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ABSTRACT OF THE THESIS  
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by 

 

Sandeep Adem 

 

Master of Science in Bioengineering  

 

University of California San Diego, 2018 

 

Professor Drew A. Hall, Chair  
Professor Anthony J. O’Donoghue, Co-Chair  
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We are developing a point-of-care test for detection of proteases. Proteases are enzymes 

that cleave proteins and play an important role in many physiological processes. However, their 

unregulated activity can trigger onset of many diseases like cancer, respiratory diseases, and other 

infections. Some proteases are highly specific and only cleave substrates with a specific peptide 

sequence which allow them to be used as biomarkers for detection of specific diseases. We have 
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demonstrated proof-of-concept optical test that starts with immobilizing a cleavable peptide on the 

surface of a 96-well plate. This peptide contains a specific cleavable sequence for papain, a 

commercially available protease that is related to several disease-associated proteases. Fluorescent 

tags were attached to the peptide through streptavidin-biotin chemistry. The total florescence 

directly correlates with the amount of peptide immobilized to the surface. Addition of papain was 

predicted to cleave the peptide and cause a time-dependent reduction in the fluorescent signal. The 

assay was then translated to the magnetic biosensors via GMR sensors and streptavidin coated 

magneto nanoparticles (MNPs). This test works by immobilizing magnetic nanoparticles onto 

surface of the GMR sensor via a BSA-peptide conjugate. Once peptide cleavage by papain occurs, 

the MNPs are released away from the sensor surface. This change in the magnetic field of the 

GMR sensors is detected in real-time. We hope to further optimize this test by improving the signal 

reduction rate to background and testing other diseases such as cystic fibrosis by detecting specific 

proteases in cystic fibrosis patient sputum samples. 
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CHAPTER 1: Introduction 
 

1.1  Point of Care Testing  

Numerous improvements in the healthcare system in recent years have helped people 

worldwide to live better and healthier lives. An important contributor to the progress of this 

advancement is the early diagnosis of life threatening diseases as patients have a higher chance to 

be effectively treated by physicians to improve their outcome. Conventionally, physicians 

diagnose patients by analyzing their samples to look for disease-specific biomarkers (e.g. proteins, 

DNA, etc.) through molecular testing. Currently, enzyme-linked-immunosorbent assays (ELISA) 

are the gold-standard clinical diagnostic tool to detect and quantify biomarkers with great success1. 

However, tests of this nature are limited as they are centralized to medical laboratories which 

require bulky expensive equipment (e.g. immunofluorescent reader) and time consuming labor 

such as sample preparation in order to be effective2. Because of these limitations, alternative 

methods such as point-of-care (POC) testing have been researched to fill this void.  

POC testing is the concept of utilizing simple medical tests that can be performed in a quick 

portable manner. Most POC devices work by using biosensor technology to detect a biomarker or 

analyte of interest from patient sample. Examples of these include blood glucose monitors for 

diabetic patients to manage their blood sugar levels3, rapid antigen tests for malaria which can 

detect malaria with a drop of blood within 15-20 minutes4, pregnancy tests which detect human 

chorionic gonadotrophin (hCG) in urine5, etc. These tests have many advantages as they are 

inexpensive, easy to use, and provide a prompt diagnosis to allow patients to manage their health 

without the need of going through the time consuming process of clinical visits making them an 

ideal alternative for delivering healthcare in low-resource settings6.  For diseases that require early 
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diagnosis, POC tests are especially useful as they streamline the treatment process for patients and 

care providers.  

Over the past decade, there has been prevalence of smartphone usage as detection 

platforms. Smartphones contain many versatile built-in sensors that can potentially be used for 

numerous POC capabilities. When coupled with add-on devices, smartphone applications exhibit 

great competency in collecting, analyzing, and sending data, demonstrating that smartphone-based 

detection will eventually pave the way for the future of personalized medicine7. This thesis will 

cover a novel detection method of biomarkers using magnetic biosensors which could be integrated 

into a smartphone-based POC testing device. 

 

1.2 Protease biomarkers   

Detecting the presence of biomarkers in samples (e.g. blood, urine, saliva, etc.) provides a 

greater understanding of disease diagnosis and staging. Proteases are enzymes that cleave or break 

down proteins through the hydrolysis of peptide bonds and are a class of biomarkers which can be 

used to study many biological processes. These enzymes play an important role in many 

physiological processes such as digestion, wound healing, immune function, cell degradation and 

repair, and are the largest class of proteins involved in post-translational modifications in the 

human proteome8. However, when proteases are unregulated due to disease or pathogens they can 

be very problematic as they cleave proteins indiscriminately within the body which can cause a 

variety of negative health complications such as cancer, myocardial infarction, chronic respiratory 

diseases, and many others9.   

Generally, proteases are extremely diverse in their cleavage specificity as most are non-

specific for substrates. Some proteases, however, are highly specific and only cleave substrates 
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with specific peptide amino acid sequences which means they can potentially be used as 

biomarkers for detection. This is useful to study disease diagnosis for some relevant proteolytic 

diseases. For example, a study demonstrated that the prevalence of serine 

protease prostatin (PRSS8) has been confirmed to be an early stage biomarker for the detection of 

ovarian cancer10. Another study showed that there are various protease biomarkers in saliva for the 

detection of bacteria that cause gum diseases such as periodontitis11. Other examples include 

diseases such as emphysema and cystic fibrosis which cause the prevalence of elastase proteases 

in the lung due to the immune system’s anti-protease or protease inhibitor dysfunction12, 13. 

However, most of these protease-based diagnostic studies are confined to a traditional laboratory 

in which ELISA-based methods and spectrophotometry are used. This means their ability to 

diagnose patients in a clinical situation is limited by time constraints, sample preparation, etc. To 

overcome these limitations, a generalized point-of-care test for proteases must be explored.  

 

1.3 Thesis Objective   

The objective of this thesis is to create a point-of-care device to detect protease biomarkers 

in patient samples by using magnetic biosensor lab-on-chip technology. The magnetic biosensors 

in this study are giant magnetoresistive (GMR) sensors that transduce changes in the local 

magnetic field into electrical signals. There are several significant advantages to using this 

magnetic-based technique over conventional optical fluorescent-based methods for detecting 

biological molecules. For example, clinical patient samples do not contain any magnetic content 

which yields low background detection signal in a magnetic-based assay, whereas optical assays 

face problems such as autofluorescence and label-bleaching that produce undesired background 
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signal14. Additionally, using the GMR sensors allows for multiplexed detection in a single assay 

without the need of inconvenient optical scanning.  

 

Figure 1.1: Schematic of smartphone-based point-of-care using giant magnetoresistive 
sensors to analyze patient samples. This technology platform can bridge the gap between patients 
and medical care providers without the need of a medical laboratory. This would allow flexibility 
for patients to diagnose themselves wherever they would like and receive prompt diagnosis and 
treatment options on their phones. 

 

By utilizing the principle of protease cleavage specificity to particular peptide sequences, 

a simple detection scheme was created by immobilizing designed synthetic peptides with magnetic 

nanoparticle (MNP) labels to the surface of the magnetic sensors that produce a detectable signal. 

Amplification of signal is detected by immobilizing thousands of peptides onto the sensor surface. 

When a sample containing a protease of interest is added to the sensor surface, the immobilized 

peptides are cleaved by proteases which cause the attached MNPs to float away from the proximity 

of detection of the GMR sensor. This causes a gradual reduction in signal which is detected in real 

time indicating that proteases are present within the sample. The eventual goal is to integrate the 
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GMR sensor technology into a rapid and highly sensitive smartphone-based POC device in order 

to detect various proteolytic diseases (Fig 1.1) 

 

1.4 Thesis Overview   

The following thesis comprises of three chapters which detail each individual part of study. 

Chapter 2 focuses on the proof-of-concept optical studies which focus on the substrate selection 

and optimization of the surface chemistry to detect proteases before testing the magnetic sensors. 

Chapter 3 focuses on the GMR sensor assays and the conjugation chemistry required to work with 

them. Chapter 4 focuses on a side project regarding cystic fibrosis research and its potential 

applicability to the GMR sensor assays. Lastly, Chapter 5 summarizes this study and discusses the 

future directions of this project. 
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CHAPTER 2: Optical Assays 

2.1 Introduction  

Optical assays in our study use the principles of fluorescent labels and spectroscopy as a 

method to detect biomolecules. Label detection processes use different types of binding through 

various coupling chemistries. This approach is ideal for observing molecular interaction and 

binding events with high sensitivity to chemical changes during an assay. This chapter will cover 

various proof-of-concept optical studies that were performed in order create a fully optimized 

protocol before moving on to the magnetic sensor assays. A detailed description of the methods of 

the experiments described in this chapter can be found in chapter A1. 

 

2.2 Selection and validation of substrate  

 

 

Figure 2.1: Illustration of FRET substrate cleavage by papain. When protease cleavage occurs 
of the specific peptide sequence (boxed in red), the fluorophore and quencher are separated giving 
a large increase in fluorescence through fluorescence resonance energy transfer (FRET). 
 

We identified an internally quenched fluorescent substrate that was rapidly cleaved by 

representative enzymes from two proteases classes, namely aspartyl and cysteine. This substrate 

was originally designed to be cleaved by an aspartyl protease secreted from Candida albicans, 

Substrate 

Cleavage 
by Papain 

TFSYnRWP 
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Sap6 and consists of the octapeptide sequence, TFSYnRWP, where lowercase “n” corresponds to 

the non-natural amino acid, norleucine15. This TFSYnRWP peptide is flanked on the amino 

terminus with a fluorescent reporter molecule, MCA, and on the carboxy-terminus by a quenching 

molecule, dinitrophenol (DNP), which causes the fluorophore to be inhibited by the quencher 

leading to low fluorescence. When the peptide is cleaved in the presence of protease, a time-

dependent increase in fluorescence occurs due separation of the DNP from the fluorophore. We 

showed that the cysteine protease, papain cleaves this fluorescent peptide substrate (Fig 2.1, 2.2). 

Papain is an inexpensive commercial protease that comes from papayas. It can be tested at a wide 

pH range and is easy to inhibit. It is also closely related to several disease-relevant cysteine 

proteases such as cathepsin-B and we wanted to establish a proof of concept study before testing 

other proteases. In addition, we determined that the cysteine protease inhibitor, E-64 was able to 

inhibit papain and prevent the degradation of the peptide (Fig 2.2).  

 

Figure 2.2: RFU vs time graph of cleavable FRET substrate. Papain condition (blue) shows an 
increase in fluorescence while papain + E64 (red) and PBS (yellow) conditions remain constant.  
Average RFU of triplicates for each condition was taken from a 96-well plate. 
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2.3 Immobilization capacity of peptide and linker.  

