ml from Santucci et 

al. 2015. Although I found more proteins per milliliter compared to Santucci et al. (2015) 

future experiments should include technical replicates to ensure reproducibility. In 
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another experiment, which is not outlined in this document, the particles detected 1226 

non-redundant proteins from 2ml of urine through a serial particle incubation scheme 

(Supplementary File 6). 

The ability of the nanoparticles to capture different proteins is dependent on the 

incorporated dye as demonstrated in Figure 30 and Figure 31. This is of importance 

because the ability to selectively concentrate specific types of proteins would be 

beneficial in studying different molecular mechanisms associated with disease. To look 

further into this GO ontology analysis was performed. As expected, although the 

proportions changed slightly between the different dyes there was not a substantial visible 

difference between the groups. The chi square analysis of independence may not be 

accurate because of the sporadic spread of the overall counts within the different 

categories.  It is of interest to note the following ontologies were all below a count of 10: 

cell division, cell growth, reproduction, chromosome, proteasome, ribosome, motor 

activity spliceosome complex, or transcription and translation regulation. These 

classifications having low counts makes sense because urine is not a very active biofluid 

and these types of proteins would not be expected in a biofluid that is not actively 

involved in metabolism.  

Future Research 
Hydrogel nanotechnology enables researchers to discover and measure analytes 

that exist at very low concentration in body fluids, well below the sensitivity of current 

analytical techniques. A better understanding of the dye protein interaction will enable a 

refinement of the technology to a point of capturing specific classes of proteins. A 
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combination of bioinformatics, mass spectroscopy technique should enable the 

elucidation of this interaction. Luchini et al., (2014) have utilized dyes to elucidate 

protein-protein interactions via solvent exclusion. This methodology may be applicable to 

see exactly what side chains and structures the dyes interact with.  

The development of a non-invasive A1C test would reduce the amount of 

venipunctures a diabetic patient must endure. The findings in this study show that A1C is 

found in the urine and it can be compared to the total hemoglobin levels in the urine. A 

large cohort of patients would help standardize the relationship between A1C ratios found 

in urine versus levels found in the blood stream. Additionally, the ability to index an 

individual’s urine proteome from doctor visit to doctor visit may enable physicians to 

develop early warning diagnostics. 
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