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ABSTRACT 

 

 

Smith, Candice Ashley (Ph.D., Chemistry) 

Nanoscale Reagents for the Detection and Treatment of Tuberculosis in Resource 

Limited Regions 

 

Thesis directed by Professor Daniel Feldheim 
 

Tuberculosis (TB) remains the second deadliest infectious disease after HIV/AIDS. 

TB most stubbornly has been spreading in resource limited regions. People in 

these regions need diagnostics and therapeutics tailored to their available 

resources.  Developing countries would best benefit from a diagnostic that is 

robust, gives quick results, and requires minimal electricity or materials.    

Likewise, a high impact therapeutic for these communities would promote patient 

compliance through oral administration and low toxicity. In this thesis work, these 

challenges are confronted by development of an orally bioavailable gold 

nanoparticle platform, a surface enhanced Raman spectroscopy assay for the 

detection of an TB biomarker in urine, and isolating modified-aptamers affinity 

reagents for the detection of TB biomarkers in urine. 

  



 
 

iv 
 

 

 

DEDICATION 

Some of my greatest lessons came from humbling and humiliating experiences. No 

matter the intent, I am grateful for every single one of those lessons both in my life 

and in this graduate school experience. They have made me a stronger person. I 

have such love for those of you that show me unconditional kindness. You 

continuously inspire me, remind me to balance my life, and provide the occasional 

helping hand to lift my chin up. Thank you. I love you. I will never be alone, 

because of the impact you all have made in my life. 



 
 

iv 
 

 
 

Table of Contents 
Chapter 1:  Tuberculosis Incites Call for New Diagnostics and Therapeutics ............................. 1 

1.1. Tuberculosis a Persistent Disease ................................................................................... 1 

Figure 1.1.  Ancient Native American mummy infected by  Mycobacterium tuberculosis ........ 1 

Figure 1.2. (A) Estimated prevalence of TB cases (in millions per year), for 1990-2013. (B) 

The documented global MDR-TB cases detected (blue) and TB cases enrolled in MDR-TB 

treatment (red), 2009-2013. Adapted from World Health Organization report. ........................ 2 

Figure 1.3.   Confocal Microscopy image of Mycobacterium tuberculosis stained pink by the 

Ziehl-Neelsen technique ......................................................................................................... 3 

1.2 Source of a Tuberculosis infection .................................................................................... 3 

1.3 Detection of Tuberculosis in Resource Limited Communities ............................................ 4 

1.4 Treatment and Consequences of Not Curing TB .............................................................. 7 

Figure 1.5.  Estimated number of missed cases in millions for the top-ten countries, 2013.  

The range shows the lower and upper bounds of the 95% uncertainty interval.  The bullet 

marks the best estimate. ........................................................................................................ 7 

Figure 1.6. Adapted image to show a representation for in cost and volume differences of 

medications used for treatment a drug sensitive strain of TB versus a MDR-TB infection.167 . 9 

1.4 Project 1: Urine-Based Assay for the Detection of Mtb ....................................................10 

1.5 Project 2: Oligonucleotide Aptamers for the Detection of Biomolecules ...........................11 

Figure 1.4. Aptamers conjugated to a gold surface. (A) An misfolded aptamer and (B) A 

refolded DNA aptamers bound to its target biomarker. ..........................................................11 

1.6 Project 3: Tuning the Oral Bioavailability of Gold Nanoparticles for potential Mtb 

Antimicrobials ........................................................................................................................12 

1.6.1. Orally Administered Drug Route for Developing Countries .......................................12 

1.6.2 Gold Nanoparticles as Antimicrobials for Infectious Disease .....................................12 

1.7 Conclusion .......................................................................................................................14 

Chapter 2:   Surface Enhanced Raman Spectroscopy (SERS) Immunoassay for the Detection of 

Mannose Capped Lipoarabinomannan .....................................................................................16 

2.1 Introduction ......................................................................................................................16 

2.1.1 SERS immunoassay .................................................................................................17 

2.1.2 ManLAM as Biomarker in Urine .................................................................................19 

Figure 2.2:  (A) Dithiobis[succinimidyl propionate] molecule used to adsorb the antibody to the 

gold platform. (B) 5,5′-dithiobis(succinimidyl-2-nitrobenzoic acid) (DSNB) molecule that is 

file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165028
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165029
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165029
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165029
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165030
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165030
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165034
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165034
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165034
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165035
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165035
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165038
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165038
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165047
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165047


 
 

v 
 

chemisorbed to the gold nanoparticle surface and binds antibody after a reaction with the 

molecule’s NHS ester moiety. ................................................................................................19 

Figure 2.3.  A representation of ManLAM and all of its components from the mannose caps to 

its fatty acid tails. This image has been reproduced with permission of De Prithwiraj from the 

Chatterjee Lab at Colorado State University. .........................................................................20 

2.2 Results and Discussion ...................................................................................................20 

2.2.1 Assay Optimization ...................................................................................................21 

2.4 SERS immunoassay dose-response curve using non-endemic urine spiked with ManLAM 

without sample pretreatment. ................................................................................................21 

Figure 2.5 The optimized pretreatment scheme for urine samples used in the SERS assay. .23 

Figure 2.6  Calibration of the the SERS assay utilizing 0.1% tween-20 (orange), 0.05% 

(green), or 0.01% tween-20 (blue) circles. .............................................................................24 

2.2.2 Optimized Calibration Curve of ManLAM Standards .................................................25 

Figure 2.7. SERS immunoassay for urine spiked with ManLAM. ...........................................25 

2.2.3 Comparison of SERS versus Culture Results for Patient Samples ............................26 

Figure 2.8. Dose-response (νs(NO2) at 1336 cm-1) curves for the detection of ManLAM spiked 

into non-endemic urine. .........................................................................................................26 

2.3 Conclusion .......................................................................................................................28 

2.4 Experimental Methods .....................................................................................................28 

2.4.1 Reagents ..................................................................................................................28 

2.4.2. Preparation of ERLs .................................................................................................29 

2.4.3 Capture substrate preparation ...................................................................................30 

2.4.4 Preparation of Calibration Standards.........................................................................31 

2.4.5 Preparation of Urine Samples ...................................................................................31 

2.4.6 Instrumentation .........................................................................................................32 

Chapter 3:  Modified-Oligonucleotide Affinity Reagents for the Detection of Mycobacterium 

Tuberculosis Biomarkers in Urine..............................................................................................33 

3.1 Introduction ......................................................................................................................33 

3.2 TB biomarkers .................................................................................................................34 

3.3 SELEX with Modified-Nucleotides ...................................................................................35 

Figure 3.1 A molecular representation of a modified thymidine nucleotide incorporated into 

aptamers in this project. R indicates the modifications: (A) tryptyl amino, (B) Napthyl, and (C) 

4-pyridyl. ................................................................................................................................36 

Figure 3.2 A SELEX for a target functionalized to bind a magnetic bead. ..............................38 

3.4 Results and Discussion ...................................................................................................38 

file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165047
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165047
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165051
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165051
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165052
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165053
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165053
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165055
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165057
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165057
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165070
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165070
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165070
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165071


 
 

vi 
 

3.4.1 Target Preparation ....................................................................................................39 

3.4.2 Selection ...................................................................................................................40 

Figure 3.3. A PCR trace from round 6 of the MT3444 selection. The maroon trace is from the 

target pool, and it drops low in cycle 13 after the sample was removed from the instrument.  