Our fluorescent assays confirmed that papain could hydrolyze the peptide substrate in 

solution. We next evaluated how well these enzymes can cleave the peptide when the substrate is 

immobilized to a surface. The peptide was re-synthesized and flanked with a Cys-PEG12 moiety 

on the N-terminus and PEG36-Biotin on the C-terminus (Fig. 2.3) to prevent steric hindrance from 

the 52kD streptavidin and hence rendering the cleavage site more accessible to the protease. This 

Cys-PEG12-TFSYnRWP-PEG36-Biotin (peptide) molecule was immobilized to a 96-well 

polystyrene plate coated with BSA-maleimide. Maleimides react specifically with thiols in the pH 

range of 6.5-7.5 thereby allowing the peptide to be immobilized to the BSA via the side chain of 

the cysteine residue16. In order to visualize the peptide loading, we added a fluorescent-labelled 

streptavidin (Streptavidin Marina Blue) that binds to the C-terminal biotin group of each 

immobilized peptide. The biotin-streptavidin interaction is highly stable, making it one of the most 

favored techniques for protein bioconjugation17. As a control, we also immobilized a non-

cleavable PEG75 (linker) flanked with a biotin on one end and a thiol group on the other (Fig. 2.3). 

 

Figure 2.3: Illustration of the cleavable peptide and non-cleavable linker substrates. Biotin 
terminus (yellow) and cysteine/sulfhydral termini (red) are attached to peptide and linker for 
immobilization chemistry and streptavidin label loading. 
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Figure 2.4: Illustration of peptide and linker immobilization to surface of optical plate. Pre-
functionalized BSA-maleimide (green) on the 96-well optical plate (gray) allows for the thioether 
linkage between the cysteine/sulfhydral termini (red) of the cleavable peptide (orange) and non-
cleavable linker (brown) causing immobilization to the plate surface. 
 

To investigate immobilization capacity of the peptide, 1 to 128 µM of cleavable peptide 

and non-cleavable linker were incubated in pre-functionalized BSA-maleimide 96-well plates for 

2 hours at pH 7.4. The cysteine terminus of the peptide allows for the immobilization to occur 

through a covalent thioether linkage between the cysteine sulfhydryl group and the maleimide that 

is pre-functionalized on the plate (Fig. 2.4). A non-cleavable PEG-linker sequence was used as a 

control to test whether papain will non-specifically cleave other portions of the functionalized 

surface. After washing excess unbound peptide/linker out of the well plate, wells were flooded 

with cysteine and 1% BSA to block any unbound maleimide and space on the plate which prevents 

non-specific binding.  The fluorescent streptavidin label, Streptavidin Marina Blue, was then used 

to allow spectrophotometer measurements of the loading for both the peptide and linker conditions 

by generating standard curves. This was done to find a suitable concentration where both peptide 

and linker conditions would have similar RFU values to represent data more coherently for the 

following experiments.  
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Figure 2.5: Standard curves for peptide and linker loading capacity. Concentrations of 8uM 
peptide (blue) and 64uM linker (orange) yielded a similar RFU reading of ~9000. Error bars 
are±1σ. 
 

The results indicated that a peptide concentration of 8uM and a linker concentration of 

64uM produced a similar RFU of ~9000 (Fig. 2.5) and these concentrations were finalized for 

subsequent assays. 

 

2.4 Blocking of streptavidin to peptide and linker 

To validate the peptide immobilization scheme we then setup optical assays to compare the 

cleavable peptide to the non-cleavable linker using the fluorescent streptavidin label. Streptavidin 

and biotin have a high affinity interaction between each other which allows the binding to occur 

(Fig. 2.6). Wild-type streptavidin (i.e. without fluorophore) was added to some wells to block the 

biotin sites before they see fluorescent streptavidin in order to confirm that biotin sites were fully 

blocked and to prevent a false positive reading from fluorescent streptavidin loading (Fig. 2.6). 



 

11 
 

We took readings from the spectrometer after loading the fluorescent streptavidin and wild-type 

streptavidin. 

 

Figure 2.6: Illustration of fluorescent streptavidin loading and wild-type streptavidin 
blocking to immobilized peptide. Free biotin terminus (yellow) of the peptide engages in high 
affinity interaction between streptavidin (blue, orange) allowing binding to occur. This loading 
scheme was similarly done with non-cleavable linker. 
 

 

Figure 2.7: Bar plots comparing the loading and blocking of streptavidin. Fluorescent 
streptavidin (blue) loading and wild-type streptavidin (orange) blocking of peptide and linker 
conditions. Error bars are±1σ. 
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The results showed that both loading of the fluorescent streptavidin and blocking with wild-

type streptavidin were successful for the peptide and linker conditions. All conditions with the 

wild type streptavidin block were similar to instrument background RFU values of ~1000 (Fig. 

2.7) which indicates negligible non-specific fluorescence.  

2.5 Papain digestion assays.  

After validating the immobilization scheme and substrate loading, we wanted to test and 

optimize degradation of the peptide using papain. We performed a time-dependent inhibition assay 

to see the progression of 1.42µM papain digestion over time. 40µM E64 inhibitor was added to 

each row containing the separate triplicate conditions of 8µM peptide and 64µM linker to stop the 

papain reaction at different time intervals from 0 minutes to 30 minutes (Fig. 2.8).  The reduction 

for the peptide condition is the only condition where we expect a reduction of the RFU signal 

over time as the papain will cleave the peptide causing the unbound fluorescent tags to be washed 

away subsequently with a wash buffer solution (Fig 2.9). The non-cleavable linker condition will 

remain intact, preserving its fluorescent signal, as papain cannot cleave it.  

 

Figure 2.8: Reaction wells setup for time-dependent papain digestion of peptide. The right 
column indicates the time points when E-64 was added to the triplicate conditions on 96-well plate 
of both peptide and linker conditions. 

1 2 3 

A 

B 

C 
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F 
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10 

15 

20 
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Figure 2.9: Illustration of papain digestion and detection for peptide and linker conditions. 
Papain cleaves only the cleavable peptide condition while non-cleavable linker remains intact. 
After papain incubation, excess floating fluorescent streptavidin is washed away with wash buffer 
and spectrophotometer reading is then taken.  
 

The results indicated that the % RFU remaining over time for the peptide condition 

decreased from around 100% to about 15% after 30 min of papain incubation time meaning there 

was over an 85% reduction in signal within 30 minutes (Fig. 2.10). The non-cleavable linker 

showed minimal reduction of signal over time as expected validating the papain cleavage 

specificity only to the specific peptide sequence. 
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Figure 2.10: RFU vs time graph showing time dependent papain hydrolysis. Averages taken 
of triplicate 0, 5, 10, 15, 20, and 30 minute readings from 96-well plate for 1.42µM papain 
digestion progression of 8µM peptide (blue) and 64µM linker (green) conditions. Error bars are 
±1σ. 
 

 

Figure 2.11: % RFU vs time bar graph showing papain hydrolysis at pH 6.0 and 7.4. Averages 
taken of triplicate 15 minute reads of 2.84µM papain treatment in pH 7.4 and 6.0 conditions for 
peptide (blue), linker (green), and peptide with E64 treated papain (gray). Error bars are ±1σ. 
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To demonstrate papain activity at a wide pH range, another assay was done to compare 

papain activity between two different pHs of 7.4 and 6.0 for peptide and linker conditions along 

with an E64 inhibited papain condition as a control. The results showed that 2.84µM papain 

cleaved the peptide condition similarly at both pHs with reduction > 90% RFU and the linker 

condition slightly faster for the lower pH 6.0 condition (Fig. 2.11) after 15 minutes of incubation 

time. These studies proved that our peptide immobilization, detection, and degradation scheme 

was effective and suitable to be tested on the GMR sensors. 

Chapter 2, in full, is taken from material which is currently being prepared for submission 

for publication. Drew A. Hall was the principal researcher/author on this paper. Sandeep Adem; 

Sonal Jain; Anthony J. O’Donoghue; Drew A. Hall. “Giant Magnetoresistive Biosensors for Rapid 

Detection of Proteases” 
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CHAPTER 3: GMR Sensor Assays 

3.1 Introduction  

GMR sensors have been used as biosensors with a variety of applications in the detection 

of biomolecules since 199818. They operate based on the giant magnetoresistance effect which is 

observed when there is a change in electrical resistance depending on the alignment (parallel or 

antiparallel) of the magnetization in the sensor material which is composed of many layers of 

alternating ferromagnetic and non-magnetic material19. An example of where GMR sensor 

technology is commonly used is in read heads in hard disk drives20. The magnetic sensors in this 

study use GMR spin-valves (SV) that are imbedded into a chip which allow them to be compatible 

with silicon complementary metal-oxide-semiconductor (CMOS) technology21. CMOS 

technology allows the GMR sensors to be scalable due to ease of miniaturization, produced at a 

low cost when manufactured mass scale, and integrated into smartphones in a one-time use format 

which make them ideal for point-of-care applications. This chapter will go over the process of how 

the magnetic protease assays were performed on the GMR sensors. A detailed description of the 

methods of the experiments in this chapter can be found in chapter A2. 

 

3.2 Methodology of magnetic detection scheme 

In the optical assays, peptide and linker immobilization to surface was detected through 

fluorescent tags and spectrophotometers; alternatively, with the magnetic assays, the 

immobilization will be detected through magnetic nanoparticles (MNPs) and GMR sensors (Fig. 

3.2). The sensitivity of magnetic-based detection is higher than many other sensing methods 

because biological samples lack magnetic content22. The MNPs used in the sensors assays of this 
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study are 50nm in diameter and contain multiple Fe2O3 cores embedded in a dextran matrix and 

streptavidin coated to allow for avidin-biotin binding chemistry (Fig. 3.1)23. The MNPs are also 

superparamagnetic which means they orient in the same direction when an external magnetic field 

is applied. When the external field is removed, thermal energy causes the MNPs to orient 

themselves randomly. Furthermore, these MNPs are colloidally stable as they do not clump or 

aggregate in solution which prevents non-specific binding on the sensor surface.  

 

Figure 3.1: Depiction of streptavidin coated MNPs. Magnetic beads in this study are 50nm in 
diameter and contain multiple Fe2O3 cores which are 10 nm in radius for superparamagnetic 
properties. These beads are produced from MACS, Miltenyi Biotec. 

