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pCO2 partial pressure of carbon dioxide 

PCR polymerase chain reaction 

PdI polydispersity index 

QD quantum dot 

RF respiratory fluid 

RS1 recognition site 1 

RS2 recognition site 2 

RT room temperature 

SMBG self-monitoring of blood glucose 

SPAAC strain-promoted azide alkyne cycloaddition 

T2D type 2 diabetic 

TAMRA tetramethylrhodamine 

TBE tris-borate-EDTA 

TEM transmission electron microscopy 

W1 first wash 
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ABSTRACT 

Two thirds of patients with diabetes avoid regularly monitoring their blood glucose levels 

because of the painful and invasive nature of current blood glucose detection. As an alternative to 

blood sample collection, exhaled breath condensate (EBC) has emerged as a promising non-

invasive sample from which to monitor glucose levels. However, the inconsistency in the methods 

used to collect EBC significantly impacts the reliability of reported analyte concentrations in EBC. 

Furthermore, this dilute sample matrix requires a highly sensitive glucose biosensor to enable 

robust and accurate glucose detection at the point-of-care. Together, a reliable collection method 

and sensitive detection system can enable accurate modeling of glucose transport from blood to 

breath that is reflective of airway glucose homeostasis. 

 I address this research gap by simultaneously designing a standardized EBC collection 

method that allows for separation of dead space and alveolar air and developing a competitive 

fluorescent biosensor that can resolve micromolar glucose concentrations changes. First, I develop 

a low-cost, automated condenser that selectively collects exhaled breath that has been exchanged 

with lung fluid based on the detection of higher breath temperatures that are characteristic of the 

lower respiratory regions. Using this device, I investigate the relationship between blood and EBC 

glucose in diabetic and normoglycemic human subjects. Next, I engineer the exquisitely sensitive 

E. coli glucose binding protein (GBP) with a chemo-enzymatic tag to selectively conjugate it to 

highly photostable quantum dots (QDs). Finally, I take advantage of the competitive binding of 

glucose (KD=0.35 µM) and galactose (KD=1.4 µM) to GBP to develop a fluorescent glucose 

biosensor using the GBP-QD conjugate. 
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 INTRODUCTION 

 Parts of this chapter are reproduced from Translational Research, 213, D. Tankasala and 

J. Linnes, “Non-invasive glucose detection in exhaled breath condensate”, 1-22, Copyright © 2019 

Elsevier Inc. All rights reserved1. 

1.1 Diabetes Mellitus 

 Diabetes mellitus is a serious metabolic condition caused by hyperglycemia, which results 

from either insufficient insulin secretion or defects in insulin action2. According to the 2017 

National Diabetes Statistics Report from the CDC, approximately 30.3 million people (over 9.4% 

of the U.S. population) are afflicted with this disease. Diabetes is classified into two primary types: 

type 1 – insulin-dependent/juvenile-onset diabetes, and type 2 – non-insulin dependent/adult-onset 

diabetes. Type 1 diabetes affects 5-10% of the individuals diagnosed with diabetes and those 

individuals are usually under 20 years old. Type 2 diabetes, on the other hand, accounts for 90-95% 

of the diabetic population and is commonly diagnosed in adults over the age of 20. Furthermore, 

around 84.1 million individuals have pre-diabetes, which if untreated, can lead to type 2 diabetes 

within five years3. 

1.1.1 Management of disease 

 Methods exist to manage diabetes and lower blood glucose levels but there is currently no 

cure for either type. Glycemic control options can reduce the risk of developing severe 

complications associated with hyperglycemia, such as retinopathy (loss of vision), peripheral 

neuropathy, and cardiovascular symptoms.2 However, if medications or insulin injections are not 

administered properly, patients can develop hypoglycemia. Despite the recent advances in the self-

monitoring of blood glucose (SMBG) at the point of care, glycemic control is unfortunately still a 

challenge for many diabetic patients4,5.   

As many as 67% of diabetic patients fail to monitor their blood glucose; citing finger 

soreness, pain, and inconvenience as the most common reasons for noncompliance6. To mitigate 

this issue, many researchers are working to develop non-invasive glucose sensors that possess the 

same level of accuracy as traditional blood-dependent measurement systems. The non-invasive 
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measurement of glucose may enable patients to conveniently check their glucose levels without 

the painful side effects of finger prick measurements.  

 It is important to note that type 1 and type 2 diabetic patients have different needs when it 

comes to how they choose to maintain glycemic control. Type 1 diabetes is caused by an absolute 

deficiency of insulin secretion whereas type 2 diabetes is caused by a combination of insulin 

resistance and inadequate insulin secretory response7. Therefore, most patients with type 1 diabetes 

rely on insulin injections in addition to monitoring their blood glucose levels. To ensure that 

glucose levels are within the normoglycemic range at all times, especially during insulin injections, 

continuous glucose monitoring systems (CGMs) are beneficial8. On the other hand, most type 2 

and insulin-free diabetic patients do not require continuous monitoring of glucose levels. After 

performing informal interviews with 100+ stakeholders in the glucose biosensor market, including 

diabetic patients (type 1 and 2), ICU/NICU nurses, nursing home caretakers, and medical device 

companies, I found that most type 2 diabetic patients prefer to only check their blood glucose 

levels when they deviate from their diet or have not eaten regularly. According to the American 

Diabetes Association, at least three finger prick blood glucose measurement should be taken daily 

to maintain glycemic control9. From my findings, this number varies significantly across type 2 

diabetic patients; from two times a day to once in two months, depending on whether they feel 

their blood glucose levels are well-controlled. Many patients mentioned that the inconvenience of 

finger-prick whole-blood sample collection prevents them from wanting to check more frequently, 

which was consistent with observations in previously published studies. 

1.1.2 Advantages of non-invasive glucose detection 

While CGM devices are extremely beneficial for the percentage of the diabetic patient 

population that requires continuous readouts to balance glucose and insulin concentrations, the 

larger percentage of the diabetic population (type 2 and insulin-free patients) and pre-diabetic 

individuals can benefit from a non-invasive, intermittent method of glucose detection. This will 

potentially encourage them to check glucose levels more regularly and ultimately improve 

glycemic control. 

Blood glucose concentrations for a healthy person are within the range of 4.9 mmol/L to 

6.9 mmol/L, which translates roughly to 80 to 120 mg/dL10. Glucose passively diffuses from the 

blood into other less-complex physiological fluids, including: interstitial fluid (ISF), sweat, tears, 
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aqueous humor, saliva, and exhaled breath condensate11–16. Each of these fluids are associated with 

a specific glucose concentration range but not all are well correlated with blood glucose due to 

fluctuations in the glucose dilution factor and time-lag between changes in blood glucose and these 

other fluids17,18.  

1.1.3 Non-invasive glucose-containing sample matrices 

ISF is well characterized and represents blood glucose values accurately but possesses a 

significant time delay that limits its application for real-time glucose measurements. For ISF 

measurements, the dynamic range of the sensor should be between 2-10 mM in order to cover 

hypoglycemic to hyperglycemic ranges. Devices like the GlucoWatch, which rely on transdermal 

mechanisms to electrochemically detect glucose in ISF, have had limited success because of 

environmental factors that affect sensor performance. Temperature fluctuations, excess 

perspiration, and mechanical shock can alter the electrolyte concentrations responsible for the 

sodium-glucose gradient19. 

For sweat, tears, and the aqueous humor, it is unclear how the glucose concentrations rise 

during hyperglycemic episodes. Furthermore, the glucose concentrations vary greatly depending 

on physical activity and disease states (i.e., retinopathy can alter aqueous humor glucose 

concentrations). Saliva is the least reliable sample, as studies have proved that salivary glucose is 

easily altered by meal consumption and does not reflect true blood glucose values16,17. Exhaled 

breath condensate originates from airway surface liquid, which maintains a rapid and stable 

glucose exchange with plasma. Thus, it is a promising candidate for non-invasive glucose detection. 

1.2 Airway surface liquid (ASL) glucose 

The thin layer of fluid covering the mucosa of the alveoli as well as both the small and large 

airways is interchangeably referred to as the airway surface liquid (ASL), alveolar lining fluid 

(ALF), epithelial lining fluid (ELF), and respiratory fluid (RF) in the literature20–22. For simplicity, 

it will be referred to as ASL. This fluid serves numerous purposes and is the first layer of defense 

between the lungs and the outside world. 

ASL in the conducting zone of the airway (from nose to proximal bronchioles) exists as a 

sol-gel compartment whereas in the respiratory zone of the airway (from distal bronchioles to 
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alveoli), it exists as a soluble layer to prevent collapse of alveoli23. Nasal secretions of ASL do not 

normally contain glucose, but a study by Phillips et al.24 found that glucose concentrations at 2-7 

mM are present in nasal secretions during episodes of hyperglycemia and epithelial inflammation. 

However, nasal secretions are not necessarily representative of blood glucose concentrations due 

to the disturbance of normal glucose absorption across the epithelium during these episodes. As 

such, the composition of ASL is highly varied across the respiratory tract. 

1.2.1 Regulation of glucose from blood into ASL 

ASL in the respiratory zone of the lungs contains glucose concentrations that are ~12-fold 

lower than that of plasma glucose. Previous work by Baker et al. demonstrated that airway glucose 

homeostasis is regulated by facilitative glucose transporters (GLUT), which are present along the 

apical and basolateral membranes of airway epithelial cells, and tight junction proteins25 (Figure 

1.1). In healthy individuals, the abundance of tight junction proteins limits the paracellular 

diffusion of glucose from the lung interstitium into ASL. GLUTs not only allow passive diffusion 

of glucose from lung interstitium but also directly reduce glucose concentrations in ASL via 

intracellular uptake and metabolism to ensure that it is significantly lower than that of blood 

glucose25,26. In the case of acute hyperglycemia and lung inflammation, this homeostasis is 

disturbed, and ASL glucose is significantly increased, despite the upregulation of GLUTs, due to 

compromised tight junctions. High, unregulated ASL glucose levels are directly linked to upper 

and lower respiratory bacterial loads27. Thus, in diabetic patients, where ASL glucose 

concentrations are higher than those observed in non-diabetic individuals, there is an increased 

risk for respiratory bacterial infections if glucose homeostasis is not effectively achieved28. 
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Figure 1.1. Airway glucose homeostasis. 

(A) Airway surface liquid (ASL) glucose concentrations are normally ~12 times lower than that 

of blood concentrations; this is maintained by the tight junctions between the airway epithelial 

cells, which limit glucose influx, as well as by GLUTs on the apical and basal membranes that 

actively uptake and metabolize glucose; (B) During hyperglycemia, the gradient of glucose 

movement into ASL is increased. With airway inflammation, tight junction protein expression is 

reduced and allows an increased influx of glucose into the ASL. The upregulation of GLUTs is 

not enough to actively lower ASL glucose concentrations and thus the airway glucose 

homeostasis is disrupted. Reprinted from CHEST, 153, E. H. Baker and D. L. Baines, Airway 

Glucose Homeostasis: A New Target in the Prevention and Treatment of Pulmonary Infection, 

507-514, Copyright © 2018, with permission from Elsevier.  

1.2.2 Transport of glucose from ASL into exhaled breath condensate (EBC) 

ASL is secreted from the epithelial cell lining throughout the respiratory tract and is non-

invasively collected in the form of  exhaled breath condensate (EBC), which has previously been 

used as a non-invasive matrix to evaluate biomarkers of lung disease29–31. The rate of respiratory 

droplet formation is dependent on the epithelial cell permeability in the various regions of the tract 

and the glucose transport from the alveoli. During turbulence in the airways caused by the 
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reopening of bronchioles and alveoli, non-volatile compounds in the ASL, such as glucose, 

undergo aerosolization32,33.  

Thus, when ASL is collected as EBC (via cooling of the air exhaled by a subject), it is 

greatly diluted by water vapor as it travels from the respiratory zone to the conducting zone. While 

EBC glucose is assumed to have a theoretical dilution factor from plasma glucose of 1:1000016,34, 

the variable nature of water vapor dilution and droplet aerosolization has resulted in reported EBC 

glucose concentrations varying significantly from 0.24-5.5 µM34–38.  

1.2.3 Effect of diabetes and lung-related co-morbidities 

 Previous studies have shown that patients with lung-related diseases such as chronic 

obstructive pulmonary disease (COPD) or cystic fibrosis (CF) have altered glucose concentrations 

in EBC16,33,39,40. A study by Baker et al. concluded that CF patients have elevated ASL glucose 

levels compared to diabetic patients without any lung-related ailments. Compared to both CF and 

diabetic patient groups, patients with CF-related diabetes had significantly higher concentrations 

of glucose in EBC. In other studies, while EBC itself wasn't sampled, it was found that in other 

airway samples (nasal lavage fluid, sputum, bronchoalveolar lavage fluid) from patients with 

COPD, ASL glucose concentrations were higher than those of healthy subjects41,42. This means 

that lung-related comorbidities may influence the reliability of using ASL derived glucose 

measurements as an alternative to blood glucose measurements unless a reliable model for glucose 

airway homeostasis is established for diabetic and non-diabetic individuals. 

1.3 Collection of EBC 

 The appeal of using EBC as a sample for biomarker detection and biomolecule 

analysis is its non-invasive collection method. Compared to bronchoalveolar and nasal lavage, 

EBC collection samples a much larger area of the lung and does not alter the physiology of the 

respiratory tract lining43. Despite this ease of accessibility, there are several physiologic and 

environmental factors affecting EBC glucose concentrations that must be considered and 

controlled for during collection. 

Most commercially-available devices for EBC collection, such as R-Tube and EcoScreen, 

rapidly cool the exhalate so that aerosol particles can adhere to cooled surfaces such as silicone or 
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Teflon44,45. In a typical procedure, a subject breathes into a collection tube that is maintained at a 

much lower temperature than ambient air (between 5-10 °C). Cooling is normally achieved via an 

ice bath or dry ice immersion of the collection surface prior to collection (Figure 1.2). This allows 

the aerosolized droplets of exhaled air to condense into a liquid that can be collected and analyzed. 

 

 

Figure 1.2. Method of condensing exhaled breath. 

Reprinted with permission of the American Thoracic Society. Copyright © 2020 American 

Thoracic Society. All rights reserved. G. M. Mutlu, et al./2001/Collection and Analysis of 

Exhaled Breath Condensate in Humans/Journal of Respiratory and Critical Care 

Medicine/164/731-737. The American Journal of Respiratory and Critical Care Medicine is an 

official journal of the American Thoracic Society. 

1.3.1 Variable dilution factors 

 A major issue affecting the reliability of EBC glucose measurements is the variable dilution 

factors due to water vapor when ASL is collected as EBC. While ASL is secreted throughout the 

epithelial cell lining of the respiratory tract, it is aerosolized and diluted by droplets of water vapor 

as it travels from the lower airways to the mouth. Thus, all non-volatile solutes, such as glucose, 

are diluted to a certain degree by water vapor when they are collected in EBC. This makes it 

challenging to determine whether changes in reported EBC glucose concentrations reflect 

fluctuations in water vapor droplet formation or the concentration changes of glucose in the fluid 

lining34. A possible explanation for the large variability in dilution factors of EBC is the inclusion 

of anatomical dead space air in the condensed exhaled air sample. Anatomical dead space is the 
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portion of air from the upper respiratory tract (mouth, nose, trachea), that does not participate in 

gas exchange and thus does not contain solutes of clinical relevance from the alveolar epithelial 

lining46. Therefore, the inclusion of ASL from the dead space air in EBC can dilute solute 

concentrations to levels that are below the limit of detection for many assays. Recent devices such 

as the EcoScreen 2 have been developed to separate alveolar air from dead space air by discarding 

the first 50 mL of each breath cycle47. However, this threshold volume may not accurately estimate 

the dead space volume, which can fluctuate between breaths and can vary across subjects. The 

inconsistency in collection methods and lack of standardization for separating alveolar analytes 

from dead space air have contributed to the wide range in experimental blood-to-breath glucose 

ratios (anywhere from 1000:1 to 50,000:1)34. 

1.3.2 Surface materials for condensation and collection 

The material chosen for droplet condensation and collection should be sufficiently 

hydrophobic to allow for ease of droplet flow while also not trapping small molecules or proteins 

on its surface. Fouling of the collection surface with biomolecules can affect the concentration of 

glucose in the sample if residual glucose remains on the collection surface. Any material used in 

collection surfaces should also be tested to ensure it does not leach or contaminate the EBC sample 

as certain surfactant adhesive properties may affect the concentration of biomarkers and small 

molecules collected. Copper, for example, has been shown to leach into EBC samples; since it is 

also a highly reactive material48. 

The current devices on the market for EBC collection, EcoScreen and R-Tube, use different 

materials for trapping and cooling EBC. The R-Tube uses a polypropylene tubing with an outer 

aluminum cooling sleeve to collect EBC and the coating material for EcoScreen is very similar to 

Teflon. Although not tested on R-Tube and EcoScreen specifically, one study analyzed the 

interaction effects of four different collection materials on glucose measurements and found that 

Teflon had the least impact on glucose solutions, making it the most appropriate material for 

glucose collection49. 

Furthermore, a larger surface area may allow for increased interaction and cooling to 

enable droplet formation and condensation. However, too large of surface area can hinder 

collection of the condensate if the droplets cannot coalesce. Therefore, an optimal design for 
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condensation and collection should allow enough surface area for droplet formation but in a 

smaller geometry that can allow for droplet coagulation and collection. 

1.3.3 Salivary contamination in EBC 

 Salivary contamination is an issue when collecting EBC, as studies have shown that 

salivary glucose does not accurately represent blood glucose15,16,50–52. To combat salivary 

contamination, individuals should rinse their mouth thoroughly prior to exhalation into the 

collection device because certain food or drinks present in saliva may affect the concentration of 

glucose as well as other analytes. The device should also incorporate a saliva trap and subject 

should swallow periodically to avoid excess saliva from escaping the saliva trap. Because amylase 

is found only in the saliva and not the rest of the respiratory circuit, some studies have assayed the 

concentration of amylase in the saliva as well as EBC collected to determine the extent of salivary 

contamination in EBC. If the amylase concentration in EBC is at least 10-fold lower than that of 

the saliva, then salivary contamination is considered minimal39,53. 

1.4 Glucose detection methods for EBC 

In addition to proper controls and standardized methods for collecting EBC, several design 

and performance criteria are required for accurate and rapid sensing of glucose at these low 

concentrations. Most of the previously published studies on EBC glucose detection use small 

molecule detection instruments to quantify glucose concentration. In contrast to chromatography-

based laboratory instruments, biosensors are more suitable for rapid, point-of-care glucose 

detection. 

1.4.1 Biosensor specifications 

Glucose biosensors currently make up 85% of the global biosensor market, which is worth 

approximately $11.5 billion USD54. A biosensor is an analytical device that incorporates 

biologically-derived recognition elements to detect analytes through a physiochemical 

transducer55. The main components of a biosensor include: the analyte (glucose), a bioreceptor or 

recognition element, and a transducer, which converts the biorecognition element into a 

measurable signal. There are many different molecular recognition elements but those commonly 
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used in glucose biosensors are protein-based, including enzymes, binding proteins, and lectins56. 

The type of recognition element is determined by the type of physiological sample and signal of 

interest. Transduction mechanisms for glucose biosensors typically include electrochemical 

detection, fluorescence intensity measurements, and surface plasmon resonance, among others.  

Certain recognition elements and transduction mechanisms are promising for low-

concentration glucose detection. For successful application in exhaled breath condensate, the limit 

of detection of a glucose biosensor should be at the sub-micromolar level. The dynamic range 

should cover normal and hyperglycemic ranges for all literature values: ideally between 0.2 µM 

and 2 mM. Because the differentiation between normal and hyperglycemic ranges are reported to 

be at the sub-micromolar range for some studies, the resolution should be 0.1 µM or smaller38. 

1.4.2 Protein-based enzymatic glucose recognition elements 

The most widely used method for glucose detection is based on the interaction of the 

analyte with glucose-specific enzymes. Glucose oxidase (GOx) and glucose dehydrogenase (GDH) 

are the two enzymes used in monitoring blood glucose. GOx has been shown to have high 

selectivity for glucose in blood and other fluids such as interstitial fluid, tears, sweat, and saliva57–

60. GOx catalyzes the oxidation of β-D-glucose into D-glucono-1,5-lactone using molecular 

oxygen as an electron acceptor61. Hydrogen peroxide is a byproduct of this enzymatic reaction (Eq. 

1). 

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2
𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑜𝑥𝑖𝑑𝑎𝑠𝑒
→            𝐷-glucono-1,5-lactone + 𝐻2𝑂2 (1) 

While GOx is the gold standard of glucose sensing due to its high stability, it uses 

molecular oxygen as the primary electron acceptor and is unable to transfer electrons efficiently 

to electrode surfaces62,63. GDH combined with redox cofactors to transfer electrons to electrode 

surfaces is an alternative to GOx-based biosensors. GDHs are further categorized according to 

redox cofactors used, which act as primary electron acceptors. Cofactors used with GDH include 

nicotine adenine dinucleotide (NAD), nicotine adenine dinucleotide phosphate (NADP), and 

pyrroloquinoline quinone (PQQ)64 (Eq. 2).  