The navy trace is the negative control pool. The pink trace is pcr control to determine when or 

if the primers are interacting with each other. ........................................................................41 

3.4.3 Sequence Analysis of Evolved Pool ..........................................................................42 

Figure 3.4 Summary of the computational analysis data from the evolved pool of a selection 

on MT2462. (A) The total number of sequences before and after quality filtering. (B) families 

on the X-axis and the size of their family on the Y-axis. (C) Conserved regions of highly 

populated families.  Also, the mostly conserved nucleotides have the largest amplitude. ......44 

3.4.4 Binding Affinity and Specificity ...................................................................................45 

Figure 3.5 Fluorescence polarization anisotropy assay. (A) The excited emission from a 

fluorophore labeled aptamer remains depolarized as it rapidly tumbles in solution, until (B) the 

aptamer binds the target which slows tumbling and causes the signal to remain polarized. ...47 

Figure 3.6. FPA assay binding curve of sequence N18 for its target MT3444 in selection 

buffer. The dissociation constant was determined by a non-linear regression program, 

Graphpad prizm, to be 34.9 ± 15.5 nM...................................................................................51 

Figure 3.7. FPA assay binding curve of sequence N18 for its target MT3444 in non-endemic 

urine. The binding curve for this assay has a larger dissociation constant and each point has 

a larger standard deviation The dissociation constant was determined to be approximately 

121 nM. .................................................................................................................................52 

Figure 3.8. FPA assay binding curve of sequence N18 for its target MT3444 in urine dialyzed 

against selection buffer for 24 hours.  The dissociation constant was determined to be 

approximately 92 nM. ............................................................................................................52 

Figure 3.9 Tryptophan quenching affinity assay for sequence binding to the MT3444 protein.  

The dissociation constant for this assay was approximately 69 nM ± 44 nM. .........................53 

3.5 Conclusions and Future work ..........................................................................................54 

3.6 Methods and Materials ....................................................................................................55 

3.6.1 Polymerase Chain Reaction ......................................................................................55 

3.6.2 Primer Extension .......................................................................................................55 

3.6.3 Selection Incubation and Partitioning ........................................................................56 

3.6.4 Cloning and Sequencing ...........................................................................................56 

3.6.5 Biotinylation of ManLAM ............................................................................................57 

3.6.7 Fluorescence Polarization Anisotropy .......................................................................57 

3.6.8 Tryptophan Quenching Assay ...................................................................................58 

3.6.9 Protein Expression and Purification ...........................................................................58 

file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165075
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165075
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165075
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165075
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165077
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165077
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165077
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165077
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165079
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165079
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165079
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165080
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165080
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165080
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165081
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165081
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165081
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165081
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165082
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165082
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165082
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165083
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165083


 
 

vii 
 

Chapter 4:  Oral Bioavailability of 2.0 nm Diameter Gold Nanoparticles ....................................59 

4.1 Introduction ......................................................................................................................59 

4.1.1 Potential of Gold Nanoparticle Use in Medicine .........................................................59 

4.1.2 Oral Administration of Gold Nanoparticles ....................................................................59 

4.2 Oral Bioavailability Study of 2.0 nm Gold Nanoparticles ..................................................60 

4.2.1 Design of Gold Nanoparticle Monolayer ....................................................................60 

Figure 4.1.   Structural illustrations of cyclic disulfide-terminated polyethylene glycol ligands.

 ..............................................................................................................................................61 

4.2.2 Stability and Characterization Studies of the Gold Conjugates ..................................62 

Figure 4.2.   Gold nanoparticle stability assay simulating the pH and temperature of the 

human gastrointestinal tract.   UV-Visible spectra of (A) PEG4-Acid, (B) PEG4-Neutral, (C) 

GSH, and (D) pMBA on ca.   2.0 nm diameter gold nanoparticles.   See Experimental 

Methods section for further details. ........................................................................................63 

Figure 4.3.   Transmission electron micrographs and size dispersity statistics of gold 

nanoparticles modified with (A) pMBA,(B) GSH, (C) PEG4N/GSH, and (D) PEG24N/GSH. ..64 

Figure 4.4.   1H NMR spectra for a stackplot of PEG4N ligand/ PEG4N Au NP/ GSH Au NP.     

As the stackplot shows, there is signal from the PEG4N ligand on the gold surface and an 

absence of GSH signal. .........................................................................................................65 

4.2.3 In Vivo Oral Bioavailability and Distribution in the Mouse Model ................................66 

Figure 4.5.   Gold accumulation in blood and urine over a 24-hr period.   Samples were 

collected at 1-hr, 8-hr, and 24-hrs and the gold concentrations measured at each time point 

summed to generate the bars shown.   Gold concentrations were undetectable in all 

administrations except for the PEG4 ligands. ........................................................................67 

Figure 4.6.   Gold distribution in the kidneys and liver for gold nanoparticles administered 

orally.   Detectable concentrations of gold were noted for PEG4 and PEG12 modified particles, 

indicating absorption in the GI tract.   PEG4 had the highest accumulation of all formulations, 

indicating PEG length may be responsible for gastrointestinal absorbance.   No gold was 

detected for the other modified nanoparticles. .......................................................................68 

Figure 4.7.    Analysis of mouse urine after oral administration of 60 uM PEG4N gold 

nanoparticles.  Transmission electron microscope image of the putative gold nanoparticles 

concentrated from urine and their size dispersity. ..................................................................69 

Figure 4.8.  Fecal and gastrointestinal distribution of gold nanoparticles.   Samples were 

collected at 1-hr, 8-hr, and 24-hrs and the gold concentrations measured at each time point 

summed to generate the bars shown.   Nanoparticle concentrations were 60 µM except where 

indicated. ...............................................................................................................................70 

4.3.  Development of a Drug Conjugate with Limited Oral Bioavailability ...............................72 

4.3.1 Collaboration and Intellectual Property Protection .....................................................72 

4.3.2  Limiting Oral Bioavailability of a 2.0 nm Drug Gold Nanoparticle Conjugate .............72 

file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165100
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165100
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165102
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165102
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165102
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165102
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165103
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165103
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165104
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165104
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165104
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165106
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165106
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165106
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165106
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165107
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165107
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165107
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165107
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165107
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165108
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165108
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165108
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165109
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165109
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165109
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165109


 
 

viii 
 

4.3.3 Synthesis of Disulfide Drug Ligand ............................................................................73 

4.3.4 Place-Exchange of Drug Molecule onto Gold Nanoparticle Surface ..........................73 

4.3.5 Characterization and Purification of Drug Gold Conjugate .........................................74 

Figure 4.9.  A polyacrylamide gel demonstrating the differences in migration, which is 

dependent on the gold nanoparticle monolayer composition.  Gold nanoparticle sample in 

lane (A) is p-MBA gold nanoparticles and lane (C) are p-MBA gold nanoparticles with drug 

conjugated to their surface. Sample in lane  (B) are GSH-coated gold nanoparticles and lane 

(D) are gluthione and drug gold conjugate. The gel is not stained in any way,  the image 

shows actual gold nanoparticles visible as a group migrating through the gel. .......................76 

Figure 4.10.  TEM images of gold nanoparticle conjugates. In image (A) are GSH drug  gold 

conjugates and image (B) are p-MBA drug gold conjugates. Note the stock GSH and p-MBA 

utilized and their images can be referenced in Figure 3.3. .....................................................77 

4.3.6 Stability of Drug Gold Conjugates .............................................................................78 

Figure 4.12.  GI tract simulation study UV-Vis spectrum used to determine stability of the GSH 

drug gold conjugate in an environment similar to the human GI tract. ....................................80 

Figure 4.11.  Cell Culture Media Assay that monitored of the absorbance at the surface 

plasmon resonance wavelength max at 510 nm of  the 2.0  gold nanoparticles. Navy 

absorbance values are gold drug conjugate with a GSH base monolayer. Gold absorbance 

values are unconjugated stock GSH gold nanoparticles. .......................................................81 

4.3.7 In Vitro assays with Drug Gold Conjugate .................................................................81 

4.3.8 In vivo studies With the Drug Gold Conjugate ...........................................................82 

Figure 4.13.  Biodistribution data of organs and excrement of three mice administered one 

200 µL dose of 60 µM gold nanoparticle conjugate. Note the intestine samples of mouse 2 is 

only a fraction of the total sample due to a sample processing error. .....................................83 