 

When an MNP is near the detectable range of the GMR sensor (150-200nm to the surface) 

with an external magnetic field applied, the MNP produces a demagnetizing field or stray field 

which opposes the external magnetic field around it23. This change in the local magnetic field is 

recognized by the free layer of the GMR sensor and causes a resistance change in the sensor 

material which can be used as a signal for detection. Knowing this, in our protease detection 

scheme, we can immobilize the specific cleavable peptide sequence to the sensor surface on the 

chip and detect their loading by attaching the streptavidin-coated MNPs to their biotin termini 

which would cause an increase in the change in magnetoresistance in the sensors over time. When 

our protease of interest, papain, is added to the sensor surface, the peptide sequence will be cleaved 

causing the MNPs to float away out of the proximity of detection for the sensors and causing a 
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gradual reduction in magnetoresistance over time. This drop in signal is detected in real-time by 

the sensors and will provide data to determine whether or not the sample contains papain. 

 

Figure 3.2: Illustration of magnetic protease detection scheme. A cleavable peptide is 
immobilized on the sensors and the chip is placed in an external magnetic field. Streptavidin coated 
MNPs are added and bind to the biotin terminus of the peptide which is detected by the sensors. 
When protease is added, the proteases cleave the peptide allowing the MNPs to float away out of 
the detection zone of the sensors. 
  
3.3 Chip Fabrication and Functionalization 

 

Figure 3.3: Picture of GMR chip and illustration of spin-valve sensor map with different 
BSA-conjugates functionalized. An array of 80 spin valve sensors are located at center of the 
chip and coated with different BSA-reagents. The chip is then connected to an electromagnet to 
start measurements.  
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All GMR sensors used throughout this research were purchased pre-made from MagArray 

Inc. The chips consist of an 8×10 array of GMR spin-valve sensors each measuring 90µm×90µm 

and are coated with a thin (50nm) SiO2 passivation layer to protect them from corrosion24. Each of 

the 80 sensors can be functionalized separately with different solutions on the same chip allowing 

them to have multiplexing capability (Fig. 3.3).  

 

Figure 3.4: Illustration of surface functionalization, MNP loading, and papain digestion on 
different functionalized GMR sensors. BSA-peptide (blue) sensors show MNP loading then 
cleavage after papain addition, BSA-linker (green) positive control sensors show only MNP 
loading and BSA only negative control (red) sensors show no MNP loading. 

 

Chips are UV ozone cleaned for 10 minutes prior to functionalization to remove any 

organic residues and surface charge the sensor surface. In order to functionalize the sensor, peptide 

and linker solutions are pre-conjugated with BSA-maleimide solution for 24 hours. The cysteine 

terminus of the peptide and sulfhydral group of the linker engage in covalent thioether coupling 

with the BSA-maleimide. The BSA conjugates are then speed vacuumed to evaporate excess liquid 

in the solution. Once the concentrates are ready, each solution is then nanospotted on to the sensor 
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via pipette and incubated for 24 hours in a humidity chamber at 4°C to allow adhesion of the 

spotted solutions to the sensor surface. Pictures of the sensor array are taken under a microscope 

before and after incubation in order to visualize spotted sensors (Fig. A2.1). 

The BSA-maleimide conjugated peptide (BSA-peptide) and BSA-maleimide conjugated 

linker (BSA-linker) spotted sensors should show MNP loading as they both contain free biotin 

termini (Fig. 3.4). BSA-linker condition serves as a positive control as papain cannot cleave it 

unlike the BSA-peptide functionalized surface. Some sensors are also functionalized with BSA 

only to serve as a negative control as the MNPs cannot bind near the sensor surface because there 

is no free biotin to attach to.  

 

3.4 Measurement Setup 

 

Figure 3.5: Solidworks image chip carrier fixed to GMR sensor chip. Two parts on Solidworks 
(mock GMR chip on the bottom and chip carrier on top) were created to test size compatibility. 
Chip carrier was printed with PLA (polylactic acid) plastic from a Zortrax 3D Printer. 

 

After functionalizing the sensor surface, the chip is then fixed to a custom 3-D printed 

plastic carrier with plastic screws & nuts and it contains a well that holds up to ~100uL of a solution 

(Fig. 3.5). A USP Class VI certified silicone O-ring is fixed between the carrier and chip to prevent 
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the solution from leaking out. The carrier also has a handle so it can plug the chip to a chip reader 

which is placed in an electromagnet measurement station.  

 

 

Figure 3.6: Progression of GMR chip to measurement station. Functionalized chip is fixed to 
3-D printed carrier and then connected to chip reader between coils of the electromagnet to collect 
measurement data.  
 

The measurement station consists of a power amplifier and two Helmholtz coils to generate 

an external magnetic field. The external field used for the experiments in these studies was at ~25 

Oersted. The chip reader is connected to the computer to observe the real-time magnetometry data 

via a custom written program on LabView. The LabVIEW custom program and the MagDAQ64 

hardware used to visualize the data were designed by Drew A. Hall25.  

Before plugging in the chip, 5% BSA is used to block the non-functionalized space on the 

sensor surface which prevents non-specific binding and misreads during MNP loading. The chip 

surface is then rinsed with DI water and PBS is added. The chip is then placed into the chip reader 

of the electromagnet measurement station with the power amplifier running and the LabVIEW 

program is started. The program allows the user to label and colorize functionalized sensors as 

well as deactivate sensors which are not functionalized properly due to manufacturing defects (Fig. 

3.7).  
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Figure 3.7: Screenshot of LabVIEW user interface. Sensor grid (left half) allows each sensor 
to be colorized and labeled according to the surface functionalization. Sensor resistance (top-right) 
and sensor amplitude (bottom-right) are monitored throughout procedure of the assay. 
 

The user manually starts the real-time magnetometry detection through the LabVIEW UI. 

The program goes through a series of automated calibration steps and then displays the real-time 

data of each activated sensor to the user in a Δmagnetoresistance vs time plot which is updated 

every 5 seconds (Fig. 3.8). To begin the protease assay, PBS is aspirated out of the chip and a stock 

solution of the streptavidin coated magnetic nanoparticles is then added to the sensors. This is to 

bind the MNPs specifically to the biotinylated functionalized sensors (BSA-peptide and BSA-

linker) near the proximity of the chip sensor surface which creates a detectable signal. In our 

preliminary testing, biotinylated-BSA (BSA-biotin) was also functionalized as positive MNP 

loading control but was eventually replaced by the BSA-linker because the latter served as better 

control covering both MNP loading and protease cleavage specificity. The BSA only 
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functionalized sensors should show no increase in signal throughout experiment. The top row of 

sensors were pre-coated with epoxy during manufacturing and are used as reference sensors as 

they produce no signal. Once the signal stabilizes after 20-35 minutes, excess MNPs are washed 

away and a solution of biotin is added for 10-15 minutes to stabilize the bound MNPs on the 

surface. The biotin solution is washed away and then papain is added which causes the reduction 

of signal for only the BSA-peptide functionalized sensors. The papain and unbound MNPs are 

washed away once the signal stops decreasing and lastly PBS is added to sensor to stabilize the 

signal before ending the assay. The measurement then is exported to a .csv file which is then post-

processed through MATLAB. 

 

Figure 3.8: Screenshot example of LabVIEW real-time magnetometry data. When adding 
MNPs, biotinylated sensors (yellow, orange, green) show and increase in signal. When protease is 
added, BSA-peptide (yellow) shows reduction in signal while BSA-linker (orange) remains 
constant. BSA only (red) and BSA-biotin (green) are MNP loading controls. Epoxy (blue) are 
reference sensors. 
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3.5 Streptavidin blocking and MNP loading 

Before testing the protease detection scheme, an experiment was performed to test blocking 

and MNP loading to the unbound biotin of the peptide on the GMR sensor surface. Two sets of 

BSA-peptide sensors were functionalized to the sensor surface, one pre-treated with wild-type 

streptavidin and the other left untreated (Fig. 3.9). This was to check whether the MNPs were 

specifically binding to the free biotin termini of the peptide or a false positive due to non-specific 

binding.  

 

Figure 3.9: Illustration of surface functionalization of BSA-peptide biotin blocking. MNPs 
will load successfully to unblocked BSA-peptide sensors (blue) but cannot bind to BSA-peptide 
sensors treated with wild-type streptavidin (orange) 
  

 The MNPs were then loaded onto the sensor surface in the measurement station and data 

was collected. From the real-time magnetometry data (Fig. 3.10), the untreated BSA-peptide 

sensors showed successful MNP loading while the streptavidin treated BSA-peptide sensors did 

not show an increase in signal, confirming that the biotin of BSA-peptide was successfully blocked 

as expected. 
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Figure 3.10: Δmagnetoresistance vs time plot of real-time magnetometry loading data of 
blocked and unblocked BSA-peptide sensors. Curves depicted are the mean signal of sensors 
that were functionalized. Wild-type streptavidin treated sensors (orange) saw no increase in signal 
while untreated sensors (blue) show successful MNP loading signal. Error bars are ±1σ. 

 

3.6 Papain digestion studies.   

 

Figure 3.11: Δmagnetoresistance vs time plot of real-time magnetometry data of MNP 
loading and biotin blocking. Curves depicted are the mean signal of MNP loading and biotin 
blocking of BSA-peptide (blue), BSA-linker (green), and BSA only (red) sensors prior to papain 
addition. Error bars are ±1σ. 
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To begin the papain digestion studies, BSA-peptide, BSA-linker, and BSA only conditions 

were functionalized to the GMR sensor surface and transferred to the measurement station for data 

collection. From the real-time magnetometry data (Fig. 3.11), the BSA-peptide and BSA-linker 

sensors showed successful MNP loading while BSA only sensors showed negligible signal as 

expected. Biotin was then added to stabilize the signal by blocking any free streptavidin on the 

MNPs to prevent non-specific binding before papain addition. After papain cleavage, it is likely 

that some of the MNPs still stick to the surface and bind to a nearby peptide via one of the free 

biotins (Fig. 3.12). The biotin step is necessary to prevent this from happening so that the MNPs 

will not rebind after being cleaved26.  

 

Figure 3.12: Illustration of papain cleavage of peptide for biotin blocked and unblocked 
MNPs. A) When MNPs bound to BSA-peptide sensors are bound without biotin block, the free 
streptavidin may cause the MNPs to attach to back to the surface. B) With the biotin block, MNPs 
will float away from the surface as there are no free streptavidin to engage in non-specific binding.  
 



 

27 
 

A solution of 8.54µM papain at pH 7.4 was then added and incubated for 400 minutes. In 

the normalized reduction data (Fig. 3.13), the BSA-peptide sensors showed up to a ~38% reduction 

in signal while the BSA-linker signal stayed at constant ~100%, which proved that papain cleavage 

is specific to the peptide spotted sensors validating the sensor assay. Another sensor assay was 

performed with the same functionalization to show papain activity at a lower pH of 6.0. The results 

showed up to a ~60% reduction in signal by the BSA-peptide sensors while the BSA-linker signal 

remained constant at ~100% demonstrating papain’s higher activity at a lower pH.  