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑃𝑄𝑄(𝑜𝑥)
𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑑𝑒ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑠𝑒
→                  𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 𝑃𝑄𝑄(𝑟𝑒𝑑)  (2) 
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Traditionally, the enzyme of choice is immobilized on a surface which interacts with the 

biological sample of interest54,65,66. Enzyme-based glucose biosensors are commonly quantified 

using an electrochemical (amperometric) sensing modality. The presence of a redox center in the 

enzyme and the mechanism of electron transfer make electrochemical or amperometric detection 

the most popular application for GOx and GDH enzymes66. Originally introduced by Clark and 

Lyons for use in glucose monitoring, first generation glucose biosensors used molecular oxygen 

as the primary electron acceptor in an enzyme-catalyzed (GOx) glucose reaction, and glucose 

concentration was amperometrically determined by monitoring either the decrease in oxygen or 

the production of hydrogen peroxide67,68. GOx and GDH have similar affinities for glucose 

(Km=14.6 mM and 10 mM, respectively) and are stable in a wide range of concentrations69–71. 

 Modifications to GOx and GDH-based electrochemical sensors have been made to achieve 

the low limit of detection and reasonable resolution required for non-invasive fluids with sub-

micromolar glucose concentrations. Two studies from the Ren group have demonstrated GOx-

based electrochemical glucose sensing for application in EBC72,73. These studies used zinc oxide 

(ZnO)-functionalized high electron mobility transistors (HEMTs) to immobilize GOx for 

electrochemical glucose detection. Using the changes of drain current as a function of glucose 

concentration, a linear range of 0.5 nM to 14.5 µM with a limit of detection of 0.5 nM was 

achieved72.  

Neither study tested the sensor on collected EBC samples from human subjects but the 

second study by Chu et al. integrated the sensor into a condensing unit comprising of a Peltier 

(thermoelectric) cooler to demonstrate condensation of an aerosolized solution and direct detection 

of glucose from the condensed sample. They found that only 3 µL of condensed sample was 

required to cover the sensing area, which took less than 2 seconds to form when the temperature 

of the cooling surface was maintained at 7 °C73. While this device was able to attain low detection 

limits and a physiologically relevant linear range, the high dependence on pH and temperature for 

enzymatic activity limits its ability to produce robust and reproducible measurements under 

physiological conditions73. 

In an effort to overcome some of the drawbacks associated with non-invasive 

electrochemical glucose detection, researchers have used enzyme-based elements with 

fluorescence, surface plasmon resonance, and colorimetry74–78. Due to the higher glucose 
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selectivity and stability of GOx over GDH, most studies for non-invasive glucose detection at low 

concentrations use GOx as the recognition element. Apart from organic fluorophores and 

luminescent probes such as ruthenium and platinum, some studies have used quantum dots to 

achieve higher sensitivity with GOx-based glucose detection. Quantum dots (QDs) are inorganic, 

semiconducting nanocrystals which have well-defined energy levels and are used in a wide range 

of applications. Unlike organic dyes, which operate over a limited range of colors and are 

susceptible to photobleaching, QDs are significantly brighter, more photostable, and can be tuned 

to produce any color of visible light. They have been employed in enzyme-based glucose 

biosensors that have achieved micromolar and sub-micromolar detection limits in vitro78–81.  

The most successful study was done by Cao et al. in which a complex consisting of CdTe 

QDs bound by four GOx structures was developed82. When glucose was introduced to the complex, 

the GOx would produce hydrogen peroxide that quenched the QDs in a proportional manner to the 

amount of glucose detected. The hydrogen peroxide was immediately reduced to oxygen when the 

electron transfer occurred on the surface of the QDs. The oxygen is then stored in electron hole 

traps on the QDs and can be used as an acceptor for future GOx reactions; this allows for greater 

temporal resolution. The complex exhibited better thermal stability compared to native GOx as it 

was stable between 20-80 °C and had maximum activity in the 40-50 °C range. A linear range of 

5 µM to 1 mM was demonstrated along with an experimental detection limit of 0.1 µM78. However, 

the sensor able to achieve the desired detection limit and linear detection range only under 

optimized pH conditions. 

Although significant work has been done in developing enzyme-based sensors for non-

invasive glucose detection, few studies have demonstrated sub-micromolar sensitivity and 

detection ranges suitable for EBC75,76,83. The inherently high Michaelis-Menten constant of GOx 

(Km = 3.5-38 mM) prevents it from being suitable for sub-micromolar detection unless expensive 

modifications are made for signal amplification71. Furthermore, the enzymatic activity of GOx is 

greatly dependent on pH and temperature – both of which can fluctuate greatly in physiological 

conditions. In addition, byproducts such as hydrogen peroxide and gluconic acid (hydrolyzed form 

of D-glucono-1,5-lactone) can deactivate the enzyme, affect the stability of electrodes when used 

in electrochemical detection, and ultimately reduce the shelf-life of the device73,84,85. The presence 

of baseline hydrogen peroxide in normal EBC samples may limit the accuracy of enzymatic 

sensors that rely on glucose quantification through the production of hydrogen peroxide. Thus, 
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recognition elements that are highly stable, lack byproducts, and possess inherently higher affinity 

for glucose may be more suitable for detection in EBC. 

1.4.3 Protein-based non-enzymatic glucose recognition elements 

 The glucose binding protein (GBP) is a periplasmic binding protein found in Gram 

negative bacteria. It is natively expressed in the periplasmic space of E. coli, which makes it an 

easily acquirable recognition element. This protein undergoes a conformational change from “open” 

to “closed” upon binding with glucose (Figure 1.3).  

Due to its high affinity for glucose (KD=0.35 µM), it has been used in glucose sensors to 

detect concentrations at the µM range without much modification or signal amplification, which 

is a significant advantage over other recognition elements. Unlike enzymatic recognition 

elements, , GBP does not alter the chemistry of glucose with its conformational changes. Because 

it does not possess electron transfer capabilities, fluorescent detection is the sensing modality used 

for this protein. The Daunert group has previously engineered the GBP with fluorescently labeled 

amino acid residues near the binding site. The fluorescent quenching was demonstrated to be 

proportional to the concentration of glucose and the limit of detection for one mutant GBP was 

reported to be 0.05 µM, which is well-suited for detection at EBC glucose concentrations86. 
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Figure 1.3. Overall structures of GBP. 

The GBP structure (blue ribbon) bound to glucose (red oxygen and gray carbon spheres) and 

calcium ion (gold sphere) with the previously solved E. coli glucose-bound structure (red 

ribbon). The N- and C-terminal domains as well as the three-segment hinge (H) that connects 

them are labeled. (B) The superposition of the C-terminal domains of the glucose-bound (blue) 

and open resolution (green) GBP structures reveals the 31 ° hinge opening movement. Source: 

M. J. Borrok, L. L. Kiessling, and K. T. Forest. (2007), Conformational changes of 

glucose/galactose-binding protein illuminated by open, unliganded, and ultra-high-resolution 

ligand-bound structures. Protein Science. 16(6). John Wiley and Sons, p. 1032-1041, figure 2. 

Reproduced with permission from John Wiley and Sons. Copyright © 2007 The Protein Society 

A common method used for fluorescent glucose detection with GBP is Förster resonance 

energy transfer (FRET), in which the distance between the donor and acceptor molecules 

determines the rate of energy transfer. Many of the studies published on FRET-based glucose 

detection with GBP have wide-ranging reported sensitivity values. This is due to the variable 

positioning of fluorescent labels on GBP and the types of fluorescent dyes used. Furthermore, 

FRET based on the conformational change of GBP results in insufficient fluorescence intensity 

changes due to the limited range of motion of the N-terminus with respect to the protein domains 

upon glucose binding87. To address this, Hsieh et al. developed a dual-labeled GBP sensor with an 

environment-sensitive fluorophore, nitrobenzoxadiazole (NBD) on the outer surface of the binding 

pocket and a Texas Red (TR) fluorophore on the inner surface of the binding site88. Ratiometric 

measurement of the two molecules was used to determine fluorescence response curves; glucose 

was detectable in the millmolar range (1-30 mM) with an apparent KD of 1.7 mM. While this 
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method improved the fluorescent intensity changes in FRET by avoiding the dual-terminal labeling 

of the protein, the sensitivity was significantly compromised88. 

 Concanavalin A (ConA) is another popular molecular recognition element for 

fluorescence-based glucose detection. It is a plant-derived lectin, which is a family of proteins with 

strong binding affinities for glycans due to their multivalent interactions56. It contains four binding 

sites for glucose and competitively binds to glucose in biosensor schemes. Typically, ConA is 

bound to an existing labeled carbohydrate derivative such as dextran but is displaced from the 

molecule when glucose preferentially binds to it. ConA has been extensively studied in various 

sensing schemes involving different combinations of fluorophores and fluorescent particles89–93. 

Most of these systems demonstrate a linear detection range of sub-micromolar to 25 mM of glucose, 

but with varied response times depending on the type of sensor. However, ConA has exhibited 

problems with aggregation and leakage, limiting its performance in physiological conditions. This 

can be especially problematic in low-concentration glucose samples such as EBC. 

1.5 Thesis overview: selective EBC collection and competitive fluorescent biosensor for 

non-invasive glucose detection 

EBC is a promising non-invasive sample for glucose monitoring purposes due to its 

origination from ASL, which maintains a tightly regulated glucose exchange with blood. However, 

as discussed in 1.3 Collection of EBC, methods used to collect EBC are highly inconsistent. The 

variable dilution factors associated with water vapor and the inclusion of dead space significantly 

impact the reliability of the theoretical glucose dilution between blood and EBC (1000:1 to 

50000:1). Because anatomical dead space does not participate in gas exchange and does not 

contain glucose, its inclusion when condensing exhaled air further dilutes the EBC sample.  

Furthermore, the large range in reported EBC glucose concentrations calls for a robust and 

highly sensitive detection system that can resolve sub-micromolar concentration changes. Many 

studies examining EBC glucose use bulky chromatography-based small molecule detection 

systems that are not suitable for point-of-care detection. As discussed in 1.4 Glucose detection 

methods for EBC. glucose biosensors using various recognition elements and transduction 

mechanisms have shown promise in recent years for sub-micromolar sensitivity. However, not all 
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are stable in physiological conditions due to high dependence on pH and temperature, degradation 

from enzymatic byproducts, and aggregation effects.  

The E. coli glucose binding protein (GBP) has a stronger and more specific affinity to 

glucose (KD=0.35 µM) compared to that of GOx (Km=14.6 mM) and ConA (KD=2.5 mM)70,71. 

Fluorescence is the most versatile transduction mechanism because it provides single molecule 

sensitivity, and high dynamic, temporal, and spatial resolution94. Thus, GBP can be harnessed as 

a fluorescent biosensor for glucose detection at the sub-micromolar level.  

Together, a non-invasive glucose monitoring system for EBC should incorporate 1) a 

standardized EBC collection method that accounts for variable dilution factors due to water vapor 

and dead space air; and 2) a robust, non-enzymatic fluorescent biosensor with high glucose affinity 

that can achieve the sensitivity and resolution required to distinguish sub-micromolar glucose 

changes in EBC.  

In Chapter 2, I develop a method to selectively collect exhaled air from the deep lung circuit 

using a temperature-based separation of dead space air. I characterize the impact of the selective 

temperature threshold on the volume of collected condensate and corresponding glucose 

concentration through IRB-approved feasibility studies involving human subjects. For ease-of-use 

and portability, I implement effective valving mechanisms and collection design and compare the 

performance of my condenser to commercially available EBC collection platforms. In Chapter 3, 

I investigate the change in EBC glucose (from selectively collected condensate) with respect to 

the rise and fall of blood glucose through a pilot study of oral glucose tolerance test trials conducted 

on normoglycemic and type 2 diabetic subjects.  

Conjugation of protein to fluorescent probes traditionally require extensive purification 

steps and the incorporation of a functional tag. In Chapter 4, I take advantage of bio-orthogonal 

labeling to engineer the GBP with an N-terminal chemo-enzymatic azide tag from within the E. 

coli expression system. I characterize the incorporation and selective conjugation efficiency of this 

tag through azide-alkyne cycloaddition reactions directly from cell lysate. A drawback to the 

currently reported fluorescence-based GBP sensors is the use of organic fluorophores which are 

susceptible to photo-bleaching, pH dependence, and narrow excitation spectra11,95. In order to 

develop a robust GBP-based fluorescent biosensor, a highly photo-stable nanomaterial with 

limited pH/temperature dependence is required. In Chapter 5, I conjugate azide-labeled GBP to 
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functionalized quantum dots (QDs). QDs were chosen due to their high photostability, resistance 

to pH and temperature fluctuations, and large Stoke’s shift owing to broad excitation spectra and 

narrow, tunable emission spectra.  

 Lastly, in Chapter 6, I take advantage of the large Stoke’s shift of QDs to develop a FRET-

based glucose detection system. The competitive binding of GBP to glucose and galactose 

motivated the incorporation of a fluorescently labeled galactosamine acceptor molecule, which 

would quench the QD emission upon GBP ligand binding. I characterize the optimal molar ratio 

of the acceptor (ligand acceptor) to donor (GBP-QD) that would permit highly sensitive FRET 

signals indicative of competitive glucose binding. These studies provide the basis for further 

characterization of the GBP-QD-ligand system, including binding kinetics, dynamic and temporal 

resolution, and detection performance (limit of detection, sensitivity) in physiological EBC 

samples. 
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 DEVELOPMENT OF AUTOMATED CONDENSER FOR SELECTIVE 

COLLECTION OF RESPIRATORY ZONE EBC 

 Parts of this chapter are reprinted, with permission from D Tankasala et al., “Selective 

collection and condensation of exhaled breath for glucose detection”, Conf Proc IEEE Eng Med 

Biol Soc, July 2018. Copyright © 2018 IEEE96. 

2.1 Rationale 

To minimize the variability in reported glucose concentration in EBC due to the inclusion 

of dead space air, a selective collection system was developed to condense only deep-lung 

(alveolar) air. By eliminating dead-space air from EBC collection, the concentration of non-

volatile solutes will be less dilute. There is no diffusion occurring between the epithelial cells and 

plasma in the dead space region, which means that there is no dependence on an ionic gradient to 

propel the gas exchange between oxygen and carbon dioxide97.  

 

Figure 2.1. Components of exhaled air from various regions of respiratory tract.  

The box indicates the anatomical dead space of the airway tract, which does not contain solutes 

of interest. The respiratory zone contains the alveoli and proximal bronchi, which participate in 

gas exchange and contain non-volatile solutes of interest, such as glucose. Reprinted (adapted) 

with permission from The American Physiological Society. Source: R. M. Effros, M. B. 

Dunning, J. Biller, and R. Shaker, American Journal of Physiology: Lung Cellular and 

Molecular Physiology, 2004, 287(6), p. 1073-1080, figure 2. Copyright © 2004 The American 

Physiological Society.  
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Therefore, the elimination of dead space air is necessary to minimize variable dilution 

factors. Other parameters to control include the subject’s rate of breathing and the total volume air 

exhaled and collected into the device. Figure 2.2shows how a selective valve mechanism can be 

used to separate dead space air from deep lung air. 

 

Figure 2.2. Diagram of selective valve opening and closing for capturing deep lung air and 

exclusion of anatomical dead space air. 

The initial period of exhalation characterized as dead space air must be removed to collect 

EBC that contains a large fraction of respiratory fluid. During a normal exhalation period, the 

transition from dead space air to deep lung air is characterized by a rise in CO2 levels (Figure 2.3)98. 

Previously, Schubert et al. had demonstrated that it was possible to sample alveolar gas in 

mechanically ventilated patients using a CO2-controlled sampling method to separate dead space 

gas from alveolar gas99. Furthermore, the average temperature of exhaled breath is 37 °C and for 

inhalation, the temperature is found to be 20 °C; this difference was used to distinguish between 

inhalation and exhalation. Rather than using an expensive end-tidal CO2 (EtCO2) sensor, I 
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developed a system using an analog windspeed and temperature sensor to use a threshold to 

identify deep lung air.  

 

Figure 2.3. Capnography diagram depicting the phases of expiratory CO2 content.  

Phase I: exhalation of CO2 free gas from dead space; phase II: combination of dead space and 

alveolar gas; phase III: exhalation of mostly alveolar gas; phase IV: inhalation of CO2 free gas. 

Reprinted by permission from Springer Nature: Springer, Data Interpretation in Anesthesia by 

R. Ganta and T. D. Raj, Copyright © Springer International Publishing AG 2017 

2.2 Materials and Methods 

2.2.1 Time-based selective EBC collection using solenoid valve 

Time-based threshold selection 

The Rev. C Wind Sensor (Modern Devices, RI, USA) was chosen because of its low-cost, 

compact design and excellent sensitivity and temporal resolution. It contains temperature and 

wind-speed pins that output a voltage based on the temperature and speed of passing air. An 

Arduino Pro Mini microcontroller (5V) was used to convert voltages from the sensor to digital 

values. The code uses the trapezoid rule to calculate the volume of exhaled air passing through the 
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sensor pins. The area under the curve of the volumetric flow rate (based on the cross-sectional area 

of the tube in which the sensor is placed) is summed across the duration of the breathing period to 

calculate the total exhaled volume. The data is then recorded into arrays along with time throughout 

the period in which the valve is opened. The temperature pin voltages were calibrated against 

thermocouple measurements.  

To determine the time-based ratio of dead space air to total exhale air, I analyzed published 

capnographs of healthy individuals as I did not have access to an end-tidal capnometer. The middle 

of expiratory upstroke (Figure 2.3) was used as the starting point of the exhalation (Ts) the end of 

the transition phase was designated as the start of deep lung air exhalation (Tt), and the end of the 

plateau phase was used as the end of the exhalation (Te). Dead space time was then defined as Tt 

– Ts and the total exhaled time was defined as Te – Ts. Equation (3) shows the ratio of dead space 

to total exhalation time This ratio was applied to each exhalation to identify the start of deep lung 

air exhalation.  

𝑇𝑡−𝑇𝑠

𝑇𝑒−𝑇𝑠
 (3) 

The time ratios were calculated for 16 healthy individuals (ages 1-74 years) based on their 

capnograms (from CapnoBase.org) and assessed for normal distribution100. Complete subject data 

can be found in Table A.1. Analysis determined that the average ratio of dead space to total 

exhalation time is 0.31 ± 0.12, which translated to a time-based threshold of 31% with an upper 

bound of 43%. The upper bound was used as a time threshold in the Arduino code to enable a 

stricter selection criterion across all subjects.  

In the Arduino code, the first three breaths were used to calibrate the average time for an 

exhalation profile (determined by higher temperature ranges than the inhalation period). Then, the 

average time was multiplied by 43% to determine the average time point at which the selective 

valve should allow collection of the exhaled air. The point at which expiratory flow rate starts to 

slow down (based on volumetric flow rate data obtained from the windspeed sensor) was used to 

control valve closure. 
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Valve mechanism and collection body design 

A pneumatically actuated 3-way 2 position electric solenoid assembly (US. Solid, OH, 

USA) was fitted onto a Y-shaped connector (two inlet ports, one outlet). On one inlet of the tube, 

the windspeed and temperature sensor was inserted cross-sectionally. The other inlet was fitted 

with a check valve to prevent back-flow of inhaled air.  The outlet of the solenoid valve was 

connected to the inlet port of an octagonal (10 mm and 25 mm edges) aluminum condensation 

surface that had an additional 25 37 mm x 0.4 mm “fins” for increased surface area (2760 mm2) 

(Figure A.1). 

To effectively cool exhaled breath into condensate, I used a Peltier cooler (40 mm x 40 

mm, SparkFun Electronics, CO, USA), a thermoelectric cooler that creates a temperature 

differential by removing heat from its cooler surface to the hotter surface when a voltage is applied 

across it. When a heat sink mechanism (heat sink and fan) is attached to the hot side, the 

temperature differential allows the cold side to reach temperatures of down to -10 °C. The 

aluminum condensation surface was attached to the cold side of the Peltier assembly via thermal 

adhesive for condensate formation. The outlet port of the condensation surface was connected to 

clear (1 cm inner diameter) tubing for collection of EBC. 

The temperature and windspeed sensor, solenoid valve, and Peltier cooler were connected 

to a 5 V Arduino Pro Mini microcontroller and an additional 12 V power source was used to 

operate the solenoid valve. A printed circuit board (PCB) was designed to seamlessly integrate the 

electrical components with the microcontroller (OSH Park, OR, USA). Details of the PCB 

schematic can be found in Figure A.2. The entire assembly, including the condensation plate, 

tubing, and heat sink, was held together by two sets of C-clamps on a ring stand (Figure 2.4). 
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Figure 2.4. Front view of condenser prototype pictured with PCB circuit, Rev. C wind 

sensor, breathing tube, heat sink/Peltier cooler assembly, and solenoid valve. 

Comparison with CO2 profile of exhaled breath 

To compare the time-series of valve action (open and close) with the temperature and CO2 

profile of exhaled breath, I incorporated a CO2 sensor (SprintIR, CO2 Meter Inc., FL, USA) into 

the device, powered by a separate Arduino Uno microcontroller (Figure 2.5). The sensor was 

connected to a secondary outlet from the solenoid valve (8 inches from the temperature windspeed 

sensor). A binary output of valve actuation (1 – open; 0 – closed), temperature, volumetric flow 

rate, and CO2 profile of exhaled breath was recorded for one subject. The time series were overlaid 

to determine whether selective valve actuation based on a time-based approach captured exhalate 

at peak CO2 levels.  
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Figure 2.5. Top view of condenser prototype with embedded CO2 sensor. 