Figure 4.14.  Time course of gold concentration in serum after 3 mice were treated with a 

single dose of the drug gold conjugate. Note the serum gold concentrations are several 

orders of magnitude lower than the pegylated gold conjugates of the early bioavailability study 

in chapter 3. ..........................................................................................................................83 

4.4 Conclusions and Future Directions ..................................................................................84 

4.5 Methods and Materials ....................................................................................................85 

4.5.1 Synthesis of gold nanoparticles .................................................................................85 

4.5.2 Place-exchange of PEG onto glutathione gold nanoparticles ....................................86 

4.5.3 Place-exchange of Lilly Drug onto 2.0 gold nanoparticles .........................................87 

4.5.4 Gold Nanoparticle Stability Assay in Cell Culture Media ............................................88 

4.5.5 Nuclear Magnetic Resonance spectroscopy (NMR) ..................................................88 

4.5.6 Transmission Electron Microscopy (TEM) .................................................................88 

4.5.7 Animal Models ..........................................................................................................89 

file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165116
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165116
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165116
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165116
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165116
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165116
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165117
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165117
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165117
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165119
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165119
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165120
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165120
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165120
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165120
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165123
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165123
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165123
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165124
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165124
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165124
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165124


 
 

ix 
 

4.5.8 Sample Collection and Preparation ...........................................................................90 

4.5.9 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) analysis .........................90 

4.5.10 Aggregation study using relative stomach and intestinal pH ....................................90 

4.5.11 Polyacrylamide Gel Electrophoresis ........................................................................91 

Chapter 5:  Toxicity and Bioavailability of Potential Gold Nanoparticle Antibiotics in vivo ..........92 

5.1 Introduction ......................................................................................................................92 

Figure 5.1.  Core library of thiols used to create mixed ligand monolayers on the gold 

nanoparticle conjugates. ........................................................................................................92 

5.1.1 Small Variable Ligand Display Antimicrobials ............................................................92 

5.2 Results and Discussion ...................................................................................................94 

5.2.1 Initial in vivo Toxicity and Biodistribution of LAL-32 ...................................................94 

Figure 5.2. Ligands of LAL-32 are glutathione (5), cystamine (6), and 3-mercapto-1-

propanesulfonate (8). and LAL-32EG also includes ligand EG. .............................................95 

Figure 5.3.  Biodistribution data of blood, urine, and organ data.   The 10 uM concentration 

has biodistribution data from 24 hour through 12 weeks.  However, the 60 uM concentration 

has organ data for only the first 24 hours. ..............................................................................96 

Figure 5.4.   Microscopy images of mouse renal samples: (A) control mouse administered 0 

µM gold nanoparticle solution of buffer only, (B) mouse administered 10 uM dose of LAL-32, 

(C) mouse administered 60 uM dose of LAL-32. ....................................................................97 

5.2.2 Modifying LAL-32 with Polyethylene glycol ................................................................98 

Figure 5.6 Blood half-life graph for 60 µM injection of LAL-32EG gold conjugate. ..................99 

Figure 5.7.  Urine and Blood clearance of LAL-32EG from mice during a 24-hour time period.   

Blue indicates individual data values, and square points indicate the average gold 

concentration per time period. ............................................................................................. 100 

5.3 Conclusions & Discussion ............................................................................................. 101 

Figure 5.8.   Organ distribution data for a 60 uM injection of LAL-32EG  from 24 hours through 

12 weeks. ............................................................................................................................ 101 

5.4 Methods and Materials .................................................................................................. 102 

5.5.1 Synthesis of gold nanoparticles ............................................................................... 102 

5.5.2 Place exchange reactions ....................................................................................... 103 

5.5.3 Animal protocols...................................................................................................... 104 

5.5.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) ..................................... 105 

 

 

file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165140
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165140
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165144
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165144
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165145
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165145
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165145
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165146
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165146
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165146
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165148
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165149
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165149
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165149
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165151
file:///C:/Users/Candice/Desktop/Complete%20dissertation.docx%23_Toc436165151


 
 

x 
 

Appendix 

 A. Supplemental Graphs and Images ................................................... 125 

  



 
 

xi 
 

 

Tables 

 Table 2.1  SERS Detection of ManLAM in Endemic FIND samples. ....................... 27 

Table 2.2 SERS Detection of ManLAM in Endemic FIND Samples (corrected for 

possible extrapulmonary TB cases). ..................................................................... 27 

Table 3.1 Aptamer Dissociation Constants (nM) for Specific TB Biomarkers . 50 

Table 5.1.   Gold Conjugates and their MIC99.9 values for specific bacteria ......... 96 

  

file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719874
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719877


 
 

xii 
 

 
Equations 
 

Eq 3.1 Perrin equation......................................................................................... 47 

Eq 3.2 Debye Rotational Relazation Time Constant. ............................................... 47 

Eq 3.2 Dissociation Constant. ................................................................................ 49  

file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719874
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875


 
 

xiii 
 

Figures 

Chapter 1 

Figure 1.1.  Ancient Native American mummy determined to be infected by  

Mycobacterium tuberculosis ..................................................................................... 1 

Figure 1.2. (A) Estimated prevalence of TB cases (in millions per year), for 1990-

2013. (B) The documented global MDR-TB cases detected (blue) and TB cases 

enrolled in MDR-TB treatment (red), 2009-2013. Adapted from World Health 

Organization report. ................................................................................................. 2 

Figure 1.3.   Confocal Microscopy image of Mycobacterium tuberculosis stained pink 

by the Ziehl-Neelsen technique ................................................................................. 3 

Figure 1.4. Aptamers conjugated to a gold surface. (A) An misfolded aptamer and (B) 

A refolded DNA aptamers bound to its target biomarker. .......................................... 7 

Figure 1.5.  Estimated number of missed cases in millions for the top-ten countries, 

2013.  The range shows the lower and upper bounds of the 95% uncertainty 

interval.  The bullet marks the best estimate. ........................................................... 9 

Figure 1.6. Adapted image to show a representation for in cost and volume 

differences of medications used for treatment a drug sensitive strain of TB versus a 

MDR-TB infection. .................................................................................................. 11 

 

Chapter 2 

Figure 2.1: SERS assay scheme for the detection of ManLAM in urine ............... 18 

Figure 2.2:  (A) Dithiobis[succinimidyl propionate] molecule used to adsorb the 

antibody to the gold platform. (B) 5,5′-dithiobis(2-nitrobenzoic acid) (DSNB) molecule 

that is chemisorbed to the gold nanoparticle surface and binds antibody after a react 

with the molecule’s NHS ester moiety. .................................................................... 19 

Figure 2.3.  A representation of ManLAM and all of its components from the 

mannose caps to its fatty acid tails. This image has been reproduced with 

permission of De Prithwiraj from the Chatterjee Lab at Colorado State University. . 20 

2.4 SERS immunoassay dose-response curve using non-endemic urine spiked with 

ManLAM without sample pretreatment. .................................................................. 21 

Figure 2.5 The optimized pretreatment scheme for urine samples used in the SERS 

assay. ..................................................................................................................... 23 

Figure 2.6  Calibration of the the SERS assay utilizing 0.1% tween-20 (orange), 

0.05% (green), or 0.01% tween-20 (blue) circles. ..................................................... 24 

Figure 2.7. SERS immunoassay for urine spiked with ManLAM. ............................ 25 

Figure 2.8. Dose-response (νs(NO2) at 1336 cm-1) curves for the detection of ManLAM 

spiked into non-endemic urine. .............................................................................. 26 

file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719874
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719874
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719875
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719877
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719877
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719884
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719884
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719880
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719880
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719880
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719881
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719881
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719881
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719893
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719893
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719893
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719893
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719898
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719898
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719899
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719899
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719900
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719900
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719902
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719903
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719903


 
 

xiv 
 

Chapter 3  

Figure 3.1 A molecular representation of a modified thymidine nucleotide 

incorporated into aptamers in this project. R indicates the modifications: (A) tryptyl 

amino, (B) Napthyl, and (C) 4-pyridyl. ..................................................................... 36 