 

Figure 3.13: Normalized % reduction data after papain addition of BSA-peptide and BSA-
linker sensors at pH 6.0 and 7.4. Curves depicted are the normalized mean signal of BSA-peptide 
and BSA-linker sensors after 400 minutes treatment of 8.54µM papain at pH of 6.0 and 7.4. Error 
bars are ±1σ. 
 

Chapter 3, in full, is taken from material which is currently being prepared for submission 

for publication. Drew A. Hall was the principal researcher/author on this paper. Sandeep Adem; 

Sonal Jain; Anthony J. O’Donoghue; Drew A. Hall. “Giant Magnetoresistive Biosensors for Rapid 

Detection of Proteases” 



 

28 
 

CHAPTER 4: Proteases in cystic fibrosis lungs 

4.1 Introduction  

This chapter will go over a side project regarding the proteases in cystic fibrosis (CF) lung 

and their potential relevance to the GMR sensor assays. In people with CF, a defective gene causes 

a thick, sticky buildup of mucus in the lungs which leads to a buildup of unwanted bacteria and 

other infectious pathogens in the airways causing a variety of respiratory disorders. When the 

microbiome of the a CF lung becomes pathogenic because of this buildup, the neutrophils of the 

immune system try counteract these pathogens by secreting proteases such as elastase and 

cathepsin G. Section 4.2 covers our first study was to check whether there was correlation between 

neutrophil elastase and cathepsin G activity and the pathogenic microbiome of cystic fibrosis lung. 

Section 4.3 covers another concurrent study was to done to check if the source of CF anaerobes 

came from oral contamination through saliva or if they already reside in the lung. A detailed 

description of the methods of the relevant experiments in this chapter that I performed can be found 

in chapter A3.  

 

4.2 Neutrophilic Proteolysis in the Cystic Fibrosis Lung 

4.2.1 Introduction  

Studies of the cystic fibrosis lung microbiome have consistently shown lung disease 

progression is associated with decreased microbial diversity due to the dominance of opportunistic 

pathogens, but it remains unknown how this phenomenon is reflected in the metabolites and 

chemical environment of lung secretions. We investigated the microbial and metabolomics 

composition of CF sputum samples to determine the molecular relationships between disease 
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severity, lung function decline and microbial infections. The CF metabolome existed in two states, 

one from patients with severe disease and more pathogenic bacteria, such as Pseudomonas 

aeruginosa, and the other, from those with less severe disease and a greater abundance of anaerobic 

bacteria. The two molecular states were differentiated by the abundance of short peptides and 

amino acids. Patients with severe disease had higher levels of these peptides and analysis of the 

carboxyl terminal residues indicated that neutrophil proteases elastase and cathepsin G were 

responsible for their generation. Accordingly, patients with severe disease had higher levels of 

proteolytic activity from these enzymes in their sputum. The CF pathogen Pseudomonas 

aeruginosa is known to be resistant to neutrophilic attack and feed primarily on amino acids; 

therefore, we propose that in cases of severe disease, proteolysis by host enzymes facilitates the 

persistence of P. aeruginosa by providing its preferred carbon source. 

In the chronically infected cystic fibrosis lung there is a severe microbial dysbioses, where 

an organ generally free of any significant microbial load becomes inundated with high amounts of 

infectious agents, including bacteria, fungi and viruses27-29. As a consequence, heavy neutrophil 

recruitment occurs for decades creating a highly inflammatory environment responding to the 

complex polymicrobial infection27, 30. The microbial composition of this community has been well 

characterized and it has been repeatedly demonstrated that as the disease progresses and patients 

age, community diversity decreases and pathogens dominate, particularly Pseudomonas 

aeruginosa27, 31-33. 

The chemical composition of this polymicrobial and hyperinflammatory lung environment 

has also been studied. Mucin and DNA are a major constituent of CF sputum34, 35 and there is a 

high load of cellular and inflammatory lipids36-34. Amino acids are abundant and certain pathogens 

have been shown to preferentially feed on these compounds39-42. High loads of antibiotics sourced 
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from both acute and chronic therapies39 and microbial fermentation products, such as ethanol, 

acetate, 2-propanol and 2,3-butanediol are also found in airway secretions43, 44. Despite the 

extensive knowledge of the microbial composition and growing understanding of the CF chemical 

environment, the collective contribution of the microbiome, metabolome and hyperinflammation 

to disease progression remains elusive.  

This study used paired 16S rRNA gene amplicon sequencing, mass spectrometry-based 

metabolomics and peptidomics to analyze the relationship between microbial/metabolomics 

composition and disease progression in CF sputum samples. From our results we propose a model 

of how extensive metabolomics proteolysis in the lung generates abundant peptides and amino 

acids that promote pathogen growth and persistence, leading to more severe states of disease. 

 

4.2.2 Microbiome and Metabolome Diversity 

Silhouette plots, hierarchical clustering and principal coordinate analysis (PCoA) were 

used to visualize the beta diversity of the metabolome and microbiome data and identify the most 

significant clusters. The metabolomics data separated into two clusters consisting of 44 patients 

and 56 patients (hereon in referred to as meta-cluster 1 and meta-cluster 2, respectively for clarity), 

indicating that the CF sputum metabolome exists in two different chemical states (Fig. 4.1). The 

microbiome composition of samples from these two clusters was also different. Meta-cluster 1 was 

enriched in anaerobes and bacteria not considered classic CF pathogens, while meta-cluster 2 was 

enriched in pathogens such as P. aeruginosa (Fig. 4.1).  

The silhouette plot from hierarchical clustering of the sputum 16S rRNA gene sequence 

data produced 4 significant clusters (hereon in referred to as micro-clusters 1 to 4). The principal 

coordinates analysis (PCoA) plot showed that micro-4 was a tight cluster indicating a highly 
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similar microbial composition in many patients, while the other three clusters were more sparsely 

distributed (Fig. 4.1). The cluster separation was driven by differences in the abundance of 

anaerobes and pathogens (Fig. 4.1). Anaerobic bacteria, mainly those of the genera Prevotella, 

Veillonella and Streptococcus, were abundant in micro-cluster 1 (n=17 patients) and micro-cluster 

2 (n=46 patients), whereas two major CF pathogens dominated micro-3 and -4 clusters (Fig. 4.1). 

The smaller micro-cluster 3 cluster was driven by the abundance of Stenotrophomonas (n=7, mean 

abundance 56.0%) and the larger and tighter micro-cluster 4 cluster by the dominance of 

Pseudomonas (28 patients, mean abundance of 89.4%). 

 
Figure 4.1: Relationships of metabolome and microbiome data from CF sputum samples. A) 
PCoA plot of metabolomics data with the two significant hierarchical clusters highlighted (C1-
C2). The same PCoA plot colored by the abundance of b) pathogens and c) anaerobes in each 
corresponding sample. D) Notch plots of the relative abundance of pathogens, anaerobes and 
various operational taxonomic units (OTUs) of interest in the two metabolomics clusters. E) PCoA 
plot of the 16S rRNA amplicon sequencing data from the CF sputum samples with the 4 significant 
hierarchical clusters highlighted (C1-C4). F) Notch plots of the relative abundance of pathogens, 
anaerobes and various OTUs of interest in the four microbiome clusters.  
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4.2.3 Clinical State and Multi-omics 

The metabolomics data had strong signatures of patient disease severity (forced vital 

capacity (FVC), FEV1% (forced expiratory volume in one second (FEV1)/FVC) and the 

MultiProduct Score (34)). All measures of lung function were significantly lower in patients 

belonging to meta-cluster 2 (Mann-Whitney U-test p < 0.05, Fig. 4.2). The demographic measures 

of these patients were not significantly different between the two metabolome clusters (age, 

weight, height, male/female (chi-squared test)). A random forests linear model of the 

metabolomics data and FEV1% demonstrated that 19% of the variance in the data was explained 

by this measure of lung function and the correlation between the predicted and measured values 

was statistically significant. Spearman correlations between molecular features and FEV1% were 

calculated and 382 molecular features were significantly negatively correlated with lung function 

after FDR correction (p<0.01). Known metabolites within this 382 included tryptophan (rho = -

0.401, FDR corrected p = 0.0039), the dipeptide Leu-Pro (rho = -0.356, FDR corrected p = 0.0074), 

and phenylalanine (rho = -0.351, FDR corrected p = 0.0080).  

The four microbiome clusters were not significantly different using a one-way ANOVA by 

any measure of disease severity or demographics. A random forests linear model of the 

microbiome data and FEV1% did not reveal a relationship between this measure of lung function 

and the microbial profiles and the correlations from the predicted values were not significant. 

Although P. aeruginosa relative abundance did have a negative correlation with lung function, this 

was not significant (Pearson’s r = -0.225, FDR-corrected p>0.05, FEV1%). No other bacterial 

OTUs were significantly correlated with FEV1% after the false discovery rate correction. 
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Figure 4.2: PCoA plot of the two metabolomics clusters and notch plots corresponding to the 
clinical data within each cluster membership.  
  

4.2.4 Molecular Differences between the Two Metabolome Clusters 

To identify metabolites differentially abundant between meta-cluster 1 and meta-cluster 2, 

a random forests classification model was used with the samples classified by cluster membership. 

The model strongly separated the two sample groups with a classification error of only 2.4%. The 

variable importance plot (VIP) of this classification was then used to identify which molecular 

features were most strongly contributing to the separation. MS/MS spectral matching against 

known library spectra in the GNPS database enabled putative annotation of these metabolites. Our 
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annotation rate in this data was 10.4% (771 nodes out of 7,434, maximum FDR = 0.003). A 

metabolite with the 6th strongest classification was annotated as a tripeptide with the sequence 

Asp-Ile/Leu-Phe in the library search (note that the isomers Ile and Leu could not be distinguished 

using our mass spectrometry approach). Seven of the top twenty differential metabolites annotated 

through GNPS were connected to a known peptides in the molecular networks, including a 

putatively annotated peptide Glu-Ile/Leu-Ile/Leu-Ile/Leu which was the second strongest classifier 

(Fig. 4.3). There were three large peptide molecular networks in the data that represented related 

di-, tri- and tetra-peptides more abundant in meta-cluster 2 (Fig. 4.3). This indicated that the two 

metabolome clusters identified in the sputum samples were separated due to the contributions of 

various small peptides to the overall data. Furthermore, although not all amino acids can be 

detected in our protocol due to insufficient retention on the C18 column used in this study, the free 

aromatic amino acids phenylalanine and tryptophan were also observed to be differentially 

abundant between the two groups (Fig. 4.3).  