Device feasibility studies for EBC collection 

A set of feasibility studies using this device was performed on human subjects to determine 

whether it can consistently collect reproducible volumes of EBC from fixed total expiratory 

volumes. EBC samples were analyzed for glucose concentration and compared with finger-prick 

blood glucose measurements to determine dilution factors between blood and EBC glucose at 

baseline concentrations. 

 Four healthy normoglycemic subjects with no history of lung-related ailments or diabetes 

(ages 22-25, female) were recruited for the study and all gave written consent to the experimental 

procedures, which had been approved by Purdue University’s Institutional Review Board. Subjects 

were asked to fast at least two hours prior to sample collection. Subjects were provided sterilized 

disposable mouthpieces and optional nose clips and were instructed to breathe into the device 

(inhale and exhale through the mouth) for 4 ½ minutes. Immediately after collection, a finger prick 

sample of blood glucose was measured via a glucometer (Roche Diagnostics, IN, USA). The 

condensate sample on the aluminum finned surface was collected via micropipette and stored in 

microcentrifuge tubes at -20 °C until further analysis. The condensate plate was rinsed with DI 

water and dried in between each collection period. A total of 8 collection periods were taken for 

each subject that in included EBC collection and blood glucose measurement. The total expiratory 
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volume was recorded by the Arduino program, along with the temperature measurement and valve 

actuation data. Samples were then analyzed for total EBC volume and glucose concentration. The 

expiratory volume required to produce a minimum condensate volume of 100 µL was calculated 

for each sample and assessed for variance using One-way ANOVA. A commercial fluorometric 

glucose oxidase assay (Abnova, Taipei, Taiwan) was used to quantify glucose concentrations. 

Fluorescence was measured using the SpectraMax M5 Microplate Reader (Molecular Devices, CA, 

USA) at ex./em. 540 nm/590 nm. Blood glucose concentrations were converted to micromolar 

units and divided by corresponding EBC glucose concentrations to determine blood to EBC 

glucose dilution factor. One-way ANOVA was used to analyze significant differences 

2.2.2 Temperature-based selective EBC collection using balloon valve 

In the second iteration of this selective condenser, I based valve actuation off the actual 

temperature profile of the exhaled breath, which is better adapted to fluctuations in the user’s 

breathing profile. The solenoid valve in the previous iteration of the device increased breathing 

resistance for the user and the dependence on the external 12 V power supply was cumbersome. 

Therefore, I switched to a pneumatically actuated balloon valve in the newer iteration of the device.  

The previous device was also not user-friendly due to the lack of streamlined device components, 

so I eliminated the Peltier cooler and heat sink assembly to reduce the bulk, since a pre-chilled 

aluminum surface was enough for lab based EBC collection procedures. The same Rev. C Wind 

sensor was used, but I used an Arduino Uno microcontroller (instead of Arduino Pro Mini) along 

with a 4-relay module interface to control balloon valve actuation. This reduced the dependence 

on power supply to just 5 V.  

Temperature-based algorithm 

I implemented a temperature-based algorithm which employs a dynamic calibration 

window to continuously update the temperature thresholds for valve actuation and adapt to changes 

in the breathing profile over the testing period. The algorithm uses the average temperature range 

of the last three breaths to calculate a threshold increase in temperature. The valve is programmed 

to open when the difference between the current temperature and the temperature at the start of the 

exhalation period exceeds the calculated threshold and is programmed to close after two successive 
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temperature decreases. The threshold temperature can be set to be within a percentage of the 

average temperature range observed within the last three breaths.   

Correlation of temperature and CO2 profiles 

To demonstrate the reliability of the temperature sensor over an end-tidal CO2 meter, I 

simultaneously compared the temperature and pCO2 profiles collected using our temperature 

sensor and the capnometer function of the RespirAct Gas Control System (Thornhill Medical, 

Toronto, Canada), respectively. The pCO2, partial pressure of CO2 gas in mmHg, directly relates 

to CO2 concentration. For this test, the temperature sensor was embedded within the respiratory 

mask connected to the capnometer. Two healthy human subjects were asked to breathe deeply into 

the device and multiple trials of 3-minute breathing periods were recorded to collect pCO2 and 

temperature profiles. 

Valve mechanism and collection body design 

A square perpendicular-facing flat collection frame coming from the T-Valve was designed 

for condensate collection. This collection body design allowed for a cooled aluminum plate with 

a large surface area (12.5 cm x 13.3 cm; 166 cm2) to be attached to the external face of the device 

to ensure the collection surface (also aluminum) is maintained at sufficiently low temperatures (8 

to 12 °C) for the entire duration of condensate collection. The square frame (made from PVC) 

contains slots for an aluminum collection plate and a clear acrylic plate (both 13.4 cm x 13.8 cm) 

with a 1.5 cm diameter hole that draws intake from the T-Valve. Once the breath has been 

condensed on the cooled collection plate, a built-in linear wiper is manually pushed across the 

collection surface to consolidate the EBC droplets (Figure 2.6). This collection design was 

compared to the commercially available R-Tube, which was also fitted with the selectively 

actuated pneumatic valve (Figure A.3). 
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Figure 2.6. Selective EBC collection device.  

Pictured with pneumatically actuated balloon T-valve, embedded Rev. C wind and temperature 

sensor. The selective valve in this design is a pneumatically actuated balloon T-Valve (Hans-

Rudolph, Kansas, USA). The valve has one input to receive breath and two outputs: one for 

intake to the collection chamber when the user's breath is composed of deep lung air, and one for 

exhaust of the first portion of expiration that is not deep lung air. The selective valve is 

connected to a mouthpiece that allows the user to breathe fresh air through the entire collection 

process via a one-way diaphragm valve. Exhaled anatomical dead space air enters the device 

through the mouthpiece and exits at the exhaust port. The exhaled deep lung air is then collected 

through the mouthpiece, enters the intake port, and is collected on the cooled collection plate of 

the device. sensor, condensation plate with collection frame, and built-in linear wiper (squeegee). 
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Valve actuation for selective collection 

The Arduino was interfaced with a Controller for Actuation of Inflatable Balloon-Type 

Automated Directional Control Valves (Hans-Rudolph, Kansas, USA) through a four-relay 

module as seen in Figure 2.7. A compressed air supply is fed to the controller at approximately 40 

psi. To actuate the valve, a balloon inflates to create a seal on the flow passage bore of the T-valve. 

The controller relies on two buttons to move a switch between the normally open (NO) and 

normally closed (NC) pins that inflate and deflate the balloon valve, respectively. The manual 

balloon valve controller was adapted by replacing the push-button pin connections with a circuit 

originating from the relay module to control the switches (and subsequent valve actuation) based 

on the input from the Arduino. When the algorithm determines that the temperature has reached 

the appropriate threshold, it sets the relay to ‘HIGH’ to flip the switch and actuate the valve 

opening. 

 

Figure 2.7. Circuit wiring of the four-relay module to the Arduino Uno microcontroller and 

balloon valve pneumatic actuator.  

Shown is the one relay module used in the circuit (out of four modules). The relay is connected 

to pins inside the controller circuit board and serve to turn on/off the pneumatically powered 

balloons to control valve opening and closing. 
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The pneumatic valve actuation was employed at either a non-selective or selective 

threshold for each collection design (tray vs. R-Tube). Additionally, for each threshold, samples 

were collected from expiratory volumes of 7.5 L or 15 L. To determine the optimal collection 

design to be used for future feasibility studies on human subjects, two separate two-factor ANOVA 

analyses were performed to determine the effects of either 1) collection design and threshold or 2) 

collection design and total exhaled volume on the total volume of collected EBC condensate.  

Device feasibility studies with temperature-based selective collection 

Two device feasibility studies were conducted on human subjects to determine 1) whether 

selective valve actuation increases the glucose concentration or reduces the glucose concentration 

variability in collected EBC at different expiratory volumes and 2) whether collection platform or 

threshold had significant effects on glucose concentration variability. Subjects enrolled in the study 

did not have any history of diabetes or lung-related diseases. All subjects gave written consent to 

the experimental procedures, which had been approved by the Purdue University’s Institutional 

Review Board. A total of six healthy subjects aged 19-22 years old (three females, three males) 

were recruited for the studies. Subjects were asked to fast for at least two hours prior to the study 

to ensure EBC glucose levels were as close to baseline as possible. Figure 2.8 illustrates the study 

set-up using the selective condenser. 

 

Figure 2.8. Representation of feasibility study set-up for data collection.  

For both studies, the temperature, valve actuation, time for collection, total condensate volume, 

and EBC glucose concentration were measured and recorded. 
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Study 1: Three subjects (two females, one male) were enrolled in this study, which sought 

to compare the effect of expiratory volume and selective valve actuation on the collected EBC 

volume, time for collection, and corresponding glucose concentration. The pneumatic valve was 

used in combination with the tray-based platform, and EBC samples were collected in triplicate 

from expiratory volumes of 7.5 L or 15 L, with either non-selective or selective valve actuation 

(12 samples per subject). A sterilized, disposable mouthpiece was used for each subject and they 

were instructed to breathe normally into the device through their mouth for both inhalation and 

exhalation until the desired volume was collected. Samples were collected in a randomized order 

and stored in microcentrifuge tubes at -20 °C until further use. The collection tray, inlet port of the 

valve, and mouthpiece were disinfected with 70% ethanol between each sample collection to 

prevent contamination of residual glucose. A commercial fluorometric glucose oxidase assay 

(Abnova, Taipei, Taiwan) was used to quantify glucose concentrations. Fluorescence was 

measured using the SpectraMax M5 Microplate Reader (Molecular Devices, CA, USA) at ex./em. 

540 nm/590 nm. The total volume of condensate, time for collection, and glucose concentration 

were recorded for each sample. Two-way ANOVA analysis was applied to determine if either 

expiratory volume or threshold level resulted in significant effects. Post-hoc Tukey pairwise tests 

were performed on trials where ANOVA reported significant differences. 

Study 2: Three subjects (one female, two males) were enrolled in the second study, which 

sought to compare the effect of selective valve actuation and use of the R-Tube collection platform 

on collected EBC glucose concentration and variability. For each subject, EBC samples were 

collected (in a randomized order) in triplicate from total exhaled air volume of 15 L with either 

non-selective or selective valve actuation. The R-Tube, inlet port of the valve, and mouthpiece 

were disinfected with 70% ethanol between each sample collection to prevent contamination of 

residual glucose. New R-Tubes were used for each subject to prevent contamination between 

subjects. Glucose concentration was quantified using the previously described assay and time for 

collection and volume of condensate was recorded. A two-factor ANOVA analysis was used to 

determine the effects of threshold and expiratory volume on the glucose concentration. To analyze 

the extent of glucose concentration variability, coefficients of variation were calculated for each 

threshold and compared for significant differences. For comparison, similar calculations were 

performed on the first study to determine whether use of the R-Tube reduces glucose concentration 

variability in collected condensate, regardless of selective collection. 
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2.3 Results and Discussion 

2.3.1 Time-based selective EBC collection via solenoid valve 

Valve actuation comparison with temperature and CO2 profiles 

The time-based valve actuation demonstrated valve opening during the middle portion of 

the exhalation, as shown in Figure 2.9. However, the dependence on time did not account for 

fluctuations in breathing rate. In some exhalation periods, the valve opened too early or 

accidentally during the inspiratory downstroke. 

 

Figure 2.9. Overlay of temperature profile and time-based valve actuation. 

The temperature data from the Rev. C wind sensor and CO2 data acquired from the CO2 

sensor were not well-correlated (Figure 2.10). For one breath pattern, the valve was actuated for 

the latter portion of the exhalation. However, the CO2 sensor was not able to accurately capture 

the capnography curve observed from end-tidal CO2 meters. Furthermore, future valve actions did 

not correctly align with the peak temperature profiles. Thus, I determined that a dynamic 

calibration window can better accommodate changes in the user’s breathing profile. Due to 

fluctuations in breathing rate and duration of exhalations, I concluded that valve action based on 

temperature rather than time may be a more reliable method to separate dead space from 

respiratory zone air.  
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Figure 2.10. Overlay of temperature-valve actuation, and CO2 data for a single exhalation. 

Feasibility studies examining blood and EBC glucose 

Feasibility studies conducted on human subjects demonstrated high intra-subject 

variability in blood to breath ratio but no significant subject-subject variability (Table 2.1). The 

average ratio for blood to breath glucose was 19581 ± 7390, which is approximately 20-fold higher 

than the theoretical dilution factor of 1000. The condensation efficiency of this device was very 

poor, as it required, on average, greater than 15 L of total expiratory volume to produce 100 µL of 

condensate. The condensation plate used in this device had a large surface area for droplet 

formation, but collection very difficult and inefficient due to the fins on the collection surface.  

Table 2.1. Glucose ratio and expiratory volume to condensate volume characterization. 

Subject 1 2 3 4 Average p-value 

Blood to Breath 

Glucose Ratio 

30157 ± 

18545 

13391 ± 

4821 

15968 ± 

11701 

18807 ± 

12323 

19581 ± 

7390 
0.112 

Expiratory Volume (L) 

for 100 µL EBC 

9.70 ± 

3.86 

16.38 ± 

9.91 

21.51 ± 

8.98 

15.96 ± 

11.59 

15.89 ± 

4.84 
0.104 
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2.3.2 Temperature-based selective EBC collection via balloon valve 

Temperature and CO2 profile comparison of exhaled breath 

Human breathing profiles showed consistent, strong correlation between temperature and 

CO2 data, as shown in Figure 2.11. The CO2 curve is characterized by a steep initial rise of pCO2 

followed by a plateau during exhalation and subsequent decrease during inhalation. The buildup 

of residual humidity and temperature may have affected the Rev. C wind and temperature sensor’s 

temporal resolution and thus prevented a plateau from forming on the temperature curve. However, 

the two profiles were well-correlated and there was little to no time lag observed. Therefore, it can 

be concluded that a temperature sensor can be used for selective collection of deep lung air instead 

of a costly EtCO2 meter. 

 

Figure 2.11. Temperature and end-tidal CO2 profile comparison. 
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Valve actuation algorithm for selective collection 

The valve actuates based on the temperature threshold determined by the algorithm. Figure 

2.12shows results from a trial taken from a healthy human subject in which the valve is 

programmed to open when the current temperature has crossed 40% of the calculated threshold 

range. The temperature threshold in green remains consistently within the temperature bounds of 

the breath.  

 

Figure 2.12. Overlay of temperature profile, temperature-based valve action, and 

dynamically calibrated selection threshold (40%). 

The temperature-CO2 correlation results were used to select an appropriate threshold for 

EBC studies to reliably eliminate the dead-space and transition regions. The derivative of the CO2 

profile was used to identify the beginning of the plateau region (Figure 2.13). This is when the 

slope of CO2 has fully leveled out (no longer increasing), which ensures the transition region has 

been exited and only the plateau phase is collected. A threshold percentage of 70% of the 

temperature profile ensured that exhaled air was collected only after the plateau phase was reached. 

This was confirmed after comparing the overlap of the thresholds and the start of the CO2 plateau. 

The 70% threshold was used for all feasibility studies evaluating the effects of selective collection 

on condensate volume, glucose concentration, and time for collection. 
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Figure 2.13. Temperature-based actuation and CO2 plateau comparison at 0%, 50%, and 

70% thresholds. 
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Effect of selective threshold and expiratory volume on EBC glucose concentration 

In EBC collected from three subjects using the tray-based condenser design, two-factor 

ANOVA revealed that the threshold effect on glucose concentration was not significant (p=0.07), 

although trends pointed to increased glucose concentration with a selective threshold (Table 2.2). 

Expiratory volume had no significant effect on glucose concentration (p=0.79) and there were no 

interaction effects observed between threshold and expiratory volume (p=0.28). It took 

significantly longer to collect EBC from 15 L of exhaled breath compared to 7.5 L (mean 

difference of 88.5 ± 39.7 s) but the time to collect EBC did not significantly change between 

threshold levels. Effects on volume of collected condensate were evaluated with two participants, 

as one subject did not have condensate volume data. Larger expiratory volumes resulted in 

significantly higher condensate volumes (mean difference 55.42 ± 13.54 µL) and the threshold 

level (mean difference 16.25 ± 13.545 µL).  

Table 2.2. Effect of threshold and expiratory volume on EBC collection (n=3, mean ±SD). 

Expiratory Volume 7.5 L 15 L 

Threshold 0% 70% 0% 70% 

Time (s) 82.0 ± 13.2 85.2 ± 11.0 180 ± 13.0 164 ± 43.7 

Volume (µL) 61.7 ± 7.07 78.3 ± 7.07 150 ± 4.71 101 ± 8.25 

Glucose (µM) 0.42 ± 0.15 0.54 ± 0.11 0.24 ± 0.16 0.65 ± 0.36 

 

Selective collection of respiratory zone condensate based on peak temperature profiles in 

our studies did not yield conclusive results for changes in glucose concentration nor variability. I 

originally hypothesized that a selective threshold level of 70% would enrich the glucose 

concentrations in samples collected selectively due to the exclusion of dead space air. The start of 

the CO2 plateau (when the slope of the CO2 profile levels out to zero) was best correlated with the 

temperature value that was at 70% of its peak for a given exhalation profile. While the effect of 

threshold on EBC glucose concentration was not significant, the p-value for the ANOVA test was 

borderline (0.0708). Additionally, changing the threshold (from non-selective to selective) for 

individual participants at a given volume resulted in a decrease in glucose concentrations in only 

one of the six combinations. Although, this would support the hypothesis that selective 

condensation would increase glucose concentration, the small sample size (n=3) was a limiting 

factor. 
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Comparison of EBC volume and glucose concentration using R-Tube 

The mean EBC volume collected at both non-selective (0%) and selective (70%) 

temperature thresholds using the R-Tube was significantly greater (p < 0.0001) than the volume 

collected using the tray from expiratory volumes of 7.5 L and 15 L. (Table 2.3). EBC collected 

from the R-Tube was especially sensitive to condensate loss at selective thresholds (p < 0.0001).  

Table 2.3. EBC volume and glucose concentration of condensates collected from tray and 

R-Tube (n=3, mean ±SD). 

Collection Method Tray R-Tube 

Threshold 0% 70% 0% 70% 

Volume from 7.5 L (µL) 54.0 ± 5.3 38.3 ± 2.9 227.7 ± 2.5 157.3 ± 6.4 

Volume from 15 L (µL) 90.0 ± 15.0 103.3 ± 25.2 403.3 ± 6.1 286.7 ± 20.8 

Glucose (µM)* 0.24 ± 0.16 0.65 ± 0.36 0.44 ± 0.26 0.26 ± 0.11 

CV (%) 75.2 ± 71.6 79.1 ± 62.7 34.6 ± 18.4 49.3 ± 42.4 

*Glucose concentration data corresponds to EBC collected from 15 L expiratory volumes only. 

 

Samples collected with the R-Tube showed no significant difference in glucose 

concentrations or variability between thresholds (Figure 2.14b). Trends pointed towards lower 

variability (coefficient of variation) in glucose concentrations but this difference was not quite 

significant when compared to samples collected with the tray (Table 2.3).. 

 

Figure 2.14. Comparison of glucose concentrations between 0% and 70% thresholds. 

Glucose concentrations are shown for each subject for a) feasibility study 1 (N=3, n=3) and b) 

feasibility study 2 (N=3, n=3) collected from an expiratory volume of 15 L.  
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2.4 Future Directions 

While the temperature-based selection threshold did not significantly improve glucose 

concentrations or reduce variability, a conclusive result cannot be established due to the small size 

and narrow age range. A larger study with a broader demographic of non-diabetic individuals 

without lung-related comorbidities should be conducted to determine the impact of selective 

thresholds on EBC glucose concentration and variability. In the future, an even higher selection 

threshold should be implemented and characterized for its effect on condensate glucose 

concentration and intra-subject variability. In this study, we were limited to a threshold of 70% 

because higher thresholds resulted in significant condensate loss in the tray-based platform. 

Moving forward, for efficient condensation with a more selective threshold, the R-Tube should be 

used with the selective valve in place of the tray. Although selective EBC collection is sensitive to 

condensate loss, the R-Tube produces more than enough condensate for glucose analysis to 

compensate for this loss. For long term portability, the valve design and operation should not rely 

on external air supply or pneumatic regulator. In this regard, a servo-operated butterfly valve may 

be implemented.  