Figure 3.2 A SELEX for a target functionalized to bind a magnetic bead. ................ 38 

Figure 3.3. A PCR trace from round 6 of the MT3444 selection. The maroon trace is 

from the target pool, and it drops low in cycle 13 after the sample was removed from 

the instrument.  The navy trace is the negative control pool. The pink trace is pcr 

control to determine when or if the primers are interacting with each other. .......... 41 

Figure 3.4 Summary of the computational analysis data from the evolved pool of a 

selection on MT2462. (A) The total number of sequences before and after quality 

filtering. (B) families on the X-axis and the size of their family on the Y-axis. (C) 

Templates of conserved regions of highly populated families with frequency of a 

specific nucleotide in a family by height.  Thus the modified nucleotide will be 

represented by an A. Also, the mostly conserved nucleotides have the largest 

amplitude. .............................................................................................................. 44 

Figure 3.5 Fluorescence polarization anisotropy assay. (A) The excited emission from 

a fluorophore labeled aptamer remains depolarized as it rapidly tumbles in solution, 

until (B) the aptamer binds the target which slows tumbling and causes the signal to 

remain polarized. .................................................................................................... 46 

Figure 3.6. FPA assay binding curve of sequence N18 for its target MT3444 in 

selection buffer. The dissociation constant was determined by a non-linear 

regression program, Graphpad prizm, to be 34.9 nM. ............................................. 51 

Figure 3.7. FPA assay binding curve of sequence N18 for its target MT3444 in non-

endemic urine. The binding curve for this assay has a larger dissociation constant 

and each point has a larger standard deviation The dissociation constant was 

determined to be approximately 121 nM. ................................................................ 52 

Figure 3.8. FPA assay binding curve of sequence N18 for its target MT3444 in urine 

dialyzed against selection buffer for 24 hours.  The dissociation constant was 

determined to be approximately 92 nM. .................................................................. 52 

Figure 3.9 Tryptophan quenching affinity assay for sequence N18 binding to the 

MT3444 protein.  The dissociation constant for this assay was approximately 69 nM 

± 44 nM. ................................................................................................................. 53 

Chapter 4 

Figure 4.1.   Structural illustrations of cyclic disulfide-terminated polyethylene 

glycol ligands. ......................................................................................................... 62 

Figure 4.2.   Gold nanoparticle stability assay simulating the pH and temperature of 

the human gastrointestinal tract.   UV-Visible spectra of (A) PEG4-Acid, (B) PEG4-

file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719918
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719918
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719918
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719919
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719923
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719923
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719923
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719923
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719925
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719925
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719925
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719925
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719925
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719925
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719925
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719927
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719927
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719927
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719927
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719928
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719928
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719928
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719929
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719929
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719929
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719929
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719930
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719930
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719930
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719931
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719931
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719931
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719950
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719950
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719952
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719952


 
 

xv 
 

Neutral, (C) GSH, and (D) pMBA on ca.   2.0 nm diameter gold nanoparticles.   See 

Experimental Methods section for further details. ................................................... 64 

Figure 4.3.   Transmission electron micrographs and size dispersity statistics of gold 

nanoparticles modified with (A) pMBA,(B) GSH, (C) PEG4N/GSH, and (D) 

PEG24N/GSH. ........................................................................................................ 65 

Figure 4.4.   1H NMR spectra for a stackplot of PEG4N ligand/ PEG4N Au NP/ GSH 

Au NP.     As the stackplot shows, there is signal from the PEG4N ligand on the gold 

surface and an absence of GSH signal. ................................................................... 66 

Figure 4.5.   Gold accumulation in blood and urine over a 24-hr period.   Samples 

were collected at 1-hr, 8-hr, and 24-hrs and the gold concentrations measured at 

each time point summed to generate the bars shown.   Gold concentrations were 

undetectable in all administrations except for the PEG4 ligands. ............................ 68 

Figure 4.6.   Gold distribution in the kidneys and liver for gold nanoparticles 

administered orally.   Detectable concentrations of gold were noted for PEG4 and 

PEG12 modified particles, indicating absorption in the GI tract.   PEG4 had the 

highest accumulation of all formulations, indicating PEG length may be responsible 

for gastrointestinal absorbance.   No gold was detected for the other modified 

nanoparticles. ......................................................................................................... 69 

Figure 4.7.    Analysis of mouse urine after oral administration of 60 uM PEG4N gold 

nanoparticles.  Transmission electron microscope image of the putative gold 

nanoparticles concentrated from urine and their size dispersity. ............................ 70 

Figure 4.8.  Fecal and gastrointestinal distribution of gold nanoparticles.   Samples 

were collected at 1-hr, 8-hr, and 24-hrs and the gold concentrations measured at 

each time point summed to generate the bars shown.   Nanoparticle concentrations 

were 60 µM except where indicated. ....................................................................... 71 

Figure 4.9.  A polyacrylamide gel demonstrating the differences in migration, which 

is dependent on the gold nanoparticle monolayer composition.  Gold nanoparticle 

sample in lane (A) is p-MBA gold nanoparticles and lane (C) are p-MBA gold 

nanoparticles with drug conjugated to their surface. Sample in lane  (B) are GSH-

coated gold nanoparticles and lane (D) are gluthione and drug gold conjugate. The 

gel is not stained in any way,  the image shows actual gold nanoparticles visible as a 

group migrating through the gel. ............................................................................ 77 

Figure 4.10.  TEM images of gold nanoparticle conjugates. In image (A) are GSH 

drug  gold conjugates and image (B) are p-MBA drug gold conjugates. Note the stock 

GSH and p-MBA utilized and their images can be referenced in Figure 3.3. ............ 78 

Figure 4.12.  GI tract simulation study UV-Vis spectrum used to determine stability 

of the GSH drug gold conjugate in an environment similar to the human GI tract. . 81 

Figure 4.11.  Cell Culture Media Assay that monitored of the absorbance at the 

surface plasmon resonance wavelength max at 510 nm of  the 2.0  gold 

nanoparticles. Navy absorbance values are gold drug conjugate with a GSH base 

file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719952
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719952
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719953
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719953
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719953
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719954
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719954
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719954
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719956
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719956
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719956
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719956
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719957
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719957
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719957
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719957
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719957
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719957
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719958
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719958
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719958
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719959
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719959
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719959
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719959
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719966
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719966
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719966
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719966
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719966
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719966
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719966
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719967
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719967
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719967
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719969
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719969
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719970
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719970
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719970


 
 

xvi 
 

monolayer. Gold absorbance values are unconjugated stock GSH gold nanoparticles.

 ............................................................................................................................... 82 

Figure 4.13.  Biodistribution data of organs and excrement of three mice 

administered one 200 µL dose of 60 µM gold nanoparticle conjugate. Note the 

intestine samples of mouse 2 is only a fraction of the total sample due to a sample 

processing error. ..................................................................................................... 84 

Figure 4.14.  Time course of gold concentration in serum after 3 mice were treated 

with a single dose of the drug gold conjugate. Note the serum gold concentrations 

are several orders of magnitude lower than the pegylated gold conjugates of the early 

bioavailability study in chapter 3. ........................................................................... 84 

 

Chapter 5 

Figure 5.1.  Core library of thiols used to create mixed ligand monolayers on the gold 

nanoparticle conjugates. ......................................................................................... 93 

Figure 5.2. Ligands of LAL-32 are glutathione (5), cystamine (6), and 3-mercapto-1-

propanesulfonate (8). and LAL-32EG also includes ligand EG. ............................... 96 

Figure 5.3.  Biodistribution data of blood, urine, and organ data.   The 10 uM 

concentration has biodistribution data from 24 hour through 12 weeks.  However, 

the 60 uM concentration has organ data for only the first 24 hours. ...................... 97 

Figure 5.4.   Microscopy images of mouse renal samples: (A) control mouse 

administered 0 µM gold nanoparticle solution of buffer only, (B) mouse administered 