  

4.2.5 Peptidomics Analysis of Peptidic Spectra 

Due to the abundant peptides in the LC-MS/MS data, we used peptidomics software for de 

novo sequencing and searching identified peptidic spectra against the human proteome. The de 

novo sequencing allowed for assessment of beta-diversity and overall peptide abundance. A PCoA 

plot of the peptidomics data also identified 2 separate clusters of patient samples. Patients 

belonging to peptidic cluster two (n=56) matched those belonging to meta-cluster 2 in the 

metabolomics data verifying that peptide abundance was contributing to group separation (56/56). 

The total abundance of peptides was quantified in the two metabolomics clusters and meta-cluster 

2 was found to have significantly more peptides (p=0.00036). The de novo sequencing also 
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allowed for identification of the amino acid frequencies found in CF sputum peptides. The 

sequenced peptides were enriched in Ile/Leu, Glu, Phe, Tyr, Pro, Ser, Val and Phe residues (Fig. 

4.3). Searching the human proteome identified 1079 unique peptides that matched to 89 different 

human proteins (1% FDR). The most abundant peptides were sourced from E3 ubiquitin-protein 

ligase, calprotectin (S100-A9), the lipopolysaccharide binding BPI-like 1 protein, histone-like N-

methyltransferase SETD2, lactotransferrin and a number of other housekeeping and neutrophil-

associated proteins. Their abundance was tested for significance between the two metabolome 

clusters using the Mann-Whitney U-test. Calprotectin (p<0.0001), LMBR1-protein related to 

lipocalin (p<0.0001), thymosin beta-4 (p<0.0001), glyceraldehyde-3-phosphate dehydrogenase 

(p<0.0001), Neutrophil-gelatinase associated lipocalin (p<0.0001), lactotransferrin (delta-LF, 

p<0.0001), E3 ubiquitin-protein ligase (p<0.0001), bactericidal/permeability-increasing protein 

(p<0.0001), and neutrophil elastase itself (p=0.00058) were all more abundant in the peptide-rich 

meta-cluster 2. Annotated human proteins were verified using a separate peptidomics workflow 

and the same most abundant proteins were detected. 

We anticipated that these peptides were formed in the lung by proteases and that the 

terminal residue of each peptide would give insight into the source enzyme of its production. In 

protease nomenclature, cleavage of the scissile bond occurs between the P1 and P1ʹ amino acids. 

We compared the frequency of each amino acid in the P1 and P1ʹ positions to the frequency that 

these amino acids are found in the human proteome and generated a sequence motif (Fig. 4.4A). 

These sputum peptides had a significant enrichment of Val, Phe and Met in the P1 position while 

Gly, Ser, Thr, Lys, Asp, Tyr and His were found with high frequency in the P1ʹ position. Amino 

acids below the x-axis were rarely or never found in these positions. The neutrophil protease, 

cathepsin G preferentially cleaves proteins when Phe and Met are present in the P1 position, while 
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neutrophil elastase and proteinase-3, also found in neutrophils preferentially cleaves proteins when 

Val is in the P1 position. Therefore, we assayed a subset of the sputum samples (n=89) with 

synthetic substrates that have Val or Phe in the P1 position, directly adjacent to a cleavable 

fluorescent reporter molecule, 7-amino-4-methylcoumarin (AMC). There was significantly more 

activity in meta-cluster 2 than meta-cluster 1 for both substrates (Mann-Whitney U-test p < 

0.0001). These data confirm that there is an increased amount of neutrophil mediated proteolysis 

resulting in the abundance of peptides found in the meta-cluster 2 sputum samples.  

 

Figure 4.3: Peptidomics Analysis of Peptidic Spectra a) Molecular networks of peptides and 
amino acids that contained nodes identified from the random forests classification as strongly 
separating to two metabolomics clusters. Each node represents a consensus MS/MS spectrum and 
edges between the nodes represent spectral similarity as determined by the cosine score61. The pie 
chart inside the nodes represents the number of spectra found in each of the two clusters. Nodes 
with green outline were annotated from GNPS MS/MS library searching. Nodes with red text 
indicate those that were identified in the random forest variable importance plot. Notch plots of 
the MS1 normalized abundance of nodes of interest as well as the entire peptide networks are 
shown and the Mann-Whitney U-test was used to determine significance (C1 = red, C2 = blue). 
The abundance of tryptophan is also shown, without its network structure. B) Frequency rank plot 
of amino acid abundances in the de novo peptide sequencing data. 
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4.2.6 Neutrophil enzyme activity in CF lung microbiome 

 

Figure 4.4: Neutrophil enzyme activity in CF lung microbiome a) Amino acid frequency plot 
of the P1 and P1’ sites as detected from peptide sequencing of LC-MS/MS data against the human 
genome. The size of the amino acid indicates its percent difference in abundance from others 
normalized for the relative abundance of each amino acid in the human peptidome. Those above 
the double line are significantly more abundant, while those below the line are significantly less 
abundant. B) Protease activity against the NE targeted fluorescently labeled peptide Ala-Ala-Pro-
Val-AMC and the cathepsin G targeted peptide Ala-Ala-Pro-Phe-AMC. The Vmax of the reaction 
in sputum samples from the two metabolomics clusters is shown as notch plots c) Notch plots of 
the normalized abundance of human neutrophil peptides in sputum samples from the two 
metabolomics clusters.  

 

Because amino acids and short peptides differentiated the two 37etabolomics clusters and 

signatures in the peptide sequencing indicated they may be produced by neutrophil proteases, we 

assayed the elastase and cathepsin G activity from sputum samples belonging to the two 

metabolomics clusters. We tested a subset of the samples (n=89) with a fluorescent neutrophil 

elastase (NE) and cathepsin G substrates finding that there was significantly more NE and 
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cathepsin G activity in sputum from meta-cluster 2 (Mann-Whitney U-test p < 0.0001, for both 

enzymes). In addition, the antimicrobial neutrophil proteins HNP1, 2 and 3 detected in the LC-

MS/MS data (HNP1 m/z 861.11, [4H+]4+, HNP2 m/z 843.36 [4H+]4+, HNP3 m/z 871.11 [4H+]4+) 

were also more abundant in cluster 2 (Mann-Whitney U-test p < 0.0001, Fig. 4.4). 

To determine if the protease activity found in the sputum could have been due to an enzyme 

secreted by P. aeruginosa, the NE fluorescent substrate was incubated with conditioned media 

from bacterial culture of P. aeruginosa CF isolate. No cleavage of the substrate was detected 

indicating that extracellular proteases acting on the NE substrate in sputum was not likely sourced 

from this pathogen. 

 

4.2.7 Discussion 

This study found that the CF sputum metabolome exists in two states. One, associated with 

a more diverse microbiome, but with lower chemical diversity found in patients with higher lung 

function. The other state was found in patients with more severe disease existing in the opposite 

form, with higher metabolome diversity but lower microbial diversity due to the dominance of 

pathogens, such as P. aeruginosa. The existence of these two metabolomics states reflects the 

conditions of the lung in these two patient populations and can explain aspects of CF disease 

progression. In lungs with more severe disease, the proteolytic activity of neutrophils recruited to 

the lung and the dominance of pathogens such as P. aeruginosa, create a unique metabolomics 

signature characterized by diverse peptides.  

Overall, the metabolomics data more strongly reflected lung function decline than the 

microbiome data. In the literature, there is a well-supported relationship between decreasing 

microbial diversity and disease progression27, 31. Here we found that signatures of declining lung 
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function in the metabolome data and many individual metabolites were negatively correlated with 

FEV1%, particularly phenylalanine and tryptophan. This indicates that monitoring a patient’s 

metabolome and classifying individuals into one of the two molecular groups may be a means of 

identifying those whose disease is progressing to a more severe state. Furthermore, there is great 

potential to identify biomarkers of lung function decline in metabolomics data that can be 

supported with microbiome profiles and measures of inflammatory load62.  

The two molecular states were separated by a differential abundance of amino acids and 

peptides. The C-terminal sequences of these cleaved peptides were enriched in Val, Phe and Met 

residues, matching the P1 substrate (C-terminal) of the abundant neutrophil proteases NE and 

cathepsin G. NE cleaves on the C-terminal side of Val and cathepsin G cleaves on the C-terminal 

side of Phe and Met63-65. Furthermore, the P1’ site of these peptides (N-terminal) also matched the 

preferential cleavage site for cathepsin G and elastase (though NE has little preference at this 

position64, 65). This provided evidence that the abundant peptides separating the two patient 

populations were sourced from the activity of these enzymes. Accordingly, cleavage activity from 

the sputum samples on peptides with this C-terminal motif was higher in the peptide-enriched 

meta-cluster 2. NE is known to be highly active in CF lungs and associated with lung function 

decline66, 67, this data supports this finding and also implicates the role of cathepsin G. Analysis of 

the peptide sequences within the mass spectrometry data indicated that the action of these enzymes 

was at least, in part, on host proteins, including those related to basic cellular metabolism, but 

particularly those related to a neutrohpillic inflammatory response. This is further supported by 

the corresponding high abundance of host α-defensins (HNP1, 2, and 3) in metabolome cluster 2, 

which are also sourced from neutrophil granules68, and neutrophil peptides identified from de novo 

sequencing of the peptidic spectra including calprotectin. P. aeruginosa also produces an elastase-
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like enzyme which may contribute to the proteolysis, but supernatants from this bacterium did not 

cut the NE substrate. In sum, our data shows that in patients with more severe disease, the action 

of proteases released by neutrophils digests host proteins releasing abundant free amino acids and 

peptides into CF lung mucus.  

Multiple studies have shown that the P. aeruginosa preferentially feeds on amino acids in 

the CF lung39, 42, 69, 70. It also upregulates genes for branched chain amino acid catabolism and 

represses those for their anabolism when grown in CF sputum71. This study supports these findings 

as the sputum metabolome contained abundant small peptides enriched with these amino acids 

(Ile/Leu and Val), patients with abundant peptides had higher levels of the bacterium, and its 

abundance was positively correlated to by-products of amino acid metabolism. The genomic 

evolution of the P. aeruginosa also reflects the availability of these compounds as it becomes 

auxotrophic for certain amino acids during adaptation to the CF lung, particularly those with 

branched-chained residues and methionine72, 73. Thus, multiple lines of evidence provided in the 

literature and from this study indicate an important link between neutrophil protease activity and 

P. aeruginosa catabolism. The action of neutrophil proteases may contribute to shaping the niche 

space that P. aeruginosa comes to dominate in a severely diseases CF lung by providing its 

preferred carbon source. 