2.5 Conclusion 

I have demonstrated that temperature based selective EBC collection is a reliable method 

to exclude exhalate in the transition phase of the alveolar plateau by employing a dynamically 

calibrated threshold. Compared to the time-based method, this method accounts for fluctuations in 

the user’s breathing profile (breathing rate, temperature range of exhalation) to generate a robust 

and tunable selection threshold. In doing so, this device bypasses the need for expensive end-tidal 

CO2 sensors. The pneumatically actuated balloon valve in the final prototype sufficiently seals the 

passage of the exhaust port during valve actuation, allowing exhalate to be directed through the 

inlet port of the device for subsequent condensation. Design iterations focused on improving 

condensate formation and ease of collection; ultimately, the R-Tube proved to be the best 

collection platform. The condensate collected from this device provides a robust sample for 

evaluating EBC glucose concentrations as well as other analytes of interest such as inositols, 

inflammatory markers, and peptide biomarkers. 
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 CHARACTERIZATION OF BLOOD AND BREATH GLUCOSE 

PROFILES IN NORMOGLYCEMIC AND DIABETIC INDIVIDUALS 

3.1 Rationale 

To establish a functional relationship between EBC glucose and blood glucose, a pilot 

study of oral glucose tolerance tests (OGTT) on normoglycemic and type 2 diabetic subjects was 

conducted at the Indiana University (IU) Clinical and Translational Sciences Institute (CTSI) 

(Indianapolis, IN). The purpose of these studies was two-fold: to examine the linear relationship 

of glucose concentrations in these fluid compartments and to also determine whether diabetes 

significantly affects the blood to EBC glucose ratios. The studies also serve to further evaluate the 

feasibility of using the previously developed selective EBC condenser on normoglycemic and type 

2 diabetic human subjects during a three-hour OGTT. By sampling EBC from the deep lung circuit, 

we hypothesized that glucose concentrations would be less dilute and exhibit less variability, 

enabling a more standardized approach to non-invasively collect key respiratory analytes and 

biomarkers. 

3.2 Materials and Methods 

3.2.1 Subject selection and preparation 

All subjects gave written consent to the experimental procedures, which had been approved 

by Indiana University’s Institutional Review Board. Two normoglycemic and two obese type 2 

diabetic patients were recruited for the study. Full inclusion and exclusion criteria are provided in 

Table B.1. All subjects were in good health, except for diabetes. For the diabetic subjects, all blood 

pressure and/or cholesterol lowering medications were withheld the morning of the glucose testing 

procedure. Subjects were admitted to IU CTSI Clinical Research Center (CRC) the morning of the 

planned study after fasting for 10 hours (water only from 10 pm). 

3.2.2 Blood and breath sampling 

An intravenous catheter was placed antegrade for blood sampling. Blood samples were 

collected at baseline, prior to administration of the standardized glucose drink on the morning of 
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the study (designated T-10 minutes). Baseline (T-5) intravenous blood glucose was measured 

using a bedside YSI 2300 STAT-plus glucose analyzer (Yellow Springs Instruments, OH, USA) 

and exhaled breath samples were collected using the condenser (pneumatic valve with tray-based 

collection platform). Each subject was provided with a sterilized, disposable mouthpiece for the 

duration of the trial. For each sample, subjects exhaled a total of 7.5 L of air into the device and 

condensate was collected at a selection threshold of 70%. A standard 75 g oral glucose drink was 

administered (T 0) and completely ingested within 5 minutes.  Blood and EBC were then 

simultaneously sampled every 5 minutes for the first 60 minutes, then every 20 minutes for the 

subsequent 120 minutes (T 180). For one type 2 diabetic subject (T2D01), blood and exhaled 

breath were sampled every 10 minutes during the remaining 120 minutes. For one normoglycemic 

subject (N01), the study was cut short by 1 hour and 20 minutes due to scheduling conflicts. The 

subjects were instructed to begin breathing into the device approximately 45 s prior to the blood 

draw to ensure that the EBC and blood glucose measurements were aligned. Between sample 

collections, the collection tray, mouthpiece, and inlet port of the valve were disinfected with 70% 

ethanol to prevent residual glucose contamination. The collected EBC samples were transported 

(in dry ice maintained at -20 °C) back to Purdue University and stored at -80 °C until analysis. 

Glucose content was analyzed within one day of the collection date using a commercial 

fluorometric glucose assay in two replicates of 25 µL. 

3.2.3 Statistical methods 

EBC glucose and blood glucose concentrations (converted to micromolar units) were 

plotted over time for each subject to visualize trends in correlation and apparent time lag. A 

nonparametric Spearman correlation was computed for all data sets independently at 95% 

confidence. Next, blood to EBC glucose ratios were calculated by dividing the blood glucose 

concentrations by EBC glucose concentrations and separated into diabetic (n=49) and 

normoglycemic sample (n=38) groups. To investigate whether diabetes significantly affects the 

glucose dilution factor, a two-tailed unpaired t-test assuming unequal variances was performed 

with a 95% confidence interval.  

To develop a linear model for EBC and blood glucose for diabetic subjects compared to 

normoglycemic subjects, only the values in the first hour of the trials were used due to 

inconsistencies in the time increments in the second and third hours between studies. Equation (4) 
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describes the predicted relationship between blood glucose xt and EBC glucose yt, in which β0, β1, 

and ε correspond to the y-intercept, blood to breath glucose ratio, and the error, respectively. The 

EBC glucose values were logarithmically transformed to ensure normality, as confirmed by a 

Shapiro-Wilk test. Next, separate first order least squares regression models were generated for 

the transformed normoglycemic and diabetic data, respectively. The model slopes were compared 

for significance using an extra sum of squares F-test. All statistical analysis was performed using 

GraphPad Prism version 8.2.1. 

𝑦𝑡 = 𝛽0 + 𝛽1𝑥𝑡 + 𝜀 (4) 

For data sets with poor goodness of fit with the linear regression models, the first hour of 

blood and EBC profiles were investigated for potential time lag using the sample cross correlation 

function (CCF) in R. After adjusting the previously transformed data set for the apparent time lag, 

a new least squares regression model was generated and analyzed for goodness of fit, normality of 

residuals, and whether correlation was significant. Cross correlation analysis was performed using 

R Studio version 1.1.463. 
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3.3 Results and Discussion 

OGTT studies demonstrated highly varied relationships between blood and EBC glucose 

(Figure 3.1). Spearman correlation tests resulted in significant correlation for EBC and blood 

glucose for both diabetic subjects T2D01 and T2D02 (r=0.57 and r=0.49, respectively). Neither 

normoglycemic subject N01 and N02 showed significant correlation between EBC and blood (r=-

0.15 and r=0.24, respectively). The apparent time lag in the normoglycemic subject N02 EBC 

glucose profile may have significantly contributed to the weak correlation. The distinct spike in 

EBC glucose concentration at the end of the T2D01 trial and spike at the start of the N01 trial were 

significant outliers (Q=1%) and may have also weakened the correlation.  

 

Figure 3.1. Blood and EBC glucose profiles for (a-b) normoglycemic and (c-d) type 2 

diabetic subjects over time during oral glucose tolerance test. Dashed lines indicate time of 

glucose drink consumption. 
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 The glucose ratios between blood and EBC were not consistent for the duration of the trials 

and showed high variability especially at the beginning of the OGTT. Furthermore, the difference 

between normoglycemic and diabetic blood to EBC glucose ratios (2019 ± 795) was significant 

(p=0.01), as illustrated in Figure 3.2b. Glucose ratios across all subjects were higher in the latter 

half of the trial due to sharp drops in EBC glucose profiles compared to the gradual fall of blood 

glucose profiles (Figure 3.2a). This difference was more pronounced in diabetic subjects due to 

the relatively high blood glucose profiles compared to those of normoglycemic subjects. 

 

Figure 3.2. Blood to EBC glucose ratios for normoglycemic and type 2 diabetic subjects. 

(a) blood to EBC glucose ratios over time for all subjects (normoglycemic – N01/N02; type 2 

diabetic: T2D01/T2D02). (b) Distribution of blood to EBC glucose ratios for normoglycemic 

(N=2, n=19) vs. type 2 diabetic (N=2, n=24) data points indicated by Tukey box-whisker plots 

(p=0.01). 

  EBC glucose concentration data were logarithmically transformed for both diabetic and 

normoglycemic samples to ensure normality (Figure B.1). Two linear least squares regression 

models were developed to predict EBC glucose from blood glucose for normoglycemic (5) and 

diabetic (6) sample populations for the first hour of OGTT, with x corresponding to blood glucose 

concentration (µM) and y corresponding to EBC glucose concentration (µM). 

log(𝑦) =  −6.11 × 10−5(𝑥) + 0.81   (5) 

log(𝑦) = 1.29 × 10−4(𝑥) − 0.94  (6) 
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The model slopes were significantly different (p < 0.0001), demonstrating that diabetes 

may impact the relationship between EBC and blood glucose. However, the normoglycemic model 

slope was not statistically significant from a slope of zero (p > 0.05) and only had a coefficient of 

determination of r2=0.16. Conversely, the diabetic model had a significantly higher coefficient of 

determination (r2=0.80) and resulted in normally distributed residuals when plotted with the 

experimental data (Figure 3.3). 

 

Figure 3.3. Linear model of EBC glucose to blood glucose. 

(a) Linear regression of logarithmically transformed EBC glucose to blood glucose values for 

diabetic (pink squares) and normoglycemic (black circles) data points during the first hour of 

OGTT (during rise of glucose profiles); (b) Residual plot of experimental data to linear model 

for diabetic and normoglycemic data points. 

Higher correlation between blood and EBC glucose was observed for diabetic subjects over 

normoglycemic subjects due to a significant time lag in EBC glucose for one normoglycemic 

subject. Upon further examination, the blood and EBC glucose profiles for diabetic subjects 

followed a better linear relationship for the first hour of the trial, during the rise of blood glucose 

(r2 = 0.80).  
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Time lag analysis of subject N02’s EBC glucose profile for the first hour of the OGTT 

revealed a high autocorrelation factor with for a lag value of h = -6, suggesting that the blood 

glucose profile may lead the EBC glucose profile by  30-minutes (h = 5 minute increments) (Figure 

3.4). 

 

Figure 3.4. Correlogram of the observed EBC glucose profile with blood glucose profiles at 

various time lags, h, for normoglycemic subject N02. 

Assuming blood glucose and EBC glucose are time series x(t+h) and yt, respectively, h 

corresponds to a series of values 0, ±1, ±2, ±3, and so on that are representative of discrete time 

intervals. The CCF function was used to create a set of autocorrelations (ACF) between x(t+h) and 

yt and identify the time delay value (h) that results in the highest correlation. When x(t+h) is 

correlated with yt, with h being negative, then it is implied that blood glucose leads EBC glucose. 

Although the relationship between EBC and blood glucose for the time-lag adjusted N02 

normoglycemic profile resulted in a stronger goodness of fit (r2=0.38 vs. r2=0.16), the correlation 

was not significant enough to establish a non-zero linear relationship between blood and EBC 

glucose (Figure 3.5). Since time lag was not universally observed across subjects, more studies are 

necessary to determine if this is expected of glucose transport from blood to ASL and ultimately 

EBC. 
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Figure 3.5. Linear model of time-lag adjusted EBC glucose to blood glucose for 

normoglycemic subject N02. 

(a) Linear regression of logarithmically transformed EBC glucose (adjusted by 30 minutes) to 

blood glucose values for the first hour of normoglycemic subject N-02 OGTT; (b) Residual plot 

of experimental data to linear model. 

The gradual fall in blood glucose did not translate to a gradual fall in EBC glucose; there 

was a sharp drop in EBC glucose concentrations across all subjects. The peak EBC glucose 

concentrations for diabetic subjects were significantly higher than those observed in the 

normoglycemic subjects. Thus, the sharp drop in EBC concentrations to baseline values resulted 

in significantly higher (p=0.01) blood to EBC glucose ratios for diabetic subjects (5640 ± 4750) 

compared to normoglycemic subjects (3621 ± 2549). In previous studies, dilution corrections 

based on conductivity were used to estimate blood to breath glucose ratios for healthy and diabetic 

individuals. Baker et al. calculated median dilution factors (ASL glucose to condensate glucose) 

of 4248 and 15520, for healthy and diabetic volunteers, respectively30. The dilution corrections 

resulted in ASL glucose concentrations of 0.4 mM and 1.2 mM for healthy and diabetic individuals, 

with no difference in the corresponding blood to ASL glucose ratios. The significantly dilute EBC 

glucose concentrations (in relation to blood glucose) in diabetic subjects observed in our study and 

in literature warrants further analysis of how airway glucose homeostasis is reflected in exhaled 

breath condensate.  

In most individuals without lung-related comorbidities such as COPD and CF, which cause 

chronic airway inflammation, the airway glucose homeostasis capability is not compromised. In 

our experiments, the OGTT trials induced hyperglycemic blood glucose profiles but none of the 

subjects had pre-existing conditions related to lung disease. The rapid fall of EBC glucose 
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concentrations back to baseline levels may indicate functional airway glucose homeostasis. Recent 

studies have shown that high ASL glucose concentrations fall back to baseline when 

normoglycemia is restored but it is unclear at what rate, when compared to blood glucose. For 

diabetic subjects, blood glucose levels were slower to reach baseline concentrations (Figure 3.1c-

d), but EBC glucose concentrations fell at the same rate as normoglycemic subjects, leading to 

higher blood to EBC glucose ratios in the diabetic subjects. If the same trend is observed in ASL 

glucose homeostasis for the same subjects, then blood to ASL glucose ratios may also be higher 

in diabetic subjects; this supported by studies confirming that diabetic subjects without lung-

related co-morbidities have a higher dilution factor for blood to ASL glucose30. Therefore, the 

blood to breath glucose ratio during homeostasis may indicate whether the individual’s airway 

glucose homeostasis mechanisms are compromised and consequently, if they are at risk for 

respiratory infections. 

3.4 Future Directions 

Characterizing the rate of glucose homeostasis in the airways with relation to blood glucose 

will be especially beneficial for diabetic patients, whose airway glucose levels may exacerbate 

respiratory infections if not effectively regulated by GLUTs. The advantage of using EBC as a 

sample matrix for key respiratory biomarkers and analytes is the non-invasive and convenient 

method of collection when compared to ASL, which requires bronchioalveolar lavage. To establish 

a better model of glucose homeostasis rates in blood and EBC, a larger study should be performed 

that focuses on the latter part of OGTT, with more time increments to establish a linear model for 

blood and EBC during the fall of glucose concentrations back to baseline. Analysis of glucose 

concentration changes during homeostasis for blood vs. EBC sampled from various regions of the 

respiratory tract, including alveoli, proximal bronchioles, and the conducting zone will also shed 

light on how ASL glucose is transported to EBC. In this regard, our device can provide tunable 

selection criteria to condense specific regions of the exhalate and is not only limited to deep lung 

air.  
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3.5 Conclusion 

I have assessed the relationship between blood and EBC glucose during the rise of glucose 

concentrations in OGTT studies. Using the previously developed EBC condenser, I evaluated the 

functionality and patient ease-of-use during the studies. I characterized a stronger linear 

relationship between blood and EBC glucose for type 2 diabetic subjects compared to 

normoglycemic subjects. However, more studies are required to support this observation. In 

addition, blood to EBC glucose ratios significantly differed between normoglycemic and diabetic 

subjects in this study; this is representative of trends observed in literature. This study provides 

new knowledge of respiratory physiology in terms of how glucose airway homeostasis function is 

represented in EBC for normoglycemic vs. diabetic subjects. 
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 ENGINEERING GLUCOSE BINDING PROTEIN (GBP) WITH 

CHEMO-ENZYMATIC TAG 

4.1 Rationale 

The E. coli glucose binding protein (GBP) is a promising candidate for a highly stable, 

fluorescent biosensor for EBC glucose detection due to its exquisite sensitivity for glucose 

(KD,glucose=0.35 µM)101. Most of the techniques used to engineer GBP have relied on introducing 

site-directed mutations such as cysteine residues near the binding pocket or the N-terminus of the 

protein for thiol-reactive surfaces to covalently attach. However, many of these covalent 

modifications in published studies require addition purification steps and have resulted in reduced 

sensitivity of the GBP sensor87,88,102. Thus, a bio-orthogonal and site-specific labeling method may 

result in highly functional GBP that can be conjugated via common chemistries, such as click 

reactions, to functionalized surfaces directly from lysate.  

A chemo-enzymatic labeling technique developed by the Kinzer-Ursem lab at Purdue 

University is used to achieve site-specific bio-orthogonal labeling of bacterial proteins with an 

azide tag for streamlined conjugation to alkyne-labeled surfaces103. Azide and alkyne groups are 

bio-orthogonal and thus are not found in native biological systems; this makes it possible for them 

to be selectively introduced to specific biological components. Bio-orthogonal azide-labeling of 

proteins has been previously demonstrated in Calmodulin (CaM), a calcium (Ca2+)-binding protein. 

This method takes advantage of the properties of the enzyme, N-myristoyl transferase (NMT), 

which when co-expressed with a natural substrate protein, appends a fatty acid analog, myristic 

acid, to the N-terminus of the substrate protein104. NMT is only found in eukaryotic cells and 

certain species of yeasts and protozoan parasites, making it orthogonal towards bacterial 

expression systems, which do not have endogenous NMT. The bio-orthogonality prevents non-

specific crosstalk between NMT and endogenous bacterial proteins when co-expressed in E. coli. 

Kulkarni et al. previously engineered CaM with an N-terminal recognition sequence for NMT 

(derived from either the human calcineurin B subunit or yeast ADP ribosylation factor). By co-

expressing NMT and engineered CaM in the presence of an azide-fatty acid, 12-azidodecanoic 

acid (12-ADA) instead of the natural substrate (myristic acid), bio-orthogonal labeling of CaM 

with an N-terminal azide group was achieved within the E. coli expression system with over 98% 
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labeling efficiency103. Selective conjugation of 12-ADA-CaM to alkyne-labeled 

tetramethylrhodamine (TAMRA) via copper-catalyzed azide alkyne cycloaddition (CuAAC) was 

possible directly from clarified cell lysate containing the overexpressed protein. 

CuAAC is the most prominent click chemistry conjugation technique, in which azides 

undergo a [3+2] cycloaddition with copper(I)-catalyzed terminal alkynes to form a triazole 

product105 (Figure 4.1a). Because copper, when used as a catalyst, demonstrates significant toxicity 

issues and irreversible quenching of other fluorescent particles such as QDs, alternate methods of 

azide-alkyne cycloaddition have been developed in recent years106. One such reaction is strain-

promoted azide-alkyne cycloaddition (SPAAC) (Figure 4.1b) developed by Bertozzi and co-

workers in 2004105.  

 

Figure 4.1. Azide-alkyne cycloaddition reaction schematics. (A) Copper-catalyzed azide-

alkyne cycloaddition; (B) Strain-promoted azide-alkyne cycloaddition. Both form triazole 

products. 

In this reaction, a [3+2] cycloaddition with an azide group was achieved through a ring-

strained destabilization of a cyclooctyne derivative to form a triazole product. While the SPAAC 

reaction proceeds for a longer time than CuAAC, it occurs in the absence of auxiliary reagents, 

making it a convenient conjugation method for biological applications107. I take advantage of bio-

orthogonal chemo-enzymatic labeling to engineer GBP with an N-terminal azide tag for 

downstream conjugation to alkyne-labeled surfaces via SPAAC (Figure 4.2).  
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Figure 4.2. Chemo-enzymatic labeling of GBP within E. coli expression system when co-

expressed with NMT in the presence of 12-ADA. 

4.2 Materials and Methods 

4.2.1 Cloning of engineered mglB constructs 

The gene encoding GBP in E. coli is mglB (~1 kb). To engineer the protein with an N-

terminal recognition sequence for NMT, several plasmid constructs were created from the wild-

type (wt-mglB) plasmid, a generous gift from the Tolosa lab at the University of Maryland, 

Baltimore County (UMBC). The wt-mglB plasmid was then digested and re-ligated into a pGEM 

T-Easy vector. To engineer the protein, the plasmid vector used for cloning was pET15b. A 

nucleotide sequence encoding the NMT recognition site (RS1) derived from the human 

Calicineurin B subunit was inserted at the 5’ end of wt-mglB via polymerase chain reaction (PCR) 

using a high-fidelity polymerase (Deep Vent, New England Bio-Labs, Ipswich, MA). After 

restriction digestion, the PCR insert was ligated into the pET15b vector and transformed into 

chemically competent E. coli DH5α cells. Similarly, another mglB construct was engineered with 

a shorter nucleotide sequence encoding the NMT recognition site (RS2) derived from the yeast 

ADP ribosylation factor. For alternative affinity purification purposes, a 6xHistidine sequence was 

cloned into the RS1-mglB plasmid via 2-step PCR (Figure 4.3). To confirm successful cloning, 

samples were analyzed via low-throughput laboratory (LTL) sequencing through the Purdue 

Genomics Core Facility. Custom primers corresponding to the pET15b vector backbone near 



 

 

70 

restriction sites were used in the sequencing analysis. Sequencing results were compared to 

expected sequences through the sequence alignment feature on A plasmid Editor (ApE) (Figure 

C.1). In addition, a diagnostic restriction digest and subsequent gel electrophoresis analysis was 

performed to visually confirm successful cloning of the engineered constructs into the pET15b 

vector. For information on mglB primer design, PCR, digestion, and ligation protocols, please 

refer to Appendix C. 

4.2.2 Protein expression and bio-orthogonal labeling of engineered GBP 

The RS1-mglB and RS2-mglB plasmids were independently co-transformed with the 

plasmid encoding human NMT (hNMT1) into chemically competent BL21 (DE3) E. coli cells. 