10 uM dose of LAL-32, (C) mouse administered 60 uM dose of LAL-32. .................. 98 

Figure 5.6 Blood half-life graph for 60 µM injection of LAL-32EG gold conjugate. . 100 

Figure 5.7.  Urine and Blood clearance of LAL-32EG from mice during a 24-hour 

time period.   Blue indicates individual data values, and square points indicate the 

average gold concentration per time period. .......................................................... 101 

Figure 5.8.   Organ distribution data for a 60 uM injection of LAL-32EG  from 24 

hours through 12 weeks. ...................................................................................... 102 

  

file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719970
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719970
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719973
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719973
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719973
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719973
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719974
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719974
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719974
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719974
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719992
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719992
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719995
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719995
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719996
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719996
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719996
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719997
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719997
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719997
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433719999
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433720000
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433720000
file:///C:/Users/Candice/Dropbox/Dissertation/Complete%20dissertation.docx%23_Toc433720000


 
 

xvii 
 

 

LIST OF ACRONYMS 

EID  Emerging Infectious Disease 

CDC  Centers of Disease Control 

WHO  World Health Organization 

TB  Tuberculosis 

Mtb  Mycobacterium tuberculosis 

SERS  Surface Enhanced Raman Spectroscopy 

DSNB  5,5′-dithiobis(2-nitrobenzoic acid) 

CV  coefficient of variation 

FDA  Food and Drug Administration 

EG  ethylene glycol 

PEG  polyethylene glycol 

GSH  glutathione 

Kd  dissociation constant 

PCR  polymerase chain reaction 

EID  emerging infectious disease 

FPA  fluorescence polarization anisotropy 

MOD  modified nucleotide 

pMBA  para-mercaptobenzoic acid 

SELEX Systematic Evolution of Ligands by Exponential Enrichment 

MDR-TB multi-drug resistant tuberculosis 

XDR-TB extensively all drug resistant tuberculosis 

TST  purified protein derived tuberculin skin test 

  



 
 

 

 

 

Chapter 1:  Tuberculosis Incites Call for New Diagnostics and Therapeutics 

 

1.1. Tuberculosis a Persistent Disease 

 Tuberculosis (TB) is a bacterial infectious disease that has 

persistently burdened humans from antiquity and into the modern era despite 

research accomplishments made in diagnostics and treatments. Even in antiquity, 

TB affected European populations and 

isolated peoples of the Americas alike, like 

the 500 year old Incan mummy in figure 

1.1.1,2,3  Research efforts have resulted in 

control of other ancient  infectious 

diseases, such as Smallpox, Cholera, 

Thyphoid, or Malaria; However, TB 

remains the second deadliest infectious 

disease after HIV/AIDS. 1,4,5    In 2013 

alone, there were 9 million documented 

cases and 1.5 million people died of TB; 

furthermore, 95% of these new 

tuberculosis cases and 98% of the deaths 

occurred in developing countries.4   Tuberculosis is a growing problem mainly in 

resource limited regions due to the development of antibiotic resistance to first line 

drugs, co-infection with an immune system suppressing pathogen, lack of access 

Figure 1.1.  Ancient Native 
American mummy infected by  

Mycobacterium tuberculosis.165 
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to inexpensive high-quality diagnostics, and breakdowns in public health systems 

from influxes of populations and war in areas like the Middle East and Sub-

Saharan Africa.  Both drug resistance to antibiotics and the inability to correctly 

diagnose the disease are intimately linked issues for developing countries, and 

attention will be given to these specific issues and the basic knowledge of TB in the 

following chapter.      

TB has become an emerging infectious disease (EID) again. 6,7  EIDs are 

illnesses caused by pathogens that have seen an increase in incidence for the past 

two decades, or threaten to increase in the near future regardless of national 

boundaries.6  There are several factors that contribute to the emergence of 

infectious diseases: a spread to new geographical areas, evolution of resistance to 

medications, ecological changes, civil conflict, and other breakdowns in public 

health.6  New TB cases have begun to decrease, but antibiotic resistant TB cases 

are on the rise, as shown in Figure 1.2.  If new infections of multi-drug resistant 

TB (MDR-TB) continue to increase, then overall cases of TB could also begin to 

Figure 1.2. (A) Estimated prevalence of TB cases (in millions per year), for 

1990-2013. (B) The documented global MDR-TB cases detected (blue) and TB 
cases enrolled in MDR-TB treatment (red), 2009-2013. Adapted from World 

Health Organization report.4 
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increase.    TB as an EID is a problem of such importance that the World Health 

Organization (WHO) urges creation of national strategic plans and the Centers for 

Disease Control included it in a list of EID threat levels.8,9   

The WHO has been giving attention to the eradication of TB by carefully 

collecting data on the disease, disseminating progress reports and suggesting new 

objective goals.  Their current goals are to reduce new tuberculosis cases by 90% 

and deaths by 95% worldwide by the year 2035 with 3 objectives: (1) improve and 

integrate patient care by diagnosing and treating all cases, (2) move forward with 

bold policies and support systems, and (3) intensify research and innovation.9  

Based on the WHO’s goals, it is important to intensify research in areas that 

benefit populations with the highest disease burden, which are marginalized 

communities of resource poor countries.  In response, the following dissertation 

work has aimed to address the third WHO objective; to intensify research in order 

to diagnose and treat all cases.  This disseration work includes three main 

projects: Surface Enhanced Raman 

Spectroscopy assay for detection of a 

TB biomarker in urine, oligonucleotide 

affinity reagents for the detection of TB 

biomarkers in urine, and development 

of a gold nanoparticle drug platform. 

1.2 Source of a Tuberculosis 

infection 

Currently one third of the 

world’s population is infected with 

Figure 1.3.   Confocal Microscopy image 

of Mycobacterium tuberculosis stained 
pink by the Ziehl-Neelsen technique.166  
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Mycobacterium tuberculosis (Mtb) and up to 10% will present with TB in their 

lifetime.4  Mtb is the rod-shaped disease causing bacteria of TB as shown in Figure 

1.3.10  Most incidences of Mtb infection occur in the lungs, but it may also present 

outside the lungs, for instance in the urinary tract or lymph nodes.11  After a TB 

infection develops into the active disease in the lungs it can then be transmitted to 

other people by coughs containing droplets filled with Mtb.10  These droplets are 

part of a human lung secretion called sputum, and it could take as few as 25 

bacteria to cause an infection in the non-human primates used as animal 

models.12 Mtb infections often go undiagnosed unless a patient develops the 

disease TB.  

1.3 Detection of Tuberculosis in Resource Limited Communities 

  Once Mtb infection is established the bacteria divide and multiply; 

consequently shedding biomolecules specific to Mtb that could be detected in order 

to diagnose a patient. Unfortunately in developing countries doctors must often 

rely on only a patient’s clinical presentation or the sputum smear test.13 The 

sputum smear has been considered the gold standard TB diagnostic; even so, it 

achieves only 20-80% clinical sensitivity and up to 95% clinical specificity 

dependent on the laboratory and quality of specimen.14  Clinical sensitivity is the 

ability of the test to correctly identify a diseased individual; like-wise, clinical 

specificity is the ability for the test to correctly identify a non-diseased individual.15  

The sputum smear test detects whole cell Mtb via staining of the bacteria from 

lung mucus samples, a.k.a. sputum.  The sputum smear test requires a patient to 

provide two different sputum samples, and then wait up to 4 weeks for final 

interpretation of the laboratory results.16  However, some patients, such as babies 
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and HIV-positive patients, cannot provide high-quality sputum samples.14 If the 

patient has non-pulmonary TB, then the test cannot detect the pathogen.  In 

addition, the sputum smear test is a labor intensive method and puts lab workers 

at risk of exposure to the pathogen.17    Ideally in resource limited regions, TB 

would be diagnosed via a non-invasive molecular detection method for each case, 

which maximizes safety and ease of sample collection while minimizing time to 

disease detection. 