 

Chapters 4.2, in full, is taken from material which was submitted for publication and 

currently in revision. Robert A. Quinn was the principal researcher/author on this paper. Robert 

A. Quinn; Sandeep Adem; Robert H. Mills; William Comstock; Lindsay DeRight Goldasich; 

Gregory Humphrey; Alexander A. Aksenov; Alexei Melnik; Ricardo da Silva; Gail Ackermann; 

Nuno Bandeira; David Gonzalez; Doug Conrad; Anthony J. O’Donoghue; Rob Knight; Pieter C. 
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Dorrestein. “Neutrophilic Proteolysis in the Cystic Fibrosis Lung Favors a Pathogenic 

Microbiome”.  

 

4.3 Amylase Activity in Cystic Fibrosis Sputum 

4.3.1 Introduction  

A major debate in the field of cystic fibrosis microbiology concerns the relevance of oral 

anaerobes detected in the lung sputum microbiome. Some argue that these bacteria are sourced 

from saliva contamination and passage of the mucus through the oral cavity, while other evidence 

indicates that these organisms can reside in the lung and contribute to CF pathology. To investigate 

this issue, we collected spontaneously expectorated (SES) and induced sputum (IS) samples from 

CF patients and healthy controls and evaluated them for purulence, enzyme activity and microbial 

composition. Purulent CF sputum had elevated levels of elastase activity while mucoid sputum 

had higher levels of amylase activity. Amylase activity did not correlate to either anaerobe or 

pathogen abundance as assessed by 16S rRNA sequencing. However, elastase activity negatively 

correlated with anaerobes and positively correlated with CF pathogen abundance. Purulent sputum 

from some CF patients had low amylase activity and high abundance of anaerobes irrespective of 

the means of expectoration. This study demonstrates that amylase, a proxy for the degree of saliva 

contamination in a sputum sample, does not correlate to the abundance of oral anaerobic bacteria 

in sputum microbiome profiles. Thus, these anaerobes should be investigated further for their role 

in CF lung disease, as this study indicates that they are present in mucus from the lower airways. 

The advent of 16S rRNA gene microbiome sequencing to CF microbiology research has 

revealed that lung infections in cystic fibrosis patients are more complex than that described by 

conventional culture methods84, 85. Well known pathogens such as Pseudomonas aeruginosa, 
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Stenotrophomonas maltophilia and Staphylococcus aureus are routinely detected in sputum 

samples from CF patients, however, many bacteria not traditionally considered to be pathogenic 

are also found86-89. These bacteria are primarily oral anaerobes, such as Veillonella, Prevotella, 

and Fusobacterium spp. Recent research has shown that anaerobes may contribute to the pathology 

of CF by producing gaseous fermentation products in the lungs90-92. A mucin-based cross-feeding 

dynamic between these bacteria and the CF pathogen P. aeruginosa has also been observed in vivo, 

providing evidence that they may stimulate virulence from other lung pathogens92-94. Recently, a 

longitudinal study of a large cohort of CF patients separated into classes of disease severity 

demonstrated that anaerobic bacteria are elevated in abundance during pulmonary exacerbations95.  

Despite the mounting evidence for their importance, the source of these bacteria and 

validity of the DNA-based microbiome sequencing methods used to detect them has created 

significant debate in the field96, 97. Some argue that anaerobic bacteria in CF sputum are derived 

from the oral cavity during sputum expectoration while others believe that these bacteria inhabit 

the upper and lower airways of CF patients and can contribute to CF pathology96, 97. A recent 

commentary compared the CF airway colonization to the ecological case of island biogeography, 

arguing that lower airways are consistently colonized by microbes from the upper airway and that 

there is a gradient of microbial diversity from the oral cavity to the alveoli98. Clearly, an 

understanding of the contribution of anaerobes sourced from saliva in the routinely studied lung 

sputum sample is greatly needed to push the field forward. Here we evaluated salivary amylase 

activity in sputum samples from CF patients and healthy controls to determine if this enzyme could 

be used as an indicator of saliva contamination and how its activity in a sample relates to the CF 

sputum microbiome. We show that there is no association between salivary amylase activity and 
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anaerobic bacterial abundance in cystic fibrosis sputum and that many sputum samples have high 

levels of anaerobes with little saliva contamination. 

 

4.3.2 Amylase and Elastase Activity in Airway Samples 

 

Figure 4.5: Enzymatic activity (Vmax) of (a) amylase and (b) NE according to the sample 
type collected. E = Spontaneously expectorated sputum, I = induced sputum, H = non-CF sputum, 
MR = CF mouth rinse control. Statistical significance was tested with a one-way ANOVA and 
Tukey’s test. RFU=relative fluorescent units/sec, * = p<0.05, **p<0.01, **p<0.001. note= NE 
activity in healthy samples was undetectable.  
 

The amylase and neutrophil elastase (NE) activity in sputum from spontaneously 

expectorated (SES) and induced sputum samples (IS) from CF patients was determined. IS sputum 

samples had significantly higher amylase activity than the SES samples, while there was no 

significant difference in elastase activity between these sample types (Fig. 4.5a). Amylase activity 

was also significantly higher in non-CF samples compared to SES and was generally higher than 

the IS samples with the exception of 4 outlying CF patient samples that had unusually high activity. 
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NE activity was not detectable in healthy patients and there was no significant correlation between 

amylase and elastase activity in the same samples (Pearson’s r = -0.044). As a control, mouth rinse 

samples from CF patients were assayed for amylase and NE activity and found to have lower levels 

of both enzyme activities when compared to the sputum samples retrieved from the same patients. 

Taken together, this data indicates that NE activity in CF sputum is independent of the method of 

sample retrieval (SES or IS), while amylase activity is dependent on the retrieval method. 

The IS samples were recorded visually as either purulent, mucopurulent or mucoid 

according to sputum color classification outlined by Price-Whelan and colleagues99. Purulent 

sputum represents samples entirely composed of colored pus, mucoid samples are those with little 

to no visible pus and muco-purlent are samples containing a mixture of mucus and pus. Mucoid 

sputum had significantly higher amylase activity than purulent sputum (Fig. 4.6a), and 

accordingly, purulent sputum had significantly higher elastase activity than mucoid samples. 

 

Figure 4.6: Enzymatic activity of (a) amylase activity and (b) elastase activity in CF sputum 
samples measured as a change in relative fluorescent units per second (RFU/sec). Patient 
samples were categorized as either mucoid (M), muco-purlent (MP) and purulent (P). 
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4.3.3 Amylase and Elastase Relationships with Lung Microbiome 

The activity of amylase and NE were compared to microbiome profiles generated using 

16S rRNA gene amplicon sequencing of the same samples. Each sputum microbiome was 

simplified into its proportion of anaerobes and pathogens (as similarly done in87, 91) according to 

their known metabolism and common clinical classification. The microbiome data from both the 

IS and SES samples showed similar overall profiles (Fig. 4.5). In 40 out of 84 IS samples, common 

CF pathogens such as P. aeruginosa, S. maltophilia, S. aureus comprised of >50% of the microbial 

population while 22 patient samples had more that >95% oral bacteria (Fig. 4.7). 22 IS samples 

contained a mixture of oral bacteria and pathogens. Oral bacteria dominated the microbiome of 

healthy subjects and none of the common CF pathogens were detected. There were no significant 

relationships between amylase or elastase activity and anaerobes or pathogens in the SES sputum 

samples (Table 4.1). In the IS samples, however, a positive relationship was found between the 

activity of elastase and pathogen abundance and a negative relationship between this enzyme and 

the abundance of anaerobes (Table 4.1). There was no correlation between the activity of amylase 

and the relative abundance of anaerobes in any type of CF sample collected (Table 4.1). 

  Expectorated (SES) Induced (IS) 
    Amylase NE Amylase NE 
Pathogen Spearman -0.073 

(p=NS) 
0.0165 
(p=NS) 

0.0065 
(p=NS) 

0.295 
(p=0.0064)  

Pearson 0.148 
(p=NS) 

-0.100 
(p=NS) 

-0.029 
p=(NS) 

-0.269 
(p=0.013) 

Anaerobe Spearman 0.075 
(p=NS) 

-0.036 
(p=NS) 

-0.021 
(p=NS) 

-0.289 
(p=0.0078)  

Pearson -0.060 
(p=NS) 

-0.056 
(p=NS) 

0.065 
(p=NS) 

0.225 
(p=0.042) 

 
Table 4.1: Spearman’s rho and Pearson’s r correlation values between the relative 
abundance of anaerobes and amylase and NE activity in the expectorated and induced 
sputum samples. 
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Figure 4.7: Purulency, enzymatic activity and microbiome profiles in induced sputum 
samples. A) Microbiome profile of induced sputum samples. The top 30 most abundant OTUs are 
show in the data while the remaining are clustered into ‘other’. The samples are sorted according 
to the abundance of ‘pathogens’ for relevance to the other figure panels. B) Relative abundance of 
pathogens and anaerobes overlaid with enzymatic activity of amylase and the purulency phenotype 
for each sample. C) Same data with the NE activity overlaid. RFU/sec = relative fluorescent 
units/sec 
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A closer look at the microbiome profiles, enzymatic activity and purulence in the IS 

samples revealed that there were six outliers with amylase activity greater than 10 RFU/sec (Fig. 

4.7). We hypothesized that these samples represented those with significant saliva contamination, 

and accordingly, four were of the mucoid phenotype, but only 2 of these were dominated by 

anaerobes. There were 15 purulent samples with low amylase activity (<10 RFU/sec) and a high 

relative abundance of anaerobes (>50%, Fig. 4.7). These samples represent patients with high 

amounts of anaerobic bacteria in purulent lung sputum with little indication of saliva 

contamination. Furthermore, there were no mucoid samples with elastase activity greater than 1 

RFU/sec, supporting the association of this enzymatic activity with purulent sputum (Fig. 4.7). 

 

4.3.4 Discussion 

This study compared the relationships between the sputum microbiome, purulency and 

enzymatic indicators of saliva contamination and neutrophil elastase activity. Our goal was to 

determine if amylase activity would correlate with the relative abundance of anaerobes in CF 

sputum samples. Our principle finding was that there was no correlation between the activity of 

salivary amylase and anaerobic bacteria in CF sputum. This provides evidence that anaerobic 

bacteria detected in sputum are not exclusively sourced from saliva and can be present as a 

significant portion of the sputum microbiome sourced from the lower airways.  

An assessment of the enzymatic activity in control samples compared to CF indicated that 

our assays were measuring the expected signals. Purulent mucus from CF patients had the highest 

NE activity, whereas control samples from non-CF patients had no activity from this enzyme, but 

had the highest activity of salivary amylase. This result indicates that healthy patients produce 

mostly saliva when forced to expectorate, due to the absence of sputum in the lungs, and 
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accordingly, oral bacteria dominated the healthy subject’s microbiomes. It was also shown that 

salivary amylase activity was highest in CF sputum induced with hypertonic saline compared to 

spontaneous expectoration. Thus, if salivary contamination is to contribute to the microbiome of a 

CF sputum sample, it is most likely to come from sputum induction. Purulency was tightly 

associated with the enzymatic activity measured. Purulent sputum contained the highest amounts 

of NE and mucoid sputum contained the highest amounts of amylase. This too indicates that our 

amylase and NE assays were measuring the correct phenotypes in the samples collected and 

provided appropriate data for comparison to the microbiome profiles.  