Expression cultures were grown in an incubator/shaker (37 °C, 250 rpm) in LB medium 

supplemented with 50 µg mL-1 kanamycin and 100 µg mL-1 ampicillin. Once cultures grew to an 

OD600 of 0.4-0.6, protein expression was induced with 1 mM IPTG. Along with IPTG, 0.5 mM of 

12-ADA was added to the expression culture. As a negative control, 0.5 mM of myristic acid was 

added to the expression culture instead of 12-ADA. Myristic acid is the natural substrate of NMT 

and does not contain an azide moiety (Figure 4.2). After 3, 6, and 20 hours of protein expression, 

cells were harvested via centrifugation and stored at -80 °C until use. An uninduced pellet was also 

stored at -80 °C until use. In addition, a separate culture for RS1-GBP and RS1-His-GBP was 

expressed in the absence of both 12-ADA and Myristic Acid. As a control experiment, wt-mglB 

(in pGEM T-Easy vector) was also transformed into chemically competent BL21 (DE3) E. coli 

cells but in the absence of the hNMT1 plasmid. Control expression cultures were grown in LB 

Figure 4.3. Engineered constructs of mglB. The wt-mglB was inserted into the pGEM T-

Easy vector; the remaining constructs were inserted into the pET15b vector. 
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medium supplemented with 100 µg mL-1 ampicillin under the same incubation conditions as the 

engineered construct. 

4.2.3 Cell lysis and protein analysis 

Frozen cell pellets from the E. coli cultures expressing either WT-GBP, RS1-GBP, RS2-

GBP, or RS1-His-GBP (no tags), as well as 12-ADA-labeled GBP (12-ADA-GBP, either through 

RS1 or RS2) and Myristic Acid-labeled GBP (Myr-GBP, either through RS1 or RS2) were lysed 

using 5 mL g-1 lysis buffer (30 mM Tris [pH 8.0], 20 mM NaCl, 1 mM DTT, 1 mg mL-1 lysozyme, 

1x Halt protease inhibitor cocktail, 0.04 U µL-1 benzonase) via sonication, then clarified via 

centrifugation (12,500 rcf for 20 minutes at 4 °C). The total protein concentration of the clarified 

lysate was then quantified with a Pierce 660 nm Protein Assay. Normalized concentrations of 

clarified lysate samples were then analyzed via SDS-PAGE (4-20% Mini-PROTEAN®TGXTM 

Precast Gels, Bio-Rad, Hercules, CA). Gels were imaged using visible light on the Azure c400 

(Azure Biosystems, Inc., Dublin, CA). 

To assess whether engineering GBP with an azide tag altered the solubility of the protein, 

membrane-bound protein fractions of 12-ADA-GBP were lysed using 5 mL g-1 membrane lysis 

buffer ([pH 7.5] 150 mM NaCl, 1% Triton-X-100, 0.1% SDS, 50 mM Tris-HCl, 1 mM DTT, 1mg 

mL-1 lysozyme, 1x Halt protease inhibitor cocktail, 0.04 U µL-1 benzonase) via sonication then 

clarified via centrifugation. Clarified membrane fraction samples were equilibrated with 20 mM 

HEPES and analyzed alongside clarified lysate samples via SDS-PAGE. 

4.2.4 Proof-of-concept selective conjugation of 12-ADA-GBP from lysate 

To demonstrate that selective conjugation of 12-ADA-GBP to an alkyne labeled surface is 

possible, a strain-promoted azide alkyne cycloaddition (SPAAC) reaction was employed with a 

TAMRA fluorophore conjugated to the strain-promoted alkyne, dibenzocyclooctyne (DBCO). 

Approximately 45 µL of 0.5 mg mL-1 of clarified lysate containing overexpressed 12-ADA-GBP 

was incubated with 3 µL of 0.5 M iodoacetamide (IAA) for 30 minutes on an end-to-end rotator 

to prevent disulfide bond formation between free thiol groups on the proteins. Afterwards, 80 µM 

of DBCO-TAMRA (Click Chemistry Tools, Scottsdale, AZ) was added to the alkylated lysate 

solution and 20 mM HEPES was added to a final reaction volume of 60 µL. As a negative 
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conjugation control reaction, Myr-GBP was incubated with the DBCO-TAMRA. Additional 

negative controls for non-specific binding included uninduced clarified lysate samples of 12-ADA-

GBP and Myr-GBP. The reactions were incubated in the dark on an end-to-end rotator overnight 

at room temperature. After 16 hours, the samples were precipitated via methanol chloroform, 

resuspended in 4x Laemmli-βME sample buffer, and analyzed via SDS-PAGE. SDS-PAGE gels 

were first imaged on the Azure c400 with fluorescent light (Cy3) to investigate selective labeling 

of 12-ADA-GBP to the TAMRA fluorophore (excitation/emission: 557/583 nm) and then stained 

with Coomassie and imaged with visible light to reveal total protein distribution in the samples. 
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4.3 Results and Discussion 

4.3.1 Cloning of mglB constructs with NMT sequence 

The wild-type and engineered mglB sequences were successfully cloned into pGEM T-

Easy and pET15b vectors, respectively. Originally, all sequences were cloned into pGEM T-Easy. 

However, it was determined that this vector is not suitable for protein expression as it does not 

contain a ribosomal binding site. Therefore, the engineered mglB plasmids (RS1-mglB, RS2-mglB, 

RS1-His-mglB) were subcloned into pET15b; this is confirmed by the diagnostic restriction digest 

analysis in Figure 4.4and sequencing alignment analysis (Figure C.1). 

 

Figure 4.4. Diagnostic restriction digest of successfully cloned RS1-mglB in pET15b vector. 

From left to right: pET15b plasmid cut with restriction enzymes Nco1 and Nde1 (5.7 kB 

expected size corresponds to band location); RS1-mglB in pGEM T-Easy cut with Nco1 and 

Nde1 (expected sizes of 3 kB for pGEM T-Easy and 1 kB for RS1-mglB insert reflected in 

banding pattern, with excess un-cut plasmid at 4 kB); RS1-mglB in pGEM T-Easy cut with only 

Nco1 (expected size of 4 kB for insert + plasmid reflected in band); RS1-mglB subcloned into 

pET15b cut with Nco1 and Nde1 (expected size of 5.7 kB for pET15b and 1 kB for RS1-mglB 

insert reflected by banding pattern); RS1-mglB subcloned into pET15b cut with only Nco1 

(expected band size of 6.7 kB for insert + plasmid reflected in band); the same RS1-mglB-

pET15b construct cut with only Nde1 (expected size of 6.7 kB reflected in band). 

  



 

 

74 

4.3.2 Protein expression and bio-orthogonal labeling of GBP 

Coomassie-stained SDS-PAGE gels revealed wild-type GBP (WT-GBP), RS1-GBP, and 

RS1-His-GBP reached peak expression levels within 2-4 hours, indicated by the thick band at 

approximately 32 kDa compared to the uninduced control samples (Figure 4.5). Thus, engineering 

the GBP with the N-terminal recognition site for NMT did not alter expression levels compared to 

the wild type. Similarly, E. coli cultures expressing either 12-ADA-GBP (engineered with RS1 or 

RS2) or Myr-GBP (RS1 or RS2) were analyzed for protein expression with SDS- PAGE. It was 

observed that at 4 hours, GBP engineered with RS1 had higher expression levels in the soluble 

fraction than GBP engineered with RS2. 

 

Figure 4.5. Expression levels of WT vs engineered GBP (RS1 & RSI-His) without fatty acid 

tags (32 kDa). 

(a) WT-GBP expression levels for 1-8 hours; (b) RS1-GBP expression levels for 1-6 hours; (c) 

RS1-His-GBP expression at 4 hours. 

Comparison of soluble and membrane fraction protein content from cultures containing 

overexpressed 12-ADA-GBP (engineered with RS1) demonstrated that the protein of interest was 

present in both fractions, with a slightly higher abundance in the membrane fraction (Figure 4.6). 

However, this difference was not significant; thus, it can be inferred that the azide tag does not 

significantly impact the solubility of the protein. Furthermore, acquiring the protein from the 

soluble fraction is more efficient and preserves the protein function as no harsh detergents are used. 

12-ADA-GBP engineered with the RS2 recognition sequence had similar expression levels in the 

membrane fraction when compared to GBP engineered with RS1 (Figure 4.7). However, as the 

RS2-GBP expression levels were negligible in the soluble fraction, the RS1-engineered protein 

was used for further bio-orthogonal labeling and downstream conjugation steps. 
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Figure 4.6. Expression of 12-ADA-GBP in soluble and membrane fractions. 

(a) Coomassie-stained SDS-PAGE displaying peak expression within 5 hours for 12-ADA-GBP 

(32 kDa). Banding in clarified lysate is similar to banding in membrane fraction for protein. 

Membrane fraction contains negligible background protein; (b) ImageJ analysis of band intensity 

at 32 kDa.  

 

Figure 4.7. Expression levels of 12-ADA labeled GBP (32 kDa) engineered with either RS1 

or RS2 recognition sequence in soluble and membrane fractions (5 hours, n=1). 
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SDS-PAGE analysis of 12-ADA-GBP and Myr-GBP expression compared to the 

uninduced control revealed peak expression of protein within 2 hours in the soluble fraction. No 

significant difference was observed in the expression levels for protein tagged with 12-ADA or 

Myristic Acid (Figure 4.8).  

 

Figure 4.8. Expression of 12-ADA-GBP and Myr-GBP in soluble fraction. 

(a) Coomassie-stained gel of uninduced control and clarified lysate collected from 2 hours post-

expression containing overexpressed 12-ADA-GBP and Myr-GBP (32 kDa), respectively; (b) 

ImageJ analysis of band intensity at 32 kDa for all samples. 

4.3.3 Selective conjugation of 12-ADA-GBP from lysate 

In-gel fluorescence analysis showed that in the entire lane of clarified lysate containing 

overexpressed protein, only 12-ADA-GBP was successfully clicked with the TAMRA 

fluorophore, as indicated by the fluorescent band at 32 kDa in Figure 4.9b. As expected, the Myr-

GBP sample lane did not display any fluorescent banding. This demonstrated successful selective 

conjugation of the 12-ADA-GBP directly from clarified lysate. 

To demonstrate the functionality of both recognition sites RS1 and RS2, 12-ADA-labeled 

GBP engineered with both recognition sites was clicked with DBCO-TAMRA directly from lysate 

and analyzed for fluorescence. Results demonstrated that, as expected, both 12-ADA-GBP 

samples were able to selectively conjugate to the fluorophore. However, due to the previously 

observed low expression level of RS2-GBP, the fluorescent band intensity was also much lower 

for 12-ADA-GBP engineered with the RS2 site (Figure 4.10b). 
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Figure 4.9. Selective conjugation of 12-ADA-GBP from cell lysate via strain-promoted 

azide alkyne cycloaddition (SPAAC). 

(a) Fluorescent image of SDS-PAGE gel containing TAMRA-clicked 12-ADA-GBP and Myr-

GBP samples and imaged using the Cy3 channel on Azure c400 gel analyzer. Only 12-ADA-

GBP is successfully conjugated to the fluorophore. (b) Coomassie-stained image of the clarified 

lysate lanes containing overexpressed 12-ADA-GBP and Myr-GBP at 32 kDa, respectively. Both 

samples underwent SPAAC reactions with DBCO-TAMRA and were precipitated via methanol 

chloroform before loading on the gel.  

 

Figure 4.10. Selective conjugation of 12-ADA-GBP (engineered with RS1 and RS2) to 

DBCO-TAMRA from clarified lysate. 

(a) Coomassie-stained gel of clarified lysate samples containing 12-ADA or Myristic Acid 

labeled RS1-GBP or RS2-GBP clicked with DBCO-TAMRA via SPAAC (32 kDa). Samples 

were precipitated after SPAAC via methanol chloroform prior to gel loading. (b) Fluorescent 

image of the same gel analyzed through the Cy3 channel of the Azure c400 gel analyzer 

demonstrating selective conjugation of 12-ADA-GBP engineered with both RS1 and RS2 NMT 

recognition sites (32 kDa). 
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4.4 Future Directions 

In this chapter, I demonstrated that chemo-enzymatic labeling of the glucose binding 

protein was possible within the E. coli expression system. The bio-orthogonal appendage of fatty 

acid analogs 12-ADA and Myristic Acid to the N-terminus of the protein was made possible 

through the orthogonally co-expressed NMT enzyme. This allowed for streamlined and specific 

conjugation to cyclooctyne-labeled fluorophore, TAMRA, directly from soluble cell lysate. 

However, there was a noticeable difference in expression levels and subsequent conjugation 

efficiency between the GBP samples engineered with the two different recognition sites for NMT. 

GBP engineered with RS1, the recognition sequence derived from human Calcineurin subunit B, 

demonstrated consistently stronger expression and labeling efficiency compared to GBP 

engineered with RS2, the recognition sequence derived from the yeast ADP ribosylation factor. 

Future work should focus on improving expression conditions for RS2-GBP and examine whether 

difference in recognition sequence affects the solubility of the protein. As observed in Figure 4.7, 

RS2-GBP maintained stronger expression in the membrane fraction of the cell compared to RS1-

GBP.  

4.5 Conclusion 

Chemo-enzymatic labeling of substrate proteins within cell expression systems has been 

successfully demonstrated to streamline conjugation steps and bypass the need for extensive 

purification. This technique is especially useful for functionalizing recognition elements such as 

binding proteins to be used in biosensing applications. By eliminating the need for additional 

purification steps, a greater yield of functionalized protein can be harvested. I have demonstrated 

that the glucose binding protein can be functionalized with an azide tag from within the E. coli 

expression system, enabling it to be selectively conjugated to alkyne-labeled surfaces directly from 

cell lysate without additional purification. 
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 SELECTIVE CONJUGATION OF GBP TO QUANTUM DOTS 

5.1 Rationale 

Numerous studies have used fluorescence modalities for GBP-based glucose sensing and 

have achieved micromolar limits of detection108. However, a drawback to the currently reported 

fluorescence-based GBP sensors is the use of organic fluorophores, which are susceptible to 

photobleaching, are highly sensitive to pH and temperature changes, and possess narrow excitation 

with broad emission spectra11,95. Thus, photostable nanomaterials such as QDs are a robust 

alternative95. Furthermore, QDs also make for excellent fluorescent donor molecules for FRET 

since they have broad absorption and narrow emission spectra, owing to a large Stoke’s shift. This 

enables selective excitation of the donor molecule at low wavelengths, which avoids direct 

excitation of acceptor molecules that contain narrow Stoke’s shifts. Hence, I sought to conjugate 

12-ADA-GBP to QDs using SPAAC. 

5.2 Materials and Methods 

5.2.1 Enrichment of 12-ADA-GBP from lysate via anion exchange 

Anion exchange chromatography was performed to enrich the concentration of 12-ADA-

GBP in the clarified lysate sample prior to conjugation to DBCO-functionalized QDs (DBCO-

QDs) to improve SPAAC efficiency by reducing non-specific adsorption to the quantum dot 

surface. Macro-Prep ® DEAE resin (1 mL packed, Bio-Rad, Hercules, CA) was equilibrated with 

10 column volumes of wash buffer (10 mM Tris-HCl, pH 8.0) in a 27 mL gravity flow-column 

(1.5 x 15 cm, Econo-Column® Chromatography Column, Bio-Rad, Hercules, CA). Then, 10 

column volumes of (1.0 mg mL-1) clarified lysate containing 12-ADA-GBP was applied to the 

equilibrated resin and the resulting flow-through was collected. Three 10 mL washes were 

collected using wash buffer and A280 measurements were taken to ensure protein concentrations 

reached baseline values. For the elution fractions, 2 mL samples were collected containing the 

following NaCl concentrations: 0.0, 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, and 0.8 M. Finally, 10 mL of 

elution buffer (10 mM Tris-HCl + 1.0 M NaCl, pH 8.0) was applied to the column to collect 

remaining protein bound to the resin. All samples were normalized to concentrations of 0.2 mg 
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mL-1 using 20 mM HEPES, pH 8.0 (samples below this concentration were not diluted) and 

analyzed via SDS-PAGE. ImageJ analysis was performed to identify lanes that contained the 

highest ratio of GBP to total protein. Since the first wash (W1) contained the most enriched fraction 

of 12-ADA-GBP, this 10 mL sample was concentrated via a 30 kDa molecular weight cut-off 

(MWCO) Amicon® Ultra-15 mL centrifugal filtration column (5,000 rcf for 30 minutes, Millipore 

Sigma, Burlington, MA). For immediate confirmation of the protein band in the first wash, the 

concentrated sample was clicked with DBCO-TAMRA and analyzed on SDS-PAGE. The gel was 

visualized for fluorescence using the Cy3 channel of the Azure c400 and then stained with 

Coommassie and visualized under visible light. The concentrated sample was analyzed on SDS-

PAGE and the gel was sent to the Purdue Proteomics Facility for protein identification and relative 

molar abundance of each protein via mass spectrometry (Q-Extractive Orbitrap HF mass 

spectrometer, ThermoFisher Scientific, Waltham, MA) and intensity-based absolute label-free 

quantification (iBAQ)  

5.2.2 Characterization of amino-PEG quantum dot (NH2-QD) size (nm) and polydispersity 

index (PdI) 

Amino-PEG coated CdSe/ZnS core/shell quantum dots (NH2-QDs, 580 nm, 8 µM, Ocean 

Nanotech, San Diego, CA) were measured for size and polydispersity index (PdI) with a Malvern 

Zetasizer Nano ZS90 (Malvern, UK). The QDs were resuspended in buffers with pH ranges of 6-

8 at either room temperature (25 °C) or 37 °C, with and without Tween-20 (0% or 0.1%), over a 

period of 48 hours to identify appropriate buffer conditions to minimize aggregation effects. 

Fluorescence spectra (excitation wavelength of 380 nm) were characterized at 0 hours, 24 hours, 

and 48 hours using the Synergy H1 Hybrid Multi-Mode Reader (BioTek US, Winooski, VT, USA). 

5.2.3 Functionalization of NH2-QDs with DBCO 

The NH2-QDs were diluted to 1µM using 20 mM HEPES, pH 8. Diluted QDs were then 

buffer exchanged via 3 kDa MWCO centrifugal filtration columns (Amicon® Ultra-0.5 mL 

centrifugation columns, Millipore Sigma, Burlington, MA) with 400 µL of 20 mM HEPES, pH 

8.0, to remove sodium azide prior to functionalization. For characterization of QD stability under 

varying buffer conditions, please refer to Appendix D. After buffer-exchange, 1 µM of the NH2-
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QDs were reacted with a molar excess of sulfo-dibenzocyclooctyne-ester (DBCO-sulfo-NHS, 

Click Chemistry Tools, Scottsdale, AZ) for 30 minutes at RT in a total volume of 500 µL adjusted 

with 20 mM HEPES, pH 8.0. Originally, DBCO-PEG4-NHS was used as the linker, as PEG 

improves the solubility of the compound to counteract the hydrophobic property of DBCO. 

However, as the QDs were already coated with an amino-PEG layer, the PEG linker was redundant 

and risked increasing steric hindrance due to its size. Therefore, DBCO-sulfo-NHS was chosen 

due to its smaller molecular weight and solubility of the sulfonate linker. After incubation, the 

NHS reaction was quenched with the addition of a final concentration of 50-100 mM Tris-HCl, 

pH 8.0. Excess DBCO was removed via centrifugal filtration using 3 kDa MWCO columns for 

three washes at 14,000 rcf, 10 minutes each. The DBCO-QDs were then resuspended to a final 

volume of 500 µL in 20 mM HEPES, pH 8.0. QD concentration was determined from a standard 

curve of NH2-QD fluorescence intensities (ex. 380 nm/em. 590 nm) using the Synergy plate reader. 

Additionally, NH2-QD and DBCO-QD sample absorbance spectra (200-350 nm) and fluorescence 

spectra (ex. 380 nm, em. 500-700 nm) were measured using the microplate reader. 

To determine the optimal linker-to-QD ratio for azide reactivity, three samples of varying 

DBCO:QD molar ratios (100:1, 500:1, 1000:1) were reacted with 1.5x molar excess of Azide-

Alexa-647 (Click Chemistry Tools, Scottsdale, AZ) for 4 hours, covered, on an end-to-end rotator 

at RT. After filtration of excess Alexa dye via 3 kDa MWCO column (three washes using 20 mM 

HEPES, pH 8.0 at 14,000 rcf, 10 minutes each), the absorbance spectra (200-350 nm) and the 

fluorescence spectra (ex. 380 nm) of the samples were analyzed. To visualize incorporation of 

DBCO on the QD surface and the efficiency of the SPAAC reaction between the DBCO-QD and 

Azide-Alexa-647, 10 µL of NH2-QD, DBCO-QD (100:1 to 1000:1 ratios), and all three Alexa-QD 

samples (normalized to 0.2 µM QD concentration) were analyzed on a 0.75% w/v agarose gel in 

0.5x TBE, pH 8.4 at 150 V for 50 minutes. Samples were combined with Gel Loading Dye, Purple 

(6X) at a ratio of 10 µL sample to 2 µL dye (New England Biolabs, Ipswich, MA). The gel was 

imaged on the Azure c400 for QD and Alexa fluorescence separately using Cy3 and Cy5 channels, 

respectively. The images were then overlaid and analyzed for SPAAC efficiency. 
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5.2.4 Conjugation of 12-ADA-GBP to DBCO-QD via SPAAC 

While GBP does not contain any cysteines, non-specific proteins (even in the enriched 

sample) may contain cysteines that can form disulfide bonds and interact with DBCO moieties109. 

Therefore, prior to conjugation to DBCO-QD, 200 µL of enriched protein sample containing the 

12-ADA-GBP (0.25 mg mL-1) was incubated with 25 mM of iodoacetamide for 30 minutes at RT. 