Diagnostics to detect Mtb biomarkers in patient fluid samples exist, but do 

not necessarily suited for resource poor communities.   GeneXpert is a molecular-

based diagnostic on the market with much higher specificity and sensitivity than 

sputum smear test.18 The GeneXpert actually detects Mtb genetic material from 

sputum samples in two hours by PCR amplification and without extensive sample 

processing compared to the sputum smear test.17 However it still requires sputum, 

and it is hard to collect quality samples from infants and those co-infected with 

HIV/AIDS. Additionally, despite price subsidies negotiated by health-care 

benefactors, GeneXpert is 20x higher in cost than the sputum smear test and thus 

too expensive for resource limited communities.17,19,20  Also it requires consistent 

electricity, security to protect patient data, and yearly calibration from a qualified 

technician, all of which is straining for resource-poor countries. Gene Xpert has a 

better clinical sensitivity and specificity than the gold standard TB diagnostic; 

however, it is expensive and requires a problematic fluid samples.   

Other assays exist for biomarker detection of Mtb, such as immunoassays. 

These antibody based assays can be cheap, but often suffer from cross-reactivity 

and specificity issues.21,22,23  An example of poor analytical specificity is the Alere 
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Determine TB test. The Alere kit utilizes antibodies to detect a cellular component 

of TB in urine, however, the kit may give a false positive if the patient has a 

urinary tract infection.  The sensitivity of this test is only 4% in healthy patients 

and up to 70% in immune suppressed individuals.24  Another example, the 

tuberculin purified protein derivative test (TST) utilizes endogenous antibodies to 

detect immune responses of patients to mycobacterial antigens.   In this test, TB 

and related mycobacterial proteins are injected under a patient’s skin, if the 

patient has an allergic response, then the patient may be confirmed as having a 

TB infection; be that as it may this test can only confirm the patient has been 

exposed to a mycobacterial antigen.21  The TST may also give a false negative if the 

patient suffers from immune suppression.17  Other enzyme-linked sero-

immunoassays detect possible endogenous antibodies of patients against Mtb.  

The WHO, strongly advises against use of serological assays, because they have 

highly variable sensitivity and specificity.23,25  In resource limited regions these 

tests are not ideal, because often reagents for antibody based assays require 

facilities with access to electricity for either refrigeration or to measure the results.    

Other prohibitive features of antibodies are their limited shelf life at ambient 

temperatures and can be expensive to isolate and purify in abundance.  There is 

need for a better affinity reagent in TB diagnostics that does not suffer from the 

limitations of antibodies. 

  The best diagnostic for resource limited communities would have much 

greater clinical sensitivity compared to sputum smear tests, require minimal to no 

electricity for storage or use, provide results in less than 24 hours, be inexpensive, 

and require minimal expertise to operate on site.26  The research in the following 
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chapters includes two possible sources to improve TB diagnostics.  Thesis project 

1 is a Surface Enhanced Raman assay developed to detect an TB biomarkers in 

urine. Additionally, thesis project 2 proposes the use of modified oligonucleotide 

affinity reagents for the detection of Mtb biomarkers as an alternative to 

antibodies.   

1.4 Treatment and Consequences of Not Curing TB 

Unfortunately, not all new cases of TB are detected and many people go 

undiagnosed and untreated as Figure 1.5 displays.4  If these cases are not properly 

diagnosed, then the patient faces a high likelihood of dying from the disease.    

Misdiagnosed and untreated cases also increase the likelihood that Mtb strains 

can evolve resistance to the antibiotics used to treat TB.   In the 1940s scientists 

Figure 1.5.  Estimated number of missed cases in millions for the top-ten 
countries, 2013.  The range shows the lower and upper bounds of the 95% 

uncertainty interval.  The bullet marks the best estimate.4 
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discovered Rifampicin and Isoniazid.27  These drugs are the mainline antibiotics 

for the treatment of TB, and there has been little improvement beyond them in the 

past 70 years.28  A patient is required to take daily doses of these medications for 

up to 9 months for them to eradicate most of the bacteria from the body.27,29  

However, some patients cannot or do not follow the antibiotic regimen, or have 

contracted a strain of tuberculosis insensitive to the first line Mtb antibiotics.  

These strains of Mtb are called multi-drug resistant (MDR-TB), and treatment for 

these strains of Mtb require a minimum of 2 years of antibiotics, which often limits 

a patient to living near a clinic and enduring severe side effects from the drugs like 

vomiting, diarrhea, and permanent hearing loss.30,29  Some patients cannot afford 

financial or physical strains caused by the treatment; as a consequence, some quit 

treatment and return home.  The burden of MDR-TB on developing countries is 

equally as heavy.  For example, an MDR-TB patient requires more medical 

attention than patients with drug sensitive TB infections and just the antibiotics to 

treat MDR-TB are $2000.00-3000.00 per patient, as compared to $20 for 

treatment of patients with drug susceptible strains of Mtb.31,7  Figure 1.6 shows a 

visual representation of the differences between treating drug sensitive TB 

infections versus multi-drug resistant TB infections.  Due to cost barriers and 

limited access to quality care some countries have to put these MDR-TB patients 

on a waitlist for treatment, a group that does not have the time to wait.    
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 Currently, 20% of patients with MDR-TB survive through the entire course 

of treatment.7  In addition to MDR-TB there are even strains that are resistant to 

essentially all antibiotics currently on the market for Mtb treatment and are called 

XDR-TB.  The survival rate of patients with XDR-TB is only 2%.7  If antibiotics 

used for the treatment of Mtb had shorter courses of treatment and fewer side 

Figure 1.6. Adapted image to show a representation for in cost and volume 

differences of medications used for treatment a drug sensitive strain of TB 

versus a MDR-TB infection.167 
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effects, then it may decrease mortality caused by the disease and lower incidences 

of drug resistant tuberculosis.   Now more than ever it is important to develop new 

therapeutics for Mtb that have shorter courses of treatment, are inexpensive, show 

lower toxicity, and allow patients to easily consume the medication orally.  The 

third project of this dissertation is the development of an orally bioavailable gold 

nanoparticle platform for potential antimicrobials to Mtb.  The description of this 

project will be described in section 1.5 of this chapter. 

1.4 Project 1: Urine-Based Assay for the Detection of Mtb 

Urine-based assays could be better for TB detection in resource poor 

communities. As a diagnostic fluid it can be collected in a non-invasive manner 

from universally any patient.  It requires minimal equipment or expertise for 

collection, a sterile cup and depth perception, compared to other fluids such as 

blood.  Urine harbors less whole Mtb bacteria than sputum or blood, which puts 

lab workers at lower risk when running urine-based diagnostic assays.32 Although 

there are few Mtb bacteria found in TB patient samples, biomolecules from Mtb are 

shed in the urine.  Both cell wall components and proteins from Mtb have been 

detected in urine and could serve as potential biomarkers of TB.33–35  Mannose-

capped Lipoarabinomannan (ManLAM) is the detectable cell wall component of Mtb 

found in urine that has been proven to be a biomarker in urine. Unfortunately, 

current lateral flow based assays have abysmal clinical sensitivity, often as low as 

4-21%.35,36,24  The existing low clinical sensitivity ManLAM-based diagnostics leave 

a lot of room for improvement.  Project 1 broaches the issue by the development of 

a urine-based assay for the detection of the ManLAM, which will be discussed 

further in chapter 2. 



11 
 

 
 

1.5 Project 2: Oligonucleotide Aptamers for the Detection of Biomolecules 

  Oligonucleotides affinity reagents could be an excellent alternative to 

antibodies for TB diagnostics 

designed for resource limited regions.  