The microbiome of SES did not associate with any measure of enzymatic activity. We 

therefore focused on IS, which has been shown to provide a more comprehensive sample of the 

lung bronchial tree for microbiological assessment102 without an effect on the microbiome makeup 

compared to SES103. NE activity was positively correlated with pathogens and negatively 

correlated with anaerobes. This indicates that this enzyme is associated with pathogens and 

purulency, a hallmark of CF infections, and is a strong indicator of inflammation104, 105. Of 

particular importance to the goals of this study, is that there was no association between anaerobe 

relative abundance and amylase activity. This demonstrates that the degree of saliva contamination 

within an IS sample does not reflect the abundance of anaerobes in 16S rRNA gene amplicon 

profiles. Thus, consistent and routine sputum inductions should provide a sufficient sample of 

lower airway mucus for microbiome profiling. However, there were instances in this study where 

some samples had especially high amylase activity. Of the six induced sputa comprising these 

outliers, four were mucoid, one mucopurulent and one purulent. We hypothesized that these 

samples, particularly those of the mucoidy phenotype, were highly contaminated with saliva and 

the subsequent microbiome profiles of these samples contained at least 25% anaerobes. We 
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therefore propose that screening for amylase activity during routine clinical sampling could 

identify sputa that may be contaminated with large amounts of saliva. Such a screening in 

microbiome studies or routine clinical diagnostics may help remove samples that could 

significantly misrepresent the lung microbiota and confound scientific studies.  

Many purulent sputum samples from this study had low levels of saliva contamination, but 

abundant anaerobic bacteria. This is evidence that these organisms are present in sputum from CF 

patients that has likely originated from the lower airways. Much debate in the CF field has 

surrounded the relevance of microbiome data from sputum due to the contaminating anaerobic 

bacteria sourced from the oral cavity96, 97. A study comparing the microbiome in patients using 

different methods to sample the lower airways (bronchoalveolar lavage and protected brush) 

compared to sputum showed some patients with oral anaerobes in sputum and lower airways, while 

others had a higher load of these bacteria in their sputum106. Another study claimed that sputum 

samples misrepresent lung microbiota, based on their higher abundance of oral associated bacteria 

compared to samples directly sourced from the lung107. Here we show that the oral anaerobes 

detected in microbiome profiles of sputum are not principally sourced from the oral cavity, instead, 

they are sourced from the airways and can comprise over 90% of the microbial community in a 

purulent sputum sample. However, in some instances, induced sputum samples have high levels 

of saliva contamination, which subsequently produces an anaerobe-rich microbiome profile, 

making careful screening for the levels of saliva contamination an important step in CF 

microbiome studies. In conclusion, further research on the role of anaerobic bacteria in CF lung 

disease is needed as they have been associated with pulmonary exacerbations91, 92, 108, are present 

in the lower airways and are detected in high abundance from culture-based88 and culture 

independent methods109, 110. 
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Chapters 4.3, in full, is taken from material which is currently being prepared for 

submission for publication. Robert A. Quinn was the principal researcher/author on this paper. 

Robert A. Quinn; Sandeep Adem; William Comstock; Alexander J.X. Chen; Arnav Amruth; 

Lindsay DeRight-Goldasich; Greg Humphrey; Doug Conrad; Rob Knight; Anthony J. 

O’Donoghue; Pieter Dorrestein. “Amylase Activity in Cystic Fibrosis Sputum as a Marker of 

Saliva Contamination”. 
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CHAPTER 5: Conclusion 

5.1 Summary  

In this thesis, we have demonstrated a novel method to detect papain activity by using a 

highly specific peptide complex. The eventual goal of this project is create a point of care platform 

to detect specific proteases for patient samples (blood, saliva, urine, etc.). Chapter 1 introduced 

point-of- care technology and their advantages for detecting protease biomarkers.  Chapter 2 

covered the proof-of-concept optical studies which focused on the substrate selection and 

optimization of the surface chemistry to detect papain activity. We proved that our peptide 

immobilization, fluorescent tag loading, and papain degradation schemes were effective and 

suitable to be translated to the magnetic sensors. Chapter 3 focused on the conjugation & 

functionalization chemistry for GMR sensor assays and the real-time detection of papain activity 

showing successful point-of-care capabilities. We proved that we can functionalize different 

conditions to a single chip which showed that the sensors have multiplexing capabilities. We then 

loaded our MNPs successfully to sensors that were functionalized through conjugation chemistry 

with the immobilized cleavable peptide substrate and lastly validated the assay by showing real-

time reduction in signal after papain addition. Chapter 4 went over the correlation between protease 

activity in cystic fibrosis sputum samples and the microbiome of the cystic fibrosis lung to better 

understand patient disease staging. We found that neutrophil protease activity does in fact 

correspond to more pathogens which means greater cystic fibrosis disease severity in CF patients. 

We also found out that there was no correlation between the activity of salivary amylase and 

anaerobic bacteria in CF sputum meaning that the anaerobic bacteria detected in sputum was not 

completely sourced from saliva and could be greatly sourced from the lower airways of the lung. 
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5.2 Future Directions  

The future work for this study primarily will focus on improving the sensitivity of the 

sensor technology and expanding it to other proteases. With the current GMR sensor data, we can 

detect 8.54µM papain over 400 minutes and observe a 60% reduction in signal (Fig. 3.13). The 

problem with this data is that papain concentration is in the micromolar range and must be brought 

down to the nanomolar range to simulate proteases in clinical samples. To improve the results, the 

addition of protease stabilizers such as dithiothreitol (DTT) in the assay buffer will prevent papain 

from losing activity over time during the course of an assay. This may possibly lead to better signal 

reduction at lower papain concentrations for future tests.  

 

Figure 5.1: Depiction of GMR sensors used as point-of-care test for CF patient disease 
monitoring. 
 

Once the sensor assay is fully optimized to test papain, we would like to expand this test 

to other proteases of interest. Ultimately, we want to create disposable test sticks that are pre-

functionalized with specific cleavable peptide substrates with MNP labels to detect various 
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protease biomarkers. From the cystic fibrosis studies we found that neutrophil protease activity in 

the sputum samples indicates greater cystic fibrosis disease severity (Fig 4.4). This means if we 

were to functionalize the surface of our magnetic sensors with cleavable peptides specific to 

cathepsin-G and elastase, we can in theory be able to assay the sputum samples with our chip to 

detect protease activity (Fig 5.1). This would be particularly useful for monitoring the disease 

staging of a cystic fibrosis patient.  
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Appendix 

A1. Optical assay methods 

A1.1 Papain and substrate selection.  

Three conditions were pipetted in triplicate fashion into black polystyrene 384-well plates (Nunc 

Polystyrene Black Microplates, catalog #262260, Thermo Scientific): 15uL of 5.69µM papain in 

DPBS (Dubellco’s Phosphate Buffer Saline, catalog #14040133, Gibco), 15uL of 5.69µM papain 

in pH 6.0 DPBS (pH lowered by citrate phosphate), and DPBS only. 15uL of 20µM TFSYnRWP 

fluorescent IQ substrate in DPBS (provided by UC Merced Nobile Lab26) was then added to every 

well. The cleavage of the fluorescent substrate was observed in a microplate reader (Synergy HTX 

Multi-Mode Reader) at an excitation of 360nm and emission of 460 nm for 2 hours. 

 

A1.2 Peptide/Linker Immobilization on optical plates.  

Black 96-well maleimide activated plates (Pierce, catalog #15153, ThermoFisher Scientific) were 

triple washed with 200uL of wash buffer containing 0.1M Na2HPO4, 0.15M NaCl, 0.05% Tween-

20 in deionized water at pH 7.2. For all subsequent steps, a triple wash with 200uL of wash buffer 

is always performed before adding a new reagent to a well. Next, a 64µM solution of the non-

cleavable linker (Biotin-PEG-SH, PG2-BNTH-5k, NANOCS) and 8µM solution of the cleavable 

peptide (Custom peptide CP-TFSYnRWP-PB, catalog #915088, CPC Scientific) were prepared in 

binding buffer containing 0.1M Na2HPO4, 0.15M NaCl, 10mM EDTA in deionized water at pH 

7.2. 100uL of each solution was added to the well plate in quadruplets and incubated for 2 hours 

at room temperature. Next, 200uL of a 10µg/ml solution of Cysteine-HCl (Pierce, catalog #44889, 

ThermoFisher Scientific) in DPBS was added to each well and incubated for 1 hour at room 

temperature. 200uL of a 1% BSA (Blocker™ BSA (10×) in PBS, catalog #37525, ThermoFisher 
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Scientific) solution in DPBS was added to each well and incubated for 1 hour at room temperature. 

100uL of DPBS was added to each well and a microplate reader (Synergy HTX Multi-Mode 

Reader) at an excitation/emission ~360/460 nm to obtain background RFU values. 

 

A1.3 Blocking with streptavidin on optical plates.  

For all subsequent steps, a triple wash with 200uL of wash buffer is always performed before 

adding a new reagent to a well. After peptide/linker immobilization on optical plates, 100uL of 

0.005mg/mL fluorescently labeled streptavidin (Streptavidin, Marina Blue conjugate, catalog 

#S11221, ThermoFisher Scientific) in DPBS and 100uL of 0.02mg/mL wild type streptavidin 

(Streptavidin Protein, catalog #21122, ThermoFisher Scientific) in DPBS was added to each 

respective well condition and incubated for 1 hour at room temperature in absence of light. 100uL 

of 0.005mg/mL fluorescently labeled streptavidin was added to wells that had seen wild-type 

streptavidin in previous step and 100uL of 0.02mg/mL wild-type streptavidin was added to wells 

that had seen fluorescently labeled streptavidin in previous step. Plate was then incubated for 1 

hour at room temperature in absence of light. 100uL of DPBS was added to each well and a 

microplate reader was used to measure loading of fluorescent streptavidin at excitation/emission 

~360/460 nm. 

 

A1.4 pH dependent papain digestion on optical plates.  