Afterwards, the enriched and alkylated protein sample was added to 200 µL of 0.5 µM DBCO-

QDs (500:1 linker-to-QD ratio). Control samples included 0.5 µM NH2-QDs reacted with enriched 

and alkylated 12-ADA-GBP (0.25 mg mL-1) and 0.5 µM DBCO-QDs reacted with alkylated 

clarified lysate containing Myr-GBP (0.25 mg mL-1). The mixtures were vortexed gently, covered 

with foil, and incubated at 4 °C on an end-to-end rotator overnight. After incubation, samples were 

filtered via 100 kDa MWCO columns for three washes at 14,000 rcf for 10 minutes each using 20 

mM HEPES, pH 8.0 to remove excess/unbound protein. The filtered samples were resuspended in 

100 µL of 20 mM HEPES, pH 8.0. A Pierce 660 protein assay was used to determine the total 

protein concentration on the QD surface and in the flow-through samples. The fluorescence 

intensity values (ex. 380 nm/ em. 590 nm) of the samples were compared to standard QD 

concentrations to determine QD concentration. Afterwards, Protein:QD molar ratios were 

calculated (based on molecular weight of 12-ADA-GBP from mass spectrometry analysis). After 

normalizing protein concentrations (samples with protein concentrations below 0.1 mg mL-1 were 

not adjusted), 10 µL of each sample was prepared and analyzed via SDS-PAGE (150 V for 50 

minutes). Control lanes included normalized protein concentrations of enriched 12-ADA-GBP and 

clarified lysate containing Myr-GBP, as well as DBCO-QD and NH2-QD without protein. After 

imaging the gel for fluorescence via the Cy3 channel on the Azure c400, the gel was stained with 

Coomassie and imaged using visible light to visualize the protein. The fluorescent image and 

Coomassie-stained image were overlaid and analyzed to confirm SPAAC conjugation. 

5.3 Results and Discussion 

5.3.1 Enrichment of 12-ADA-GBP from lysate 

SDS-PAGE analysis of flow-through, washes, and elution fractions from anion exchange 

filtration revealed that most of the protein was lost in the flow-through and W1 according to the 
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banding pattern at 32 kDa (Figure 5.1a). Some protein was found in the second elution fraction 

(0.2 M NaCl) but the remaining fractions had faint or very negligible presence of the protein. 

ImageJ analysis of the intensity ratio of the protein band and the lane revealed that W1 contained 

a cleaner, more enriched fraction of 12-ADA-GBP (Figure 5.1b). 

 

Figure 5.1. Anion exchange enrichment of 12-ADA-GBP from clarified lysate. 

(a) Coomassie-stained gel of clarified lysate, flow-through, wash steps, and various elution 

fractions from the anion exchange filtration of the protein (32 kDa). (b) Intensity ratios of protein 

band and lane for each sample analyzed via ImageJ (n=3). 
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Click chemistry of the W1 sample with DBCO-TAMRA confirmed that 12-ADA-GBP was 

present in the sample (Figure D.1). Thus, prior to conjugation to DBCO-QDs, clarified lysate 

containing 12-ADA-GBP was filtered through anion exchange to minimize aggregation and 

adsorption to DBCO by non-specific proteins. 

5.3.2 Mass-spectrometry analysis of expressed protein lysate 

Mass spectrometry analysis of the clarified lysate sample confirmed that GBP was present 

in relatively high abundance, as indicated by the second highest peak of iBAQ scores (Figure 5.2b). 

Furthermore, the mass spectrometry results indicated that the actual size of the GBP protein in this 

sample was 35.7 kDa, which matches the banding pattern shown in Figure 5.2a. However, at a 

very similar size (35.3 kDa), another protein, Glyceraldehyde-3-phosphate dehydrogenase A 

(gapA), is present, although at a lower abundance (Table 5.1). The thick band directly underneath 

the GBP corresponds to the Malate deyhydrogenase protein (32.3 kDa), which is the third most 

abundant protein in the sample, as indicated by iBAQ peaks. The most abundant protein in this 

sample is the Outer membrane protein F, visualized by the band directly above GBP at 39.3 kDa. 

These results confirm that the band indicated by the red arrow corresponds to a mixture of GBP as 

well as gapA protein, with GBP being the more abundant protein. 

 

Figure 5.2. Mass spectrometry analysis of protein sample. 

(a) Coomassie-stained gel of clarified lysate and enriched sample containing 12-ADA-GBP; (b) 

Relative protein abundance (represented by iBAQ scores, calculated by the sum of total intensity 

divided by the number of theoretical peptides for a protein) by molecular weight for clarified 

lysate sample. Second highest peak corresponds to GBP at approximately 35.7 kDa. 
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Table 5.1. Identity and size of proteins with highest abundance in overexpressed lysate. 

Protein names Gene names MW [kDa] iBAQ Score MS/MS count 

Outer membrane protein F ompF 39.333 1.59E+10 1091 

D-galactose-binding periplasmic protein mglB 35.712 4.18E+09 365 

Malate dehydrogenase mdh 32.337 2.50E+09 187 

Glyceraldehyde-3-phosphate dehydrogenase A gapA 35.532 1.99E+09 288 

5.3.3 Characterization of QD hydrodynamic size (nm) and polydispersity (PdI) 

Average hydrodynamic diameter measurements of NH2-QD were consistently in the range 

of 68 ± 7 nm, which is more than twice the reported size of these particles (30 nm). Analysis of 

buffer conditions revealed that higher pH levels (7-8) and inclusion of surfactant (Tween-20, 0.1%) 

reduced hydrodynamic diameter measurements, but not significantly (Figure 5.3). However, 

Tween-20 significantly reduced fluorescent intensity of the QDs (Figure D.4). The polydispersity 

of the QDs was lower with pH 8 and with the inclusion of 0.1% Tween, but this was not consistent 

at different temperatures. Furthermore, it was observed that after 24-48 hours, the fluorescence 

intensity is reduced when QDs are stored at higher temperatures (25-37 °C) instead of at 4 °C. 

Thus, for reduced aggregation effects and preserved fluorescence intensity, buffer conditions for 

GBP-QD conjugation included higher pH (7-8) levels and reactions were performed at 4 °C.  
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Figure 5.3. Hydrodynamic diameter and polydispersity index (PdI) measurements of QDs 

in various buffer conditions. 

(a) Average hydrodynamic diameter measurements of NH2-QDs in buffers of pH 6-8, with and 

without 0.1% Tween-20 incubated at 25 °C for 24 hours (n=3). No significant difference 

observed in QD size between groups with Tween-20 and without Tween-20. Higher pH levels in 

samples with Tween-20 reported lower average diameters. Average size measurement for QDs in 

HEPES pH 8 with 0.1% Tween-20 was excluded due to outlier values above 300 nm; (b) average 

hydrodynamic diameter measurements of NH2-QDs in buffers of pH 6-8 with and without 0.1% 

Tween-20 incubated at 37 °C for 24 hours (n=3). The inclusion of Tween-20 (0.1%) significantly 

reduced average hydrodynamic diameter (p < 0.0001). Samples in pH 7 had significantly higher 

average hydrodynamic diameters (p < 0.0001 without Tween-20; p<0.05 with Tween-20); (c) 

Average PdI measurements for same samples in (a) (n=3). No significant difference reported for 

samples incubated with Tween-20 vs. samples incubated without Tween-20; (d) Average PdI 

measurements for same samples in (b) (n=3). Samples incubated with Tween-20 had 

significantly lower PdI (p<0.05). 
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5.3.4 Functionalization of QDs for azide reactivity 

QDs conjugated with DBCO had a slightly lower fluorescence intensity than 

unfunctionalized NH2-QDs, as observed in Figure 5.4. In addition, DBCO functionalization caused 

a slight downward shift in the agarose gel, indicating the presence of positive surface charges on 

the QD (Figure D.2). When reacted with 1.5x molar excess of azide-labeled Alexa-Fluor-647, 

successful SPAAC was observed with QDs functionalized with 100x and 500x molar excess of 

DBCO-sulfo-NHS linker (Figure 5.5). Analysis of the emission spectra revealed that at a molar 

ratio of 500:1 DBCO:QD, there were emission peaks observed for both QD and Alexa-Fluor-647, 

confirming that this ratio had the highest azide reactivity (Figure D.3). The ratio of 1000:1 did not 

display successful azide reactivity; this may be attributed to steric hindrance of excess linker that 

prevented successful conjugation to azide groups. For all future conjugations to enriched 12-ADA-

GBP, DBCO-QD with a 500:1 linker:QD ratio was used. 

 

Figure 5.4. Fluorescence emission spectra of QD functionalized with DBCO (excitation 380 

nm). NH2-QDs refer to unfunctionalized amino-PEG-QDs; DBCOQD-100 – 100:1 ratio of 

linker to QD; DBCOQD-500 – 500:1 ratio of linker to QD; DBCOQD-1000 – 1000:1 ratio 

of linker to QD. 
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Figure 5.5. Agarose gel electrophoresis analysis of unbound QD and DBCO-QD (green) 

azide reactivity with Alexa-647 dye (red). QD0-1000 refers to ratio of DBCO to QD (QD0 = 

no DBCO; QD1000 = 1000:1 ratio). FT = filtrate sample containing only Alexa dye. 

5.3.5 Conjugation of 12-ADA-GBP to DBCO-QDs via SPAAC 

Enriched 12-ADA-GBP was successfully conjugated to DBCO-QD, as demonstrated by 

the overlap in Coomassie-stain and fluorescent banding in Figure 5.6. In lane A, which corresponds 

to the experimental sample containing enriched 12-ADA-GBP and DBCO-QD, a thick band at 

~36 kDa was observed; this may represent either excess 12-ADA-GBP or non-specific protein 

such as gapA. In this sample, a QD concentration of 0.91 µM and a protein concentration of 0.14 

mg mL-1 was measured. Based on the molar mass of GBP as quantified by mass spectrometry 

results (35.7 kDa), a molar concentration of 3.92 µM was calculated assuming only GBP made up 

the protein concentration. Thus, the molar ratio of total protein to QD was estimated to be 4:1. 

Although all SPAAC reactions underwent extensive wash steps to remove unbound protein, some 

protein remained in the filtered sample and was only separated from QD with SDS-PAGE. This 

was only observed in lanes that contained DBCO-QD and protein (A & B), suggesting that the 

hydrophobic nature of the positively charged DBCO moiety contributed to non-specific protein 

adsorption to the QD surface, despite alkylation of non-specific cysteine groups with 

iodoacetamide. In lane C, which contained unfunctionalized NH2-QD reacted with enriched 12-

ADA-GBP, no non-specific protein bands were observed. The only faint banding observed in the 

lane corresponded to enriched 12-ADA-GBP protein (36 kDa). Hence, it can be assumed that in 

addition to alkylation of cysteine groups in non-specific proteins, enrichment of the 12-ADA-GBP 
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sample is necessary prior to conjugation to DBCO-QD to avoid non-specific protein adsorption to 

positively charged DBCO moieties that can prevent successful azide-alkyne cycloaddition.  

 

Figure 5.6. Confirmation of GBP-QD conjugation via SDS-PAGE analysis. 

12-ADA-GBP and Myr-GBP lanes refer to enriched lysate containing overexpressed 12-ADA-

GBP and clarified lysate containing overexpressed Myr-GBP, respectively. A = enriched 12-

ADA-GBP reacted with DBCO-QD; B = clarified lysate containing Myr-GBP reacted with 

DBCO-QD; C = enriched 12-ADA-GBP reacted with NH2-QD; D = DBCO-QD (500:1 linker to 

QD ratio); E = NH2-QD. (a) Fluorescent SDS-PAGE gel imaged with Cy3 channel; (b) the same 

SDS-PAGE gel stained with Coomassie and imaged under visible light. The red connected 

rectangles between the fluorescent and Coomassie gel indicate the overlap representative of 

successfully conjugated GBP-QD. The same band in lane A is not visible in 12-ADA-GBP lane; 

indicating successful SPAAC conjugation. The red box on the lower half of the Coomassie-

stained gel highlights the remaining protein at ~36 kDa indicative of GBP (36 kDa based on 

mass spec analysis of actual protein size). 

5.4 Future Directions 

SPAAC has been used to conjugate proteins to QD surfaces but published methods have 

varied in the type of linker, QD composition, and reaction conditions110. Unlike previously 

published methods, I sought to conjugate protein directly from enriched clarified lysate, which 

poses the added challenge of non-specific protein adsorption. There is a tradeoff between high 

conjugation efficiency and high protein yield, as purification can significantly reduce protein yield 

but will ultimately reduce non-specific adsorption. While surfactants such as Tween-20 have been 

previously used to limit aggregation effects, the addition of Tween-20 ultimately did not reduce 
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non-specific protein adsorption, as demonstrated in control experiments with BSA and DBCO-QD 

(Figure D.6). 

Therefore, for enhanced conjugation efficiency in SPAAC reactions, one should implement 

a purification step prior to conjugation. This requires high starting concentrations of protein in 

lysate to counteract potential loss in protein yield. The RS1-His-GBP protein can be labeled with 

12-ADA in the expression system and subsequently purified using the 6xHis tag. For all SPAAC 

reactions, alkylation of cysteine residues in non-specific proteins is required to prevent interaction 

with DBCO moieties. It is important to note that the maximum concentration of protein in a 

SPAAC reaction should be under 0.5 mg mL-1, as higher protein concentrations (even if purified) 

also result in increased protein adsorption to DBCO-functionalized surfaces and can limit SPAAC 

conjugation efficiency. This also leads to significant aggregation, as demonstrated in 

hydrodynamic diameter measurements captured by the Zetasizer (Figure D.7). DBCO-QDs 

reacted with enriched 12-ADA-GBP had significantly reduced average diameters (100.5 ± 0.7 nm) 

compared to DBCO-QDs reacted with clarified lysate containing 12-ADA-GBP (128.3 ± 0.6 nm). 

Despite alkylation, enrichment, and extensive wash steps, there will still be aggregation observed 

in samples, as demonstrated by the significant size difference in unconjugated QDs vs conjugated 

QDs (68.3 ± 1.3 nm vs. 100.5 ± 0.7 nm), owing to hydrophobicity of exposed DBCO and 

consequently, protein adsorption. Therefore, for accurate size measurements of individual GBP-

QD conjugates, transmission electron microscopy (TEM) should be used. TEM will also confirm 

protein attachment to QD (with negative staining using 2% uranyl acetate) and help to visualize 

aggregation effects. 

Finally, while azide reactivity was proven for QDs functionalized with 100-500x molar 

excess of DBCO linker, alternative cyclooctyne linkers that offer enhanced solubility should be 

explored to further reduce adsorption, linker entanglement, and potential aggregation effects. If 

alternative cyclooctyne linkers for QDs do not reduce aggregation effects, a different fluorescent 

nanomaterial should be chosen for the biosensor so that CuAAC can be used in place of SPAAC. 

CuAAC is not suitable for QDs but bypasses the use of extremely hydrophobic linkers and can 

ultimately reduce the non-specific protein adsorption and aggregation issues. Therefore, 

immediate next steps should focus on conjugating GBP to an organic fluorophore with an emission 

spectrum similar to the QD used in this study, such as TAMRA. While organic fluorophores suffer 

from photobleaching and narrow excitation spectra, they do not require SPAAC conjugation as 
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most dyes are not adversely affected by copper-mediated click chemistry. If the small Stoke’s shift 

of the organic dye causes direct excitation of the acceptor dyes, then a fluorescent nanomaterial 

with a larger Stoke’s shift that is not negatively impacted by copper-mediated conjugation 

strategies should be used.  

5.5 Conclusion 

In this chapter, I have successfully demonstrated that azide-labeled protein from enriched 

clarified lysate can be selectively conjugated to QDs using SPAAC. I optimized reaction 

conditions by enriching the lysate sample through anion exchange filtration, alkylating cysteine 

groups in the enriched sample, functionalizing the NH2-QDs with a 500x molar excess of DBCO-

sulfo-NHS linker, and incorporating multiple wash steps to remove unbound protein. 

Characterization of QD stability also showed that SPAAC conjugation can be performed at 

temperature ranges of 4–37 °C, at pH ranges of 7-8 (Figure D.4). While I confirmed SPAAC 

conjugation of GBP to QD via SDS-PAGE, further analysis should be done to quantify conjugation 

efficiency, accurately measure the size of GBP-QD conjugates, and estimate GBP to QD ratio. 
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 COMPETITIVE FRET-BASED DETECTION OF GLUCOSE USING 

GBP-QD SENSOR 

6.1 Rationale 

I sought to integrate the GBP-QD conjugate into a competitive fluorescent glucose 

biosensing assembly. In the past, FRET has been utilized as a sensing modality for glucose 

detection using dual labeled GBP. In successful applications, the donor molecule boosted the 

fluorescence emission of the acceptor molecule upon glucose binding and the ratiometric 

measurement of the two fluorescent peak intensities distinguished glucose concentrations in the 

millimolar range111. However, this detection scheme was unable to resolve micromolar changes in 

glucose concentrations due to significantly compromised sensitivity of the protein’s modified 

binding pocket that included an engineered cysteine residue. Because I already conjugated GBP 

to QDs through the N-terminus, avoiding the protein binding pocket, I decided to take advantage 

of the competitive binding of GBP to glucose and galactose to design a FRET system based on 

fluorescently labeled ligand binding. Using an acceptor molecule that can bind and dissociate from 

GBP would circumvent the issues related to the limited range of motion of the GBP binding pocket 

(observed in dual labeled GBP). GBP binds to galactose, albeit at a slightly lower affinity 

(KD,galactose=1.4 µM vs. KD,glucose=0.35). Thus, sensor design should maintain high selectivity 

towards glucose, especially in samples with already low glucose concentrations, such as EBC. 

Since EBC contains negligible galactose levels, I developed a QD-based FRET sensor design in 

which galactose is harnessed as a competitively binding fluorescent ligand acceptor (Figure 

6.1)34,35,39. The QD emission spectrum should have reasonable overlap with the excitation 

spectrum of the ligand acceptor for FRET to occur upon GBP binding to the galactose ligand 

acceptor (and subsequently quench the fluorescence intensity of QD). QDs possess a wide Stoke’s 

shift, which allows for excitation at low wavelengths (< 400 nm). A low excitation wavelength 

would then selectively excite QDs and not the ligand acceptor. Upon ligand acceptor binding to 

GBP-QD, the proximity would enable enhanced FRET quenching of QD fluorescence intensity. 

The addition of glucose to the system would effectively displace ligand acceptor due to the 

protein’s higher affinity for glucose over galactose. Thus, the unquenched QD emission would be 

proportional to the concentration of glucose. While this has yet to be demonstrated in GBP, similar 
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mechanisms have been shown in maltose binding protein and sensors for 2,4,6-trinitrotoluene 

(TNT)112.  

 

Figure 6.1. Proposed sensor schematic for FRET-based glucose detection system using 

GBP-QD conjugates and galactosamine-Alexa-633 acceptor. 

6.2 Materials and Methods 

6.2.1 Synthesis of custom ligand quenchers and fluorophores 

Custom ligand acceptors were designed to include either galactosamine or glucosamine 

conjugated to black hole quencher (BHQ2) or Alexa-Fluor-633 (Alexa-633). The quencher was 

chosen because its absorbance spectra overlapped with the QD emission spectra and it did not 

inherently fluoresce at a different wavelength, making it easier to only detect QD emission. Alexa-

633 was chosen as the alternate acceptor due to the spectral overlap of Alexa-633’s excitation with 

the emission of the QDs. Compared to Alexa-633 and other organic fluorescent dyes,  

For each ligand acceptor, versions with a PEG6 linker were also designed. According to 

Borrok et al., GBP preferentially binds to only the β-anomer forms of D-galactose and D-glucose, 

in which the hydroxy group on the anomeric (C1) carbon is pointing in the same direction as the 

terminal carbon (C6) (Figure 6.2a)113.  



 

 

94 

 

Figure 6.2. Structures of D-glucose anomers. (a) The beta anomer of D-glucose is the 

preferred substrate for GBP; (b) the alpha anomer of D-glucose. 

Hence, the molecules were designed to avoid disturbance of the C1 carbon and have 

minimal steric hindrance with the binding pocket of GBP (Table 6.1). Complete structures of the 

four quencher and three fluorophore ligands can be found in Figure E.1-2. It was not possible to 

design the carbon structures using only the β-anomer, so the structures are a mix of both anomers. 

Table 6.1. Ligand acceptor name, purity, and molecular weight (g/mol). 

ID Ligand Acceptor Name Purity (NMR) Molecular Weight (g/mol) 

Target B Galactosamine-PEG6-Alexa633 70% 1234 

Target C Glucosamine-Alexa633 70% 940 

Target D Glucosamine-PEG6-Alexa633 90% 1234 

Quencher A Galactosamine-BHQ-2 90% 667 

Quencher B Galactosamine-PEG4-BHQ-2 90% 945 

Quencher C Glucosamine-BHQ-2 90% 667 

Quencher D Glucosamine-PEG4-BHQ-2 90% 945 

 

6.2.2 Calibration of QD-FRET with ligand acceptors 

For the GBP-QD system to be sensitive to micromolar changes in glucose, it should be 

calibrated with the ligand acceptors to identify the highest molar ratio of ligand:QD that does not 

cause background (non-specific) FRET quenching of QD intensity. Initially, the quencher ligands 

were added in increasing molar ratios to the unbound QD and analyzed for QD emission intensity 
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using the Synergy H1 Hybrid Multi-Mode Reader (BioTek US, Winooski, VT, USA) at 

excitation/emission wavelengths of 380 nm and 590 nm, respectively. Ratios of 10-7:1 to 10-2:1 of 

quencher:QD were tested in a half area 96-well opaque microplate (QD concentration of 50 nM). 