As an alternative oligonucleotide 

aptamers have been found to be 

resilient to decomposition, 

inexpensive to synthesize, and 

have the ability to specifically bind 

a target.   The aptamers are 

polymers composed of either 

deoxyribonucleic acids (DNA) or ribonucleic acids (RNA).  They can be synthesized 

and purified in less than a day, in contrast to their antibody counterparts, which 

require weeks.37,38      Additionally, chemical modifications to either the DNA or 

RNA sugar backbone or base may confer additional stability or more contacts 

between the aptamers and target.37  Unlike antibodies, aptamers can be denatured 

and re-folded, while maintaining their capability to bind their targets, which a 

visualization of this is shown in Figure 1.4.39  There has been evidence that 

aptamers also possess biomarker-binding capabilities on par or better than the 

corresponding antibodies.  For example, an antibody for thrombin has a 

dissociation constant (Kd) of 56.7 nM and a DNA aptamer equivalent has a Kd of 

19.8 nM.39  A low Kd is a positive attribute for a diagnostic, because it means the 

aptamer binds tightly to its target allowing for better analytical sensitivity.  

Likewise, aptamers with a low Kd can withstand stringent wash steps in a 

Figure 1.4. Aptamers conjugated to a gold 

surface. (A) An misfolded aptamer and (B) 

A refolded DNA aptamers bound to its 

target biomarker.  
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diagnostic which could improve specificity.     These qualities of oligonucleotide 

aptamers are ideal for their utilization as a component in a potential tuberculosis 

diagnostic for resource limited regions.  More information about the project and 

fundamentals of isolating modified-DNA aptamer affinity reagents to Mtb 

biomarkers will be described in chapter 3.  

1.6 Project 3: Tuning the Oral Bioavailability of Gold Nanoparticles for 

potential Mtb Antimicrobials 

1.6.1. Orally Administered Drug Route for Developing Countries 

 Developing an orally administered antibiotic therapy is of great importance 

for marginalized communities, because patient compliance will be higher and will 

not incur additional expense, like use and disposal of hypodermic needles for other 

common routes.40 Another advantage is that packaging options have been 

developed for controlled release of pills taken by mouth, which could reduce how 

many pills and how often patients have to take medicine.41 One of the caveats of 

the oral route is permeability of the gastrointestinal tract or lack thereof.    

Optimization may be necessary when pursuing an oral bioavailable route for a 

potential drug. A good therapeutic for resource limited regions should include an 

option for oral administration. 

1.6.2 Gold Nanoparticles as Antimicrobials for Infectious Disease 

Gold nanoparticles would be a beneficial drug platform, because their use 

has been shown to be non-toxic depending on the ligand conjugated to its surface.  

Some other metal nanoparticles composed of copper or silver can have inherent 

antimicrobial properties.42  Unlike these nanoparticles, the gold nanoparticle 

requires a ligand capping system on its surface to provide antimicrobial properties 

which is important, because varying the capping ligands allows for creation of 
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large libraries of candidates for screening; in order to find a particle surface 

composition with highest gastrointestinal tract absorptivity and efficacy. 

 In the current literature, there are two main approaches to creating 

antimicrobial gold nanoparticles.  One method conjugates antimicrobial small 

molecules to gold nanoparticles to improve their efficacy and potentially create a 

more potent antibiotic.  The gold nanoparticles can improve efficacy of these small 

molecule drugs by providing a platform to improve solubility and bioactivity, like 

the curcumin gold nanoparticle conjugate.43  Conjugation of curcumin, a 

hydrophobic molecule, to gold nanoparticles with a stabilizing ligand, increased its 

solubility in aqueous solutions to 1.4 mM.43  Increasing solubility had a 

downstream effect of improving its ability inhibit growth of gram-negative E. coli 

ATCC 25922.43  Another way gold nanoparticles can improve efficacy is by 

protecting the small molecule drug from enzymatic inactivation.  For example, 

preliminary studies showed that conjugating penicillin, a beta-lactam containing 

antibiotic, to a 2.0 nm gold nanoparticle enabled the drug to inhibit bacterial 

growth of MRSA; previously, penicillin could only inhibit growth of the drug 

sensitive strain MSSA.44  MRSA contains enzymes called beta-lactamases, which 

cleave the drug’s the beta-lactam ring and renders it ineffective to treat the 

bacterial infection.45  The other method, pioneered by the Feldheim lab, utilizes a 

combinatorial library of short chain thiols that lack intrinsic antimicrobial 

properties when free in solution, but show antimicrobial properties when 

conjugated to gold nanoparticles in specific ratios.46 

In work on bacterial disease, the Feldheim lab has developed a new gold 

nanoparticle drug discovery method that utilizes a concept called Small Molecule 
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Variable Ligand Display.47  In this platform, small thiolated molecules that vary in 

terms of length and charge are conjugated to the surface of 2.0 nm gold 

nanoparticles.  Amazingly, these small molecules do not have antimicrobial 

properties free in solution but can be potent bacterial growth inhibitors or even 

bactericidal in culture when conjugated to the gold surface in specific ratios.47,46  

Another surprising property of these antimicrobials is that by tuning the surface 

composition the particle can then become active against different species of 

bacteria.47  Currently the SMVLD gold nanoparticle platform has been used to 

isolate antimicrobials to S.   Aureus, K.   pneumoniae, E.   coli, and M.   smegmatis.  

Mycobacterium smegmatis is considered a non-pathogenic relative of Mtb and is 

often utilized as a surrogate when research on Mtb is prohibitive due to its 

biosafety level.47,48,49  The Feldheim gold nanoparticle antimicrobial to M. 

smegmatis has been undergoing testing to determine its efficacy against Mtb 

itself.49  In addition, all of these gold nanoparticles have been tested in vitro to 

determine their toxicity to mammalian cells.  In the chapter 5, an example of a 

gold nanoparticle antimicrobial will be further described and work shown for the 

effort to determine the drug’s bioavailability, toxicity, and improvement thereof in 

vivo. 

The promise of gold antimicrobials makes it important to investigate their 

use by oral administration for resource limited regions.  Chapter 4 describes work 

aimed at creating a gold nanoparticle platform with tunable oral bioavailability.  

1.7 Conclusion 

Tuberculosis is not just a re-emerging infectious disease, but a persistent 

scourge that world health leaders are working to completely eradicate from the 
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human population.    TB most stubbornly has been spreading in resource limited 

regions. People in these regions need diagnostics and therapeutics tailored to their 

available resources.  Developing countries would best benefit from a diagnostic 

that is robust, gives quick results, and requires minimal electricity or materials.    

Likewise, a high impact therapeutic for these communities would promote patient 

compliance through oral administration and low toxicity, and utilize minimal 

energy for storage.    In the following dissertation, these challenges are confronted 

by development of an orally bioavailable gold nanoparticle platform, a SERS assay 

for the detection of a TB biomarker in urine, and isolating modified-aptamers for 

the detection of Mtb biomarkers in urine.  
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Chapter 2:   Surface Enhanced Raman Spectroscopy (SERS) Immunoassay for 
the Detection of Mannose Capped Lipoarabinomannan 

2.1 Introduction 

 There is an urgent need for a TB diagnostic that correctly identifies TB 

cases.  To address this need a surface enhanced Raman spectroscopy (SERS) 

immunoassay has been developed that pulls a TB biomarker out of urine with 

polyclonal antibody and then uses SERS as the readout method.  The project has 

two main components: adaptation of the assay to a urine matrix and test clinical 

samples to determine efficacy. The first project component required incorporation 

of a sample pretreatment procedure and optimization of signal. The second 

component determined the SERS assay’s clinical sensitivity and specificity against 

blinded clinical samples from the Foundation for Innovative New Diagnostics 

(FIND). After testing, the results were unblinded and compared to the known Mtb 

sputum bacteria culture results.  Current urine-based ManLAM assays have 

sensitivities of 60-70% for HIV co-infected samples and results are as low as 4% 

for patients without HIV co-infections.50,35  Patients with HIV co-infection present 

with higher LAM urine levels, because they lack strong immune systems to keep 

bacterial burdens low.35  FIND clinical sample results indicate the SERS assay has 

a clinical sensitivity of 85% and specificity of 75% for patients with HIV co-

infection, and clinical sensitivity of 63% and specificity of 70% for patients without 

HIV co-infection. The SERS assay results are promising when compared to current 

urine-based ManLAM immunoassays.   
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2.1.1 SERS immunoassay 

 Recent research has shown the promise of achieving low limits of detection, 

high versatility, and portability with SERS immunoassays.51–61  As part of research 

in the area, the Porter group has been developing serum-based SERS assays for 

the detection of cancer biomarkers at picogram per milliliter levels.56,61  The SERS 

assays have also been designed to be chip-based and have great potential for 

development into lateral flow tests.58,62  Lateral flow assays are portable and 

minimize exposure to pathogens.  Multiplex testing for multiple biomarkers is 

another possibility for the SERS assay, as shown by proof of concept tests for 

cancer biomarkers.61 The flexibility of the SERS immunoassay to have high 

sensitivity, ability to detect multiple biomarkers, and portability makes the method 

an excellent candidate for a TB diagnostic in resource limited regions.  