For all subsequent steps, a triple wash with 200uL of wash buffer is always performed before 

adding a new reagent to a well. After taking a reading after peptide/linker immobilization and 

fluorescent streptavidin loading, 100uL of 2.84µM of papain in DPBS, 100uL of 2.84µM of papain 

in pH 6.0 DPBS, and 50uL of 0.13mg/mL of papain combined with 50uL 80µM E-64 inhibitor 
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(E64, catalog #152846, MP Biomedicals LLC) in DPBS was added to each respective well 

condition for 15 minutes at room temperature in absence of light. 100uL of DPBS was added to 

each well and a microplate reader was used to measure the reduction of RFU at excitation/emission 

~360/460 nm. 

 

A1.5 Time dependent digestion on optical plates.  

For all subsequent steps, a triple wash with 200uL of wash buffer is always performed before 

adding a new reagent to a well. Wells were organized by representing each row as a time interval 

of E-64 addition and columns as triplicates of the same reaction condition on black 96-well 

maleimide activated plates. After taking a reading after peptide/linker immobilization and 

fluorescent streptavidin loading, 100uL of 1.42µM of papain in DPBS was added to each well 

followed by an addition of 100uL of 40µM E64 inhibitor at 0, 5, 10, 15, 20, and 30 minute time 

intervals to each respective row. 100uL of DPBS was added to each well and a microplate reader 

was used to measure the reduction of RFU at excitation/emission ~360/460 nm. 

 

Chapter A1, in full, is taken from material which is currently being prepared for submission 

for publication. Drew A. Hall was the principal researcher/author on this paper. Sandeep Adem; 

Sonal Jain; Anthony J. O’Donoghue; Drew A. Hall. “Giant Magnetoresistive Biosensors for Rapid 

Detection of Proteases” 
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A2. GMR sensor assay methods 

A2.1 Conjugation of maleimide activated BSA to peptide and linker.  

To prepare BSA-maleimide conjugated to peptide (BSA-peptide), 20uL of 1.33mg/mL solution of 

BSA-maleimide (Imject™ Maleimide-Activated BSA, catalog #77115, ThermoFisher Scientific) 

in DI water, 56uL of 273µM peptide, and 24uL of binding buffer were placed in tube and incubated 

for 24 hours at 4oC. For the BSA-maleimide conjugated to linker (BSA-linker), 20uL of 

1.33mg/mL solution of BSA-maleimide in DI water, 23uL of 700µM linker, and 57uL of binding 

buffer were placed in tube and similarly incubated for 24 hours at 4oC. Conjugates were then speed 

vacuumed to remove excess water. 10uL of DI water was used to dissolve remaining powder in 

each respective tube after extraction. 

 

A2.2 Magnetic sensor assays.  

All GMR sensors used throughout this research were purchased pre-made from MagArray Inc. 

The chips consist of a nine by ten array of GMR spin-valve (SV) sensors each measuring 90µm × 

90µm. To begin functionalizing the surface of the sensors, the chip is places in the UV ozone 

cleaner for 10 minutes. A custom 3-D printed well carrier (Zortrax) with an attached silicone O-

ring (High-Temperature High-Purity Silicone O-Rings for Tube Fittings with Straight-Thread 

Connection, catalog #9396K422, McMaster-Carr) is then screwed onto the chip to allow reagents 

to be pipetted onto the surface without leakage. Chip is triple washed with 100uL DI water be-fore 

adding on BSA reagents. 1uL of each BSA reagent (5% BSA, 1.33mg/mL BSA-peptide, 

1.33mg/mL BSA-Linker) is spotted onto the corners of the chip with some separation as shown in 

Figure A2.1.  
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Figure A2.1. Picture of sensor array surface under microscope after nanospotting BSA 
reagents. 
 
Chip is then left for 24 hours in a humidity chamber at 4oC. Once incubation is complete, chip is 

triple washed with 100uL DI water and then blocked with 100uL 5% BSA for 30 minutes. For 

streptavidin blocking studies, peptide sensors were nanospotted with 1uL of 1mg/mL wild-type 

streptavidin and incubated for 30 minutes followed by a triple wash with 100uL DI water and 

100uL of PBS addition. For non-blocking studies, chip is triple washed with 100uL DI water and 

100uL of DPBS is added. The chip is then connected to the electromagnet to start assay. Once the 

measuring station is setup, the PBS is removed and sensors are loaded with 60uL of streptavidin 

coated magnetic nanoparticles or MNPs (Streptavidin microbeads, catalog #130-048-101, 

Miltenyi Biotec) for 35 minutes. MNPs used are 50nm beads which are colloidally stable in 

solution. A 5x wash with 100uL wash buffer is used to remove any unbound MNPs. 100uL of 

1mM biotin (D-Biotin, catalog #15486, Fisher Scientific) is added for 10 minutes to block unbound 

streptavidin on MNPs followed by a 5x wash with 100uL wash buffer. 100uL of 0.2 mg/mL papain 
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in DPBS (for low pH papain, pH of PBS was lowered by citrate phosphate from 7.4 to 6.0) then 

added and left for 400 minutes. To end the assay, a 5x wash with 100uL wash buffer is performed 

and 100uL of DPBS is added to obtain the final signal from sensors. 

 

Chapter A2, in full, is taken from material which is currently being prepared for submission 

for publication. Drew A. Hall was the principal researcher/author on this paper. Sandeep Adem; 

Sonal Jain; Anthony J. O’Donoghue; Drew A. Hall. “Giant Magnetoresistive Biosensors for Rapid 

Detection of Proteases” 
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A3. CF sputum experiments 

A3.1 Sample Collection 

Sputum samples (n=103) were collected according to a UC San Diego institutional review board 

approved protocol for human subject research (project #160078). Samples were collected from the 

UC San Diego adult CF clinic during routine visits from patients. Patient’s first rinsed their oral 

cavity with a sterile solution of 7% saline and a subset of mouth rinse samples were collected for 

analysis (n = 24). Induced sputum samples were then collected after mouth rinse via inhalation of 

7% hypertonic saline into the lungs and expectoration of sputum into a sputum cup for a maximum 

of 30 minutes. The sputum sample was then homogenized with a 3 ml syringe without the needle 

and aliquoted in 1-2 ml volumes into cryovials. Both the sputum and mouth rinse cryovials were 

then immediately frozen in a dry liquid nitrogen dewar and stored at -80°C until analysis 

 

A3.2 Cathepsin G, Elastase, and Amylase Assays  

All sputum samples were diluted 20-fold in Dulbecco’s Phosphate Buffer Saline (D-PBS) and 

stored at -20 °C. Samples were then diluted 10-fold in D-PBS containing 0.005% Tween-20 and 

50 µM Succinyl-Ala-Ala-Pro-Phe-aminomethylcoumarin (Bachem) and assayed for 1 hour at 

room temperature in triplicate wells of a black round bottom 96-well plate. Hydrolysis of the 

fluorescent substrate was monitored in a Synergy HTX multi-mode reader (Biotek) using 

excitation and emission of 360 and 460 nm, respectively and activity was expressed as a change 

in fluorescent units per second and normalized to the activity of 250 nM of human neutrophil 

cathepsin G (EMD Millipore). Samples were also diluted 1000-fold in D-PBS containing 0.005% 

Tween-20 and 50 µM Methoxy succinyl-Ala-Ala-Pro-Val-aminomethylcoumarin (Alfa Aesar) 
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and assayed as outlined above, except 5 nM of human neutrophil elastase (Athens Research) was 

used as a control enzyme. For amylase assays, sputum samples were diluted 10,000-fold in D-PBS 

containing 0.005% Tween-20 and assayed with a 0.15 mg/ml of fluorescent starch substrate 

according to the EnzCheck Ultra Amylase Assay Kit (Invitrogen). Hydrolysis was monitored using 

excitation and emission of 428 and 528 nm and activity in each plate was normalized to 83 nM of 

α-amylase (Sigma). 

 

A3.3 Culture Experiments  

A CF isolate of P. aeruginosa (VVP006) was used to test for protease activity against the NE 

substrate and for growth with and without added amino acids. For the protease assay, the strain 

was first grown on Todd Hewitt Agar then inoculated into artificial sputum medium (ASM, recipe 

from [54] and based on [55]) and incubated at 37°C for 48 hours. The cultures were then pelleted 

in a benchtop centrifuge at 10,000 x g for 30 s and the supernatant diluted 20-fold in D-PBS 

containing 0.01% Tween-20 and 50 µM Methoxy Succinyl-Ala-Ala-Pro-Val-

aminomethylcoumarin. Activity assays were performed in triplicate as outlined above. P. 

aeruginosa VVP006 was also grown in ASM with and without the amino acid components of the 

media and optical density was measured after 48 hours at 37°C.  

 

A3.4 Other Methods 

Methods detailing the mass spectrometry, genome sequencing, data processing, statistical 

analysis and others experiments which I did not perform can be found in: “Neutrophilic Proteolysis 

in the Cystic Fibrosis Lung Favors a Pathogenic Microbiome” (authors: Robert A. Quinn; Sandeep 

Adem; Robert H. Mills; William Comstock; Lindsay DeRight Goldasich; Gregory Humphrey; 
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Alexander A. Aksenov; Alexei Melnik; Ricardo da Silva; Gail Ackermann; Nuno Bandeira; David 

Gonzalez; Doug Conrad; Anthony J. O’Donoghue; Rob Knight; Pieter C. Dorrestein), and 

“Amylase Activity in Cystic Fibrosis Sputum as a Marker of Saliva Contamination” (Robert A. 

Quinn; Sandeep Adem; William Comstock; Alexander J.X. Chen; Arnav Amruth; Lindsay 

DeRight-Goldasich; Greg Humphrey; Doug Conrad; Rob Knight; Anthony J. O’Donoghue; Pieter 

Dorrestein). 

 

Chapter A3, in full, is taken from material which was submitted for publication and 

currently in revision. Robert A. Quinn was the principal researcher/author on this paper. Robert 

A. Quinn; Sandeep Adem; Robert H. Mills; William Comstock; Lindsay DeRight Goldasich; 

Gregory Humphrey; Alexander A. Aksenov; Alexei Melnik; Ricardo da Silva; Gail Ackermann; 

Nuno Bandeira; David Gonzalez; Doug Conrad; Anthony J. O’Donoghue; Rob Knight; Pieter C. 

Dorrestein. “Neutrophilic Proteolysis in the Cystic Fibrosis Lung Favors a Pathogenic 

Microbiome”.  

Chapter A3, in full, is taken from material which is currently being prepared for submission 

for publication. Robert A. Quinn was the principal researcher/author on this paper. Robert A. 

Quinn; Sandeep Adem; William Comstock; Alexander J.X. Chen; Arnav Amruth; Lindsay 

DeRight-Goldasich; Greg Humphrey; Doug Conrad; Rob Knight; Anthony J. O’Donoghue; Pieter 

Dorrestein. “Amylase Activity in Cystic Fibrosis Sputum as a Marker of Saliva Contamination”. 

 