Next, the Alexa-633 ligands were added in increasing molar ratios to unbound QD (50 nM) and 

analyzed for QD emission and Alexa-633 emission when excited at 380 nm (em. 590 nm for QD 

and em. 645 nm for Alexa-633). In addition, the emission spectra of QD and Alexa-633 at the 

excitation wavelength of 380 nm was also analyzed in 5 nm increments.  

Based on the emission intensity of the QDs with increasing molar ratios of ligand:QD, a 

range of molar ratios for minimal background FRET was identified. For QD FRET using Alexa-

633 ligands, the QD emission intensity was first normalized to peak intensity ratios between QD 

and Alexa-633 and then normalized according to the QD intensity in the absence of the acceptor 

(ID) using the FRET efficiency equation (7), in which IDA is QD intensity in the presence of the 

ligand acceptor (Alexa-633)114. Two-way ANOVA was performed to analyze the effects of the 

ligand type and molar ratio on the peak intensity ratio as well as FRET efficiency. A Dunnett’s 

post-hoc multiple comparison test was performed to determine the extent of the significance 

compared to the control (QD without Alexa-633 ligand). The molar ratio ranges for Alexa-633 and 

quenchers were compared to determine a suitable ligand that would competitively bind to GBP. 

 

𝐸𝐹𝑅𝐸𝑇 = 1 − (
𝐼𝐷𝐴

𝐼𝐷
)  (7) 

6.2.3 FRET efficiency of ligand acceptors on GBP-QD and unbound QD 

After identifying the molar ratio range for minimal background FRET, 25 µL of freshly 

prepared GBP-QD conjugates (normalized to 50 nM QD concentration) were plated (in half area 

96 well opaque microplate) with 25 µL of each type of Alexa-633 ligand in the appropriate molar 

ratio range, mixed, and analyzed for peak intensity ratio and FRET efficiency. As a control, the 

same molar ratios of unbound QD to Alexa-633 ligand were plated and analyzed.  

The excitation wavelength of 380 nm was used for all measurements; QD fluorescence 

intensity was captured at 590 nm and Alexa-633 intensity was captured at 645 nm. For peak 

intensity ratio and FRET efficiency measurements, a one-way ANOVA with a post-hoc Dunnett’s 

multiple comparison test was used to determine the effects of bound vs. unbound QD at various 
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molar ratios on the corresponding FRET signal. In theory, the GBP-QD should demonstrate a 

lower peak intensity ratio compared to unbound QD, and higher FRET efficiency compared to 

unbound QD due to increased proximity of the Alexa-633 from ligand binding to GBP. 

6.2.4 Glucose-responsive FRET curves using GBP-QD ligand acceptor system 

The ligand acceptors that demonstrated a significant impact on FRET efficiency when 

paired with GBP-QD were used to detect glucose in solution. As there was no difference in the 

FRET efficiency of GBP-QD when paired with targets B or C between the molar ratios of 0.5, 1, 

and 2, all three molar ratios were treated as individual replicates. In a full-area 96 well opaque 

microplate, 50 µL of each GBP-QD-ligand solution (paired with targets B and C only) was plated. 

To each well, 50 µL of D-glucose solution in glucose assay buffer (from the Abnova glucose assay 

kit) was added (final concentrations of 0.3, 1, and 7 µM). This was repeated for unbound QD-

ligand solutions. Control wells contained either 1) 50 µL of only GBP-QD and 50 µL of 20 mM 

HEPES (pH 7) or 2) 50 µL of unbound-QD with 50 µL of 20 mM HEPES (Table 6.2). Wells were 

briefly mixed and analyzed for fluorescence intensity of QD at excitation/emission of 380 nm/590 

nm on the Synergy plate reader. FRET efficiency was calculated for all wells (using control wells 

as the basis for QD intensity measurements in absence of acceptor) and plotted against glucose 

concentration for GBP-QD-ligand and unbound QD-ligand systems for both ligand acceptors 

(targets B and C). A two-way ANOVA with a post-hoc Dunnett’s multiple comparison test was 

performed to determine whether glucose concentration significantly impacted the FRET efficiency 

of GBP-QD-ligand compared to unbound QD-ligand. It was hypothesized that for the GBP-QD-

ligand system, higher glucose concentrations would displace the ligand acceptor and ultimately 

decrease the FRET efficiency. Conversely, it was hypothesized that for the unbound QD-ligand 

system, the glucose concentrations would not affect the FRET efficiency, which would stay near 

baseline. 
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Table 6.2. GBP-QD ligand glucose detection system and control well components. 

Sample Name GBP-QD-B GBP-QD-C QD-B QD-C Control 1 Control 2 

QD Type GBP-QD GBP-QD Unbound-QD Unbound-QD GBP-QD Unbound-QD 

Ligand Target B Target C Target B Target C n/a n/a 

Ligand:QD Ratio 0.5, 1, 2 0.5, 1, 2 0.5, 1, 2 0.5, 1, 2 0 0 

[Glucose] (µM)* 0, 0.3, 1, 7 0, 0.3, 1, 7 0, 0.3, 1, 7 0, 0.3, 1, 7 0, 0.3, 1, 7 0, 0.3, 1, 7 

*Refer to final concentrations of glucose in individual wells of microplate 

 This experiment was repeated (twice, N=2) for a larger range of glucose concentrations for 

the GBP-QD and unbound QD system using target C alone. In a 96-well full area opaque (black) 

microplate, ten 50 µL replicates of GBP-QD with a 1:1 molar ratio of target C were plated. This 

was repeated for unbound QD samples on the same microplate. To each sample well containing 

either unbound or GBP-QD along with target C, 50 µL of D-glucose in glucose assay buffer was 

added to result in final glucose concentrations of 0.0, 0.1, 0.5, 1.0, 5.0, 10, 50, 100, 500, and 1000 

µM. Additional control wells contained either 1) 50 µL of only GBP-QD and 50 µL of 20 mM 

HEPES (pH 7) or 2) 50 µL of unbound-QD with 50 µL of 20 mM HEPES. The plating scheme 

was repeated for another set of technical replicates in the same microplate. The samples were 

briefly mixed and subsequently analyzed for QD emission intensity as described in the previous 

experiment. FRET efficiency was calculated (using control wells as the basis for ID values) for 

each sample and plotted against increasing glucose concentrations. 
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6.3 Results and Discussion 

6.3.1 Calibration of QD FRET with acceptor ligands 

The QD FRET calibration using unbound QD and the quencher ligands demonstrated a 

decrease in QD emission intensity with increasing molar ratio of quencher:QD. Although 

background quenching was reduced, it was done so at an extremely small molar ratio of 

quencher:QD (Figure 6.3). This was not for glucose sensing because there may not be enough 

ligand present for competitive binding to GBP. 

 

Figure 6.3. FRET quenching of unbound QD with increasing molar ratios of quencher:QD. 

Dashed line represents average fluorescence intensity of QD in absence of quencher. 

Contrary to the quencher FRET results, at similar ratios of the Alexa-633 ligand to QD, 

there was hardly any quenching of the QDs (Figure 6.4a). A 5:1 ratio did not result in QD emission 

intensity quenching but there was a noticeable increase in Alexa-633 emission intensity. However, 

the increase in Alexa-633 was attributed to higher concentrations rather than FRET; this was 

confirmed by the fact that some Alexa-633 emission still occurs even at an excitation wavelength 

of 380 nm in the absence of QD (Figure 6.4b). The difference in emission intensity of Alexa-633 

in the presence or absence of QD was not significant (p > 0.05).  
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Figure 6.4. Alexa-633 and QD FRET calibration with intensity comparisons. 

(a) Independent emission intensity measurements of QD and Alexa-633 ligand targets in 

presence of each other with increasing molar ratios of Alexa-633 (50 nM QD concentration). (b) 

Emission intensity measurements of Alexa-633 ligand targets in the presence of QD and in the 

absence of QD at the same concentrations (plotted as molar ratios to QD concentrations of 50 

nM) (n=3). 

Peak intensity ratio analysis of Alexa-633 and QD revealed that a minimum molar ratio of 

1:1 was required for any significant difference in peak intensity ratios for all targets (Figure 6.5). 

Unlike the comparison of only QD emission intensity, this analysis also considered the Alexa-633 

ligand emission intensity. For plots of peak intensity ratios and emission spectra of QD in presence 

of Alexa-633 at even higher molar ratios, refer to Figure E.5.  

 

Figure 6.5. Peak intensity ratio of QD and Alexa-633 ligand with increasing molar ratios. A 

minimum molar ratio of 1:1 was required to generate a significant decrease in peak 

intensity ratio from the control (p=0.016, n=3). 
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While peak intensity ratios decreased with increasing molar ratios, it was unclear whether 

this was due to an increase in Alexa-633 ligand concentration or due to FRET. On the other hand, 

FRET efficiency analysis revealed that at higher molar ratios (90-200), there is a significant 

reduction in QD emission intensity (Figure 6.6b). At lower ratios, the FRET efficiency is negligible 

until a ratio of 10:1 (Figure 6.6a). Therefore, for both peak intensity ratios and FRET efficiency, a 

molar ratio range of 0.5-5 can be used to calibrate the GBP-QD-Alexa ligand system with 

minimum background FRET. 

 

Figure 6.6. FRET efficiency of Alexa-633 ligand targets on unbound QDs at increasing 

molar ratios. 

(a) FRET efficiency of lower molar ratios of Alexa-633 on QD emission intensity (0.05-20). No 

significant difference in FRET efficiency was observed in any molar ratio combination when 

compared to QD intensity in absence of ligand; this was confirmed via Dunnett’s post-hoc 

multiple comparison (p>0.05, n=3). (b) FRET efficiency of higher molar ratios of Alexa-633 on 

QD emission intensity (50-200). A minimum molar ratio of 60:1 demonstrated significant 

increase in FRET efficiency from the control (p=0.005, n=3). 

6.3.2 Comparing FRET signals of ligand acceptors on GBP-QD and unbound QD 

Comparison of peak intensity ratios of Alexa-633 and QD for GBP-QD-ligand and 

unbound QD-ligand systems showed no difference. However, both systems showed significant 

reduction in intensity ratios with the addition of ligand at 0.5, 1, and 2x molar excess, for all ligand 

types (Targets B-D) (Figure 6.7).  
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Figure 6.7. Comparison of peak intensity ratios for GBP-QD and unbound QD with 

increasing molar ratios of ligand acceptors. 

(a) Peak intensity ratios of GBP-QD (black filled in circle) and unbound QD (open black circle) 

with 0.5, 1, and 2x molar excess of Target B ligand (galactosamine-PEG6-Alexa-633) (n=2). 

Intensity of QD captured at excitation/emission of 380 nm/590 nm and intensity of Alexa-633 

captured at excitation/emission of 380 nm/645 nm. FRET signal (IQD/IAlexa-633) significantly 

decreased with the addition of 0.5x molar excess of Target B (p=0.009) for both GBP-QD and 

unbound QD; (b) Peak intensity ratios of GBP-QD (pink filled in square) and unbound QD (pink 

open square) with 0.5, 1, and 2x molar excess of Target C ligand (glucosamine-Alexa-633) 

(n=2). FRET signal significantly decreased with the addition of 0.5x molar excess of Target C 

(p=0.005) for both GBP-QD and unbound QD; (c) Peak intensity ratios of GBP-QD (teal filled 

in triangle) and unbound-QD (teal open triangle) with 0.5, 1, and 2x molar excess of Target D 

ligand (glucosamine-PEG6-Alexa-633) (n=2). FRET signal significantly decreased with the 

addition of 0.5x molar excess of Target D (p=0.010) for both GBP-QD and unbound QD. 
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There was a marked increase in FRET efficiency for GBP-QD in the presence of the ligand 

acceptors when compared to unbound QDs at the same molar ratios of Alexa-633:QD (0.5, 1, 2, 

5) (Figure 6.8). This difference was not significant (p=0.06) for target B (galactosamine-PEG6-

Alexa-633) but was significant for target C (p=0.0003). The addition of target D to the GBP-QD 

and unbound QD systems did not result in any difference in FRET efficiency; the FRET efficiency 

was high even for unbound QD (EFRET = 0.08 ± 0.13) (Figure E.6). The average FRET efficiency 

for GBP-QD across all molar ratios was not significantly different (p>0.05); this was also true for 

unbound-QD. Thus, it can be assumed that the molar ratio range of 0.5-5 for Alexa-633:QD is 

suitable for detecting ligand binding to GBP.  

 

Figure 6.8. FRET efficiency of ligand acceptors on GBP-QD and unbound QD. 

Data points indicate pooled average (across all ligand acceptors) FRET efficiency on GBP-QD 

(closed black circles) and unbound QD (open black circles) emission intensity at increasing 

molar ratios (0.5-5) of ligand:QD (N=4, n=3). The average FRET efficiency was greater for 

GBP-QD compared to unbound QD (p<0.0001 for ratio of 0.5, p=0.006 for ratio of 1, p=0.015 

for ratio of 2, p=0.032 for ratio of 5). 

6.3.3 Glucose-responsive FRET efficiency curves using GBP-QD ligand system 

Because the addition of target D resulted in high FRET efficiency for both GBP-QD system 

and unbound QDs, only targets B and C were used to assess glucose detection. For ligand:QD 

ratios of 0.5-2, the FRET efficiency for GBP-QD remained consistently higher than that of 

unbound QD, for target B. The FRET efficiency of the GBP-QD-ligand (Target B) system was 
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significantly reduced in the presence of 7 µM glucose (Figure 6.9a). No changes in FRET 

efficiency was observed for the unbound-QD-ligand (Target B) system with the addition of 

glucose, except for a spike at 1 µM glucose. However, with 7 µM, the FRET efficiency dropped 

back to baseline; therefore, the spike in FRET efficiency may be attributed to mixing 

inconsistencies in the well.  

There was no change in FRET efficiency observed for the GBP-QD-ligand (Target C) 

system in the presence of glucose (Figure 6.9b), as it remained consistently above 0.1. For the 

unbound-QD-ligand (Target C) system, the FRET efficiency was measured to be below zero in 

the absence of glucose, but significantly increased upon the addition of glucose. When glucose 

concentrations were increased, there was no significant change in the FRET efficiency, which 

averaged 0.089 ± 0.035. 

 

Figure 6.9. FRET efficiency of GBP-QD-ligand system in the presence of glucose (0, 0.3, 1, 

7 µM) (n=3). 

(a) FRET efficiency of GBP-QD-target B system (using ligand:QD ratios of 0.5-2) compared to 

unbound QD-target B system in the presence of glucose (n=3). GBP-QD-target B FRET 

efficiency significantly reduced in the presence of 7 µM (p=0.0007). Unbound QD-Target B 

FRET efficiency spiked in the presence of 1 µM glucose (p=0.0099). Significantly higher FRET 

efficiency was observed for GBP-QD vs. unbound QD (p<0.0001). (b) FRET efficiency of GBP-

QD-target C system (ligand:QD ratios of 0.5-2) compared to unbound QD-target C in presence 

of glucose (n=3). No change in FRET efficiency for GBP-QD-target C system with increasing 

glucose concentrations; significant increase in unbound QD-target C with the addition of glucose 

(p<0.0001). 
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 Upon further analysis of the GBP-QD-ligand (Target C) system in a larger range of glucose 

concentrations, the FRET efficiency slightly decreased (Figure 6.10) but the difference was not 

significant. In line with the original hypothesis, the FRET efficiency of the unbound-QD-ligand 

(Target C) system remained significantly lower than that of the GBP-bound system (p=0.0012). 

Across both QD-ligand systems, the FRET efficiency measurements were highly variable, as 

illustrated by the standard deviation bars. Furthermore, the FRET efficiency measurements were 

consistently negative; this may be attributed to a lower QD emission intensity in the GBP-

QD/unbound QD sample in absence of the ligand.  

 

Figure 6.10. FRET efficiency of GBP-QD-ligand (Target C) system in presence of glucose 

(0.1-1000 µM) (N=2, n=2). 

GBP-QD-ligand FRET efficiency (closed circles) was significantly higher than unbound QD-

ligand FRET efficiency (open circles) (p=0.0012). Difference in FRET efficiency across glucose 

concentrations was not significant (p>0.05). 
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6.4 Future Directions 

6.4.1 Characterization of ligand binding to GBP 

FRET efficiency measurements in my preliminary studies are indicative of potential ligand 

binding to GBP, based upon comparison with unbound QDs. However, quantitative 

characterization of GBP binding kinetics is needed to confirm this. To this end, several strategies 

exist to provide quantifiable metrics of protein-ligand interactions, such as the diffusion constant 

and dissociation constant. Of interest is fluorescence correlation spectroscopy (FCS), which can 

quantify the mobility of fluorescently labeled ligands (in the presence or absence of their binding 

partners) in real-time115. Typically, a confocal detection volume, or a pinhole about 0.25-0.5 fl in 

diameter, is created by focusing a laser to a diffraction limited spot using a confocal microscope 

with a high numerical aperture. In this volume, the fluorescently labeled ligands exhibit Brownian 

motion and thus diffuse through the region and produce time-dependent fluctuations in intensity. 

The mean fluorescence intensity time series of particles is then statistically correlated with itself 

to generate an autocorrelation function G(τ), which can quantify the average dwell time, τD of the 

fluorescent particles in the confocal volume. Consequently, the diffusion coefficient, D, can also 

be derived, and provide quantifiable information about ligand binding. Each of the target ligand 

acceptors can be analyzed via FCS in the presence of GBP to quantify the diffusion coefficient 

and select the target to which GBP most effectively binds. 

Alternatively, techniques such as bio-layer interferometry (BLI) or isothermal titration 

calorimetry (ITC) may be utilized for direct estimation of dissociation constant (KD) for the GBP-

ligand system and GBP binding to glucose and galactose116. Of the two, BLI is optimal as it allows 

for characterization of kinetic rates using ligand acceptors, ligand quenchers, and natural substrates 

for GBP at low concentrations. However, a drawback to BLI is the requirement for protein 

immobilization onto the sensor array. To address this, 12-ADA-GBP can be clicked to a biotin 

linker and immobilized onto streptavidin-coated BLI sensor arrays. After GBP-ligand binding is 

confirmed through quantifiable characterization techniques, the number of ligand binding pockets 

per GBP-QD system can be estimated via TEM. GBP-QDs should be negatively stained and fixed 

onto copper grids prior to TEM characterization to visualize protein distribution on QD surface. 

The average total protein:QD ratio can be used to further characterize the binding kinetics for the 

GBP-QD-ligand assembly. 
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6.4.2 In vitro evaluation of competitive FRET biosensor response 

Several performance metrics should be evaluated to characterize the GBP-QD-ligand 

system’s glucose detection performance. According to the Clinical and Laboratory Standards 

Institute (CLSI) POCT5-A: Approved Guideline, the accuracy, sensitivity, specificity, device 

stability, calibration, lag time, and trueness of measurement/device traceability are recommended 

for evaluation of a biosensor. Furthermore, the International Organization for Standardization 

(ISO) 15197:2003 guidelines recommend evaluating the repeatability, intermediate precision, and 

analytical accuracy of biosensors117. While the biosensor assembly has yet to be translated into a 

device, several of these key characteristics can be applied for in vitro evaluation. 

Although FRET efficiency measurements were used in this study to quantify GBP-QD-

ligand binding, the spectral fluorescence distributions should be characterized using appropriate 

emission filters to generate a thorough illustration of FRET biosensor response to glucose. To this 

end, preliminary data involving unbound QD and the ligand acceptors illustrate the change in 

fluorescence spectra with increasing molar ratios of ligand:QD (Figure E.3-4). Furthermore, the 

calibration quality of the sensor should be improved upon to identify a dynamic range of 

acceptor:GBP-QD molar ratios that is sensitive to glucose. The results of this study indicated a 

range of 0.5-5, but a larger sample size of GBP-QD conjugates and FCS-characterized ligand 

acceptors should be used to confirm this range.  

Sensitivity, specificity, and limit of detection should be analyzed for the GBP-QD-ligand 

system for a wide range of glucose concentrations in the presence of off-target sugar molecules 

(fructose, maltose, sucrose). Characterization of FRET efficiency, spectral fluorescence 

distribution, and peak wavelength ratios should be taken into consideration to identify the optimal 

metric for biosensor signal. 

Lastly, the kinetic response, reversibility, and stability of the biosensor should be 

characterized to determine whether it can be used for long-term use. For kinetic response, the 

variation in fluorescence signal with time upon step changes in glucose concentrations (increasing 

and decreasing) should be monitored. The ability of the biosensor to respond to both increases and 

decreases in glucose concentration determines its reversibility. For step decreases, the sensor 

should be calibrated with higher concentrations of ligand acceptor to regenerate the FRET-based 

quenching. For stability, the long-term changes in maximum fluorescence intensity should be 

evaluated. Preliminary studies characterizing QD stability in various buffer conditions over a 
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period of 48 hours demonstrated fluorescence stability at higher pH ranges (7-8) when stored at 4 

°C. Future studies should focus on evaluating GBP-QD-ligand spectral fluorescence over a longer 

duration.  

Laboratory-grade small molecule detection systems such as liquid chromatography (LC) 

and high-performance anion exchange chromatograph-pulsed amperometric detection (HPAEC-

PAD) are considered the gold standard for the separation of low concentration carbohydrate 

solutions, including exhaled breath glucose. Therefore, the level of agreement between the 

biosensor-measured glucose concentration and its true concentration as deemed by HPAEC-PAD 

or LC should be used to characterize the analytical accuracy of the biosensor. Difference plots and 

Clarke’s error grid analysis (EGA) should be generated to depict system accuracy and deviation-

related errors, respectively117. 

6.5 Conclusion 

 In this chapter, I harnessed the competitive binding of GBP to glucose and galactose to 

design a FRET-based glucose detection system utilizing the GBP-QD. Ligand acceptors were 

designed to bind to GBP-QD and subsequently be displaced upon the introduction of glucose into 

the assembly. I characterized the molar ratio range of ligand:QD that was sensitive to ligand 

binding and demonstrated that FRET efficiency is a reliable metric to evaluate biosensor response. 

Several opportunities exist to optimize the GBP-QD and ligand combination for sensitive glucose 

detection, such as characterizing GBP-ligand binding via FCS, and estimating the total number of 

ligand binding pockets per QD via TEM. However, alternate fluorescent nanomaterials should be 

evaluated in the case that QDs prove to be challenging for accurate characterization. Future work 

should model the binding kinetics of the system prior to evaluating sensor performance in vitro. 

After characterization of the system’s binding and dissociation capabilities, specific metrics should 

be used to validate sensor performance, including sensitivity, limit of detection, and kinetic 

response. This competitive FRET-based biosensor will ultimately enable a non-enzymatic and 

stable method for sub-micromolar glucose quantification in non-invasive sample matrices such as 

EBC.  
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 CONCLUSION 

 This dissertation provided an integrated approach to addressing the challenges associated 

with non-invasive glucose detection exhaled breath condensate. Advances in EBC collection and 

glucose sensing can enable convenient, non-invasive methods for patients to detect and monitor 

their glucose levels.  

For accurate and reliable platforms for EBC glucose detection, collection methods must be 

standardized and account for the highly variable nature of glucose dilution from the respiratory 

fluid to the condensing device. In Chapter 2, I demonstrated that selective collection of respiratory 

zone EBC using a temperature-based threshold has the potential to limit glucose concentration 

variability when paired with an effective collection platform, such as the R-Tube. Stricter 

thresholds may ultimately enrich the glucose concentration in collected condensates due to 

elimination of addition dilution factors arising from dead space air. In Chapter 3, I assessed the 

relationship between blood and EBC glucose for normoglycemic and type 2 diabetic subjects 

through OGTT studies involving the selective condenser. Characterization of EBC glucose with 

respect to changes in blood glucose shed light on how airway glucose homeostasis rates are 

reflected in EBC. Opportunities exist to analyze the homeostasis of blood and EBC glucose (from 

condensates collected selectively and non-selectively) among a larger pool of normoglycemic and 

diabetic subjects. Additional studies should examine this relationship in subjects with lung 

inflammation. Ultimately, this selective condenser enables the standardized non-invasive 

collection of key lower-respiratory analytes and can serve as an important screening platform for 

lung-related comorbidities. 

To address the need for a highly sensitive biosensor for sub-micromolar glucose detection 

at the point-of-care, I engineered GBP and harnessed its competitive binding properties in a 

fluorescent glucose biosensor utilizing QDs in Chapters 4-6. The strategies employed for selective 

conjugation and FRET-based measurements enable streamlined biosensor development with the 

potential for highly sensitive glucose detection at the sub-micromolar level. To move EBC glucose 

detection beyond a research tool and into patient-centered point-of-care applications, biosensor 

integration into an appropriate condensing device will be critical. Long-term stability, reliability, 

and robustness of the integrated sensor will be required and comparison to gold-standard blood 

glucose detection is needed to ensure clinical sensitivity and specificity1. 
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APPENDIX A. SUPPLEMENT TO CHAPTER 2 

Table A.1. Subject details and capnography data signals used to calculate time ratios 

representative of dead space air to total exhaled volume. 

Subject 

ID 

Age 

(years) 

Weight 

(kg) 

Spontaneous 

Breathing? 

Other 

Ailments? 

Signal 

Quality 
Ts (s) Tt (s) Te (s) 

Time 

Ratio 

0352_B 53 65 Yes Yes Medium 0.3067 1.317 2.443 47.30% 

0338_A 64 65 Yes No Good 107.3 108.8 111.8 33.30% 

0323_C 50 50 Yes No Medium 105.2 106.6 111.1 23.70% 

0316_C 55 60 Yes Yes Medium 5.813 7.05 9.48 33.70% 

0151_B 13 37.6 Yes Yes Medium 109.1 110.2 113.1 27.50% 

0122_A 15 71.4 Yes No Poor 109.9 111.9 115 39.20% 

0005_A 1 12.8 Yes No Poor 101.3 102.2 109.1 11.50% 

0128_A N/A N/A Yes No Medium 103.6 105.3 111.6 21.30% 

0365_B 74 71 Yes No Medium 7.857 9.693 13.56 32.20% 

0022_D N/A N/A Yes 

Yes 

(Regular 

Ventilation) 

Medium 0.033 1.227 6.91 17.40% 

0009_L 4 18.2 Yes N/A N/A 17 17.94 19.52 37.30% 

0015_L 2 11.6 Yes N/A N/A 0.3021 0.9514 1.597 50.10% 

0028_L 8 23.9 Yes N/A N/A 11.06 12.05 15.65 21.60% 

0032_L N/A 25.9 Yes N/A N/A 8.181 9.045 12.81 18.70% 

0035_L N/A N/A Yes N/A N/A 6.434 7.142 8.052 43.80% 

0038_L 3 11.5 Yes N/A N/A 9.503 10.55 11.99 42.10% 

Note: Adapted from “CapnoBase: Signal database and tools to collect, share, and annotate 

respiratory signals”, by Karlen, W, Turner, M., Cooke, E., Dumont, G. A., and Ansermino, J. M.., 

in Annual Meeting for the Society of Technology in Anesthesia (STA), West Palm Beach: 2010. p. 

25. www.capnobase.org 
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Figure A.1. Condensation surface for droplets in original prototype of selective condenser. 

 

Figure A.2. Printed circuit board (PCB) schematic to integrate wind and temperature 

sensor, Arduino microcontroller, solenoid valve, and Peltier cooler. 
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Figure A.3. Selective EBC condenser fitted with R-Tube collection platform (connected to 

pneumatic balloon T-valve). 
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Figure A.4. Average glucose concentrations in samples collected from R-Tube (n=3). 

The reusability of the R-Tube following cleaning with 70% ethanol was verified. Three trials for 

capturing EBC at 0% and 70% temperature threshold levels were performed. Between each run, 

the R-tube and breathing apparatus were cleaned using a 70% ethanol rinse followed by a 

distilled water rinse. A subsequent distilled water rinse was collected and measured for glucose 

residue along with the 0% and 70% threshold EBC samples. The average glucose concentration 

following the cleaning procedure is lower than the average EBC glucose concentrations at both 

the 0% and 70% threshold levels. The high variability in the 0% threshold sample may be 

attributed to the variable dilution factors introduced by the inclusion of dead space air. 

Furthermore, the one outlier in the residual glucose samples may have been due to pipetting 

errors and efficient mixing of the glucose assay reagents. However, this indicates that the 

cleaning method employed between runs using the R-tube is suitable and introduces very little 

residual glucose in the subsequent EBC samples.  

 

Figure A.5. Titration curves of the glucose assay buffer (GAB) from the Abnova Glucose 

Assay Kit using (a) 1 M NaOH and (b) 1 M HCl. 
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Figure A.6. Combined effects of both NaCl and NH4Cl on the reported fluorescence 

intensity of a 0.5 µM glucose solution (n=3).  

With the potential of higher ammonia content in selectively collected EBC, we also sought to 

characterize the effects of salt and ammonia ions on the stability of the glucose assay as well. 

The total average ionic concentration in an EBC sample is 497 ± 68 (mean ± SD µM. The most 

prominent ions found in EBC samples are salts and ammonia. Of this, 229 ± 43 µM is NH4
+ and 

the Na+ concentration is averaged at 242 ± 43 µM 118. The stability of the assay was tested in 

presence of a combination of salt (NaCl) and ammonia (NH4Cl). Serial dilutions were done with 

MilliQ water to obtain 200 µM, 250 µM and 300 µM of each NaCl and NH4Cl. Glucose 

concentration range found in the exhaled breath condensate sample for a healthy subject was 

between 0.20 µM 1.20 µM119. Hence, 0.50 µM glucose solutions were made using D-glucose 

(MW 180.15 g/mol) and MilliQ water. Using the glucose assay kit (Abnova, Taipei, Taiwan), 

each solution was assayed in triplicate volumes of 50 µL and relative fluorescence intensity 

values were captured using an excitation/emission wavelength pair of 540 nm and 590 nm. The 

results upon mixing NaCl and NH4Cl into a glucose-containing sample demonstrate that there is 

no significant difference in the reported fluorescence intensities over varying concentrations of 

NaCl in the presence of ammonia. However, the same does not hold true for NH4Cl in the 

presence of NaCl. The results obtained from two-way ANOVA followed by a post-hoc Dunnett’s 

multiple comparison test show a p-value of 0.01 and hence a significant difference between the 

control (0 µM of NH4Cl) and 200 µM of NH4Cl. Since no trend is observed to suggest that a 

higher concentration of NH4Cl is correlated with changes in the reported fluorescence intensity 

of the assay for a given concentration of glucose, the effect observed can be attributed to sources 

of error due to pipetting or inconsistent auto-gain adjustments between the measurements.  
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APPENDIX B. SUPPLEMENT TO CHAPTER 3 

Table B.1. Inclusion and exclusion criteria for OGTT pilot study subject selection. 

Inclusion Criteria Exclusion Criteria 

Age 20-75 years Active or chronic systemic illness, not including type 2 

diabetes 

Lean (BMI <25 kg/m2) non-diabetic Active malignancy 

Obese (BMI >30 kg/m2) diabetic Active psychiatric disease 

Type 2 diabetes, defined by typical obesity-associated 

DM with age of onset over 20, without evidence of rare 

forms 

Smokers 

Fluent in English Current pregnancy (female participants) 

 

 

Figure B.1. Assessing normality of EBC and blood glucose relationship for all data points 

(normoglycemic- N=2, n=19; diabetic – N=2, n=24). 

EBC glucose was plotted against blood glucose profiles for both diabetic and normoglycemic 

subjects (a) and assessed for normality with a lognormal QQ plot (b). This suggests that the data 

is normally distributed after a logarithmic transformation (did not pass Shapiro-Wilk’s normality 

test with un-transformed values). 
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APPENDIX C: SUPPLEMENT TO CHAPTER 4 

Table C.1. Deep Vent high fidelity polymerase chain reaction protocol for wt-mglB. 

Deep Vent PCR Protocol - WT 

    

    
Reaction Volume 25 50 

 
Reagent Volume(µL) 

  
ThermoPol Reaction Buffer (10X) 2.5 5 

 
dNTP Solution Mix (10 mM) 0.5 1 

 
Upstream Primer (10µM) 1 2 

 
Downstream Primer (10µM) 1 2 

 
DNA (50 ng/µL) 1 2 

 
Deep Vent DNA Polymerase 0.25 0.5 

 
DMSO (100 mM) 0.5 1 

 
Nuclease-free water 18.25 36.5 

 
Total Volume 25 50 

 

    
Heating Protocol 

   

 Condition Temperature Time 

  Initial Denature 95 2 min 

Cycles = 32 

Denature 95 30 sec 

Annealing 51 1 min 

Extension 72 1 min 

  Final Extension 72 5 min 

  Store 4 ∞ 

 



 

 

1
1
6
 

Table C.2. Primer designs for engineering mglB with NMT recognition sequence. 

Primer ID Description Sequence Length (bp) TM (°C) GC % Notes 

DT005F 

GBP-Fwd 

Nco1RS1mglB 

GGAGGCCATGGGTAACGAAGCGTC

TTACCCGCTGatgAATAAGAAGGTG

TTAAC 54 69.2 50 

Forward Primer for RS1-

mglB 

DB-002F 

GBP-Fwd 

Nco1RS2mglB 

GGAGGCCATGGGTCTGTTCGCGTCT

AAAatgAATAAGAAGGTGTTAAC 48 66.8 45.8 

Forward Primer for RS2-

mglB 

DB-001F 

GBP-Fwd 

Nco1RS1-

HismglB 

GGAGGCCATGGGCGTCTTACCCGC

TGCATCACCATCACCATCACatgAAT

AAGAAGGTG 59 71.8 54.2 

Forward Primer for RS1-

His-mglB 

DT006F 

GBP-Fwd 

Nco1RS2-

HismglB 

GGAGGCCATGGGTCTGTTCGCGTCT

AAAGGTGGGCATCACCATCACCAT

CACatgAATAAGAAGGTGTTAAC 76 71.3 50 

Forward Primer for RS2-

His-mglB 

DT007F 

GBP-

FwdNco1mglB 

GGAGGCCATGGatgAATAAGAAGGT

GTTAAC 31 60.4 45.2 

Forward Primer for wt-

mglB 

DT005R 

GBP-Rev 

NdeImglB 

GCTCCTCATATGTTATTTCTTGCTG

AATTCAGC 33 59.4 39.4 Reverse primer for mglB 

DT013F 

GBP-Fwd 

pET15b CGATCCCGCGAAATTAATACG  21 53.9 47.6 

Backbone of pET15b 

vector ~80-90bp away from 

Nco1 Restriction site 

DT013R 

GBP-Rev 

pET15b CCTCCTTTCAGCAAAAAACCC  21 54.7 47.6 

Backbone of pET15b 

vector ~100 bp away from 

Nde1 Restriction Site 
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Table C.3. Deep Vent high fidelity PCR protocol for RS1 and RS2-mglB. 

Deep Vent PCR Protocol - RS1 and RS2 

    

    
Reaction Volume 25 50   

Reagent Volume(µL) 
  

ThermoPol Reaction Buffer (10X) 2.5 5 
 

dNTP Solution Mix (10 mM) 0.5 1 
 

Upstream Primer (10µM) 1 2 
 

Downstream Primer (10µM) 1 2 
 

DNA (50 ng/µL) 1 2 
 

Deep Vent DNA Polymerase 0.25 0.5 
 

DMSO (100 mM) .5 1 
 

Nuclease-free water 18.25 36.5 
 

Total Volume 25 50 
 

    
Heating Protocol 

   

 Condition Temperature Time 

  Initial Denature 95 2 min 

Cycles = 32 

Denature 95 30 sec 

Annealing 41 1 min 

Extension 72 1:30 min 

  Final Extension 72 5 min 

  Store 4 ∞ 
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Table C.4. DNA double-digest protocols for pET15b and RS1-mglB. 

Component Volume 

DNA Entire volume of PCR cleanup (31 or 16 µL) 

10x NEB buffer 3.1 Either 3.7 or 2 µL (1x dilution) 

Nco1-HF 1.0 µL 

Nde1 1.0 µL  

Nuclease-free Water Either 0.3 or 0 µL (to total of either 37 or 20 µL) 

 

Table C.5. Plasmid/gene ligation protocols for experimental and control samples. 

Reaction Insert (µL) Vector (µL) T4 Ligase (µL) Buffer (µL)  Water(µL) Notes 

L1 1.2 2 1 5  0.8 3:1 Molar Ratio 

L2 1 1 1 5  2 5:1 Molar Ratio 

C1 -- 1 (uncut) -- 5 

 

4 

Transformation 

Control 

C2 -- 1 (cut) -- 5 

 

4 

Digestion 

Control 

C3 -- 1 (cut) 1 5 

 

3 

Re-ligation 

Control 

C4 -- -- 1 5  4 Negative Control 

Note: Example for 10 µL ligation reactions (10.5 ng/µL of mglB PCR clean-up and 11.9 ng/µL of 

pGEM T-Easy vector). 



 

 

1
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Figure C.1. Sequencing results confirming successful cloning of RS1-His-mglB into pET15b vector.
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APPENDIX D. SUPPLEMENT TO CHAPTER 5 

 

Figure D.1. Confirmation of 12-ADA-GBP presence in enriched (first wash) samples. 

Coomassie-stained gel revealing protein distribution of clarified lysate vs. enriched (first wash) 

sample containing overexpressed 12-ADA-GBP; Fluorescent image of the same gel (imaged 

under Cy3 channel of c400 Azure gel analyzer) verifying presence of 12-ADA-GBP via SPAAC 

conjugation to DBCO-TAMRA in clarified lysate and enriched samples. 

 

Figure D.2. Gel electrophoresis of DBCO-QDs in pH 6-8, 0.0-0.1% Tween-20. 

Greater QD smearing further down the gel indicates positive surface charges (from DBCO 

incorporation), which may increase non-specific protein adsorption. Left-most lane included 

NH2-QD as a control to compare DBCO incorporation. 
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Figure D.3. Fluorescence spectra and emission intensity of DBCO-QDs clicked (via 

SPAAC) with Azide-Alexa-Fluor-647. 

(a) Fluorescence emission spectra (excitation wavelength of 590 nm) of DBCO-QD (with 

linker:QD ratios of 0:1, 100:1, 500:1, and 1000:1) clicked (via SPAAC) to Azide-Alexa-Fluor-

647. Fluorescence spectra of Alexa dye alone shows emission peak at 670 nm. QD500 

demonstrated highest azide reactivity with second highest Alexa emission peak. (b) Fluorescence 

intensity of QD/Alexa-Fluor-647 conjugates at various wavelength pairs; samples were 

compared to flow-through containing excess Alexa-Fluor-647 dye. Fluorescence intensity of 

Alexa (em. 670 nm) was higher in conjugate sample compared to flow-through when excited at 

QD excitation wavelength (380 nm), indicating FRET due to covalent binding; difference was 

not significant. 
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Figure D.4. QD fluorescence intensity under various buffer conditions. 

(a) QD fluorescence intensity significantly decreased over time when stored at room 

temperature, regardless of buffer pH. Lower pH (6) significantly decreases fluorescence 

intensity. (b) Temperature does not affect fluorescence intensity of QDs. (c) Tween-20 

significantly reduces QD fluorescence intensity. Across all experiments, higher pH (7-8) retained 

fluorescence intensity.
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Figure D.5. QD fluorescence emission spectra under various buffer conditions over time. 
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Figure D.6. Protein concentration (BSA) on DBCO-QDs after filtration steps (washes 1-3) 

and comparison of original and final (reconstituted) concentrations. 

BSA (0.2 mg/mL) was incubated with DBCO-QDs under varying buffer conditions (20 mM 

HEPES, pH 7, +/- iodoacetamide (IAA), +/- Tween-20 (0.0%, 0.1%, 0.5%) and filtered through 

100 kDa MWCO Amicon Ultra 0.5 mL centrifugal filtration columns with 20 mM HEPES, pH 7 

(three washes). Final, filtered sample was reconstituted to original QD concentration and protein 

concentrations were compared to original (starting) sample prior to filtration. Incubation with 

IAA in the absence of Tween-20 significantly reduced non-specific protein adsorption to DBCO-

QDs. 
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Figure D.7. Hydrodynamic diameter (nm) of GBP-QD conjugates compared to 

unfunctionalized QDs. 

The average size of GBP-bound QDs was significantly higher than that of NH2-QD and DBCO-

QD; however, enrichment significantly reduced the size of the conjugate. 
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APPENDIX E. SUPPLEMENT TO CHAPTER 6 

 

Figure E.1. Molecular structure of ligand quenchers. 
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Figure E.2. Molecular conjugation structure of ligand acceptor molecules. (a) structure of glucosamine-PEG6-Alexa-Fluor-633 

(Target D); (b) structure of galactosamine-Alexa-Fluor-633 (Target A, not synthesized). 

 

Figure E.3. Fluorescence emission spectra of NH2-QD and ligand-Alexa-633 molecules (targets B-D) at increasing molar ratios 

of Alexa-633:QD (0, 0.1, 10, 20) Excitation wavelength of 380 nm; QD emission at 590 nm; Alexa-633 emission at 645 nm.
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Figure E.4. Fluorescence emission spectra of NH2-QD and ligand-Alexa-33 molecules 

(target B-D) at increasing molar ratios of Alexa-633:QD (0, 50-200). QD peak emission 

measured at 590 nm; Alexa-633 peak emission measured at 645 nm. 
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Figure E.5. Ratio of peak wavelength of QD (590 nm emission) to peak wavelength of 

ligand-Alexa-633 (645 nm emission, targets B-D) at increasing molar ratios of Alexa-

633:QD (n=1). 

 

Figure E.6. FRET efficiency of individual ligand acceptors (Targets B-D) on both GBP-QD 

(closed symbols) and unbound QD (open symbols) at molar ratios (Alexa-633:QD) of 0.5, 1, 

2, and 5 (n=4 for 0.5-2, n=1 for 5). 
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