 This chip-based SERS assay is designed to capture the TB biomarker 

ManLAM from urine after a pretreatment step, explained later, with an anti-LAM 

antibody. The overall assay scheme is shown in figure 2.1 below.  ManLAM is 

captured by antibody that is absorbed to monolayer of Dithiobis[succinimidyl 

propionate] (DSP) on the gold surface.63  Next an extrinsic Raman label (ERL) is 

brought in to bind the ManLAM for quantification.64 The ERL is comprised of a 60 

nm gold nanoparticle with both Raman reporter molecules and anti-LAM 

antibodies adsorbed to it.  The 60 nm gold nanoparticle confers signal 

enhancement of the Raman reporter adlayer on its surface. The antibody should 

be covalently bound to the gold nanoparticle via an amide linkage on the aromatic 

ring of the reporter molecule, but more often hydrolysis of the NHS ester occurs 

before  covalent crosslinking can occur.51  
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Figure 2.1: SERS assay scheme for the detection of ManLAM in urine. 

The ERL allows for not only quantification of the ManLAM, but also confers 

selectivity for it too.  The signal is created when a LASER at 785 nm excites the 

local surface plasmon on the gold nanoparticle, which in turn enhances the 

Raman scattering signal from the DSNB molecule, shown in figure 2.2. The Raman 

shift measured in this assay is at 1336 cm-1 and it is created from symmetric 

stretching of the nitro group on DSNB.  The signal is measured by a spectrograph 

and CCD array detector. 



19 
 

 
 

2.1.2 ManLAM as Biomarker in Urine 

ManLAM is a biomarker excreted in urine of individuals with active TB.  The 

glycolipid called ManLAM is a highly expressed cell wall component of Mtb and one 

of the most thoroughly characterized TB biomarkers.65 ManLAM comprises 15% of 

a Mtb cell by dry weight.66  It is an approximately 17.4 kDa molecule composed 

mannose and arabinose chains with a fatty acid tail, full structure shown in 

Figure 2.3.67–69  When an Mtb cell decomposes the ManLAM is shed and released 

into host. ManLAM has been found in many different fluid samples of Mtb infected 

individuals; such as serum, urine, and sputum.14,35,36  A urine-based assay would 

advantageous, because it could be safe for benchtop work.70  In addition, urine 

samples can be collected in volumes greater than 10 mL and concentrated if 

necessary to improve detection.  The ManLAM present in urine from active 

mycobacterial infection makes it an excellent candidate for a TB diagnostic.  

Figure 2.2:  (A) Dithiobis[succinimidyl propionate] molecule used to 

adsorb the antibody to the gold platform. (B) 5,5′-dithiobis(succinimidyl-2-

nitrobenzoic acid) (DSNB) molecule that is chemisorbed to the gold 

nanoparticle surface and binds antibody after a reaction with the 

molecule’s NHS ester moiety. 
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Figure 2.3.  A representation of ManLAM and all of its components from the 

mannose caps to its fatty acid tails. This image has been reproduced with 

permission of De Prithwiraj from the Chatterjee Lab at Colorado State 

University. 

2.2 Results and Discussion 
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 2.2.1 Assay Optimization 

 The SERS immunoassay for this project has been adapted from serum-

based protocols.56,61,63,64  Preliminary results for the urine-based SERS assay were 

marginally successful without a urine pretreatment protocol.  The SERS assay 

dose-response curve in untreated urine (see figure 2.4), had signal intermittently 

above background, and failed to respond in a linear fashion with increasing 

antigen levels.  The lack of dose-response could be due to matrix effects from 

urinary proteins. Data unpublished from our collaborators indicate that ManLAM 

forms a complex with urinary proteins, which interferes with it binding to the LAM 

antibody. It was deemed necessary to incorporate a pretreatment step to free 

ManLAM from the complex and improve signal.   

 The first approach was to use proteinase K to degrade proteins present in 

the urine to release ManLAM from a protein complex. Proteinase K is a commonly 

used protease, which degrades proteins by cleaving amide bonds after aliphatic 
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spiked with ManLAM without sample pretreatment. 
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and aromatic amino acids.71 A titration was performed to determine the minimum 

protease concentration and incubation time necessary to significantly degrade 

urinary proteins, data shown in appendix A1.  The minimum concentration was 

determined to be 0.1 mg/mL with 30 minute incubation.  During the assay, after 

proteinase K treatment, the protease had to be inhibited before it degraded 

antibodies in the later steps, to do so a protease inhibitor, proteinase K, was added 

at a molar ratio of 10:1 inhibitor to protease for effective inhibition.72  The 

proteinase K assay was imperceptibly better (see appendix A2).The signal was 

higher, but the standard deviations were also tremendously larger.  In conclusion, 

the increase in standard deviation suggests the presence of additional protein may 

be the source of erratic signal.   

The erratic nature of the signal of previous assays suggested that there was 

something in the urine matrix, possibly protein, contributing to non-specific 

signal. Two methods could reduce non-specific binding; either change stringency 

of the washes or employ a pretreatment step to remove urine proteins.  The serum 

protocols utilize a harsh acid pretreatment to precipitate protein that interferes 

with signal.  Initially, this step seemed unnecessary for urine, because the protein 

content of urine is 0-0.07% (w/v) whereas serum composition is approximately 

10% (6.4-8.3 g/dL) protein.73,74  If protein contributed to non-specific binding, then 

the acid-based precipitation would improve the assay.  The acid pretreatment is 

capable of defatting proteins in urine that bind fatty acids.61,75,76  If the urinary 

protein binds ManLAM fatty acids acid tails, then the acid pretreatment could 

break apart the complex. Alternatively, the acid pretreatment could precipitate 

ManLAM bound to protein. The acid pretreatment improved the signal, but the 
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standard deviations were still large, see calibration curve in appendix A3. The 

proteinase K was incorporated into the assay before the acid precipitation step, as 

shown in figure 2.5.  Additionally, when proteinase K precedes the acid treatment, 

the standard deviations are minimized further, which is evident when comparing 

appendix A3 to A5. Additional tests were completed to determine if varying the 

proteinase K concentration from 0-2.0mg/mL could further enhance signal (see 

appendix A4). Increasing the concentration of proteinase K fails to dramatically 

increase signal; however a comparison of the dose-response curves indicate the 

coefficient of variation (CV) decrease from 40% to 10% with increasing amounts of 

protease.  This means use of 2.0 mg/mL proteinase K produces results with the 

least variability relative to the mean of data.   

Step 1. 

Proteinase K  
Treatment 

Step 2.  

Add Perchloric 
Acid 

Step 3.  

Centrifugation 

Step 4.  

Transfer  
Supernatant 

Step 5.  
Add 

Carbonate 

Urine 

Figure 2.5 The optimized pretreatment scheme for urine samples used in 

the SERS assay. 
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To improve signal to noise the percentage of Tween-20 in the wash buffer 

was altered in order to significantly enhance the stringency of a wash steps.  

Tween-20, a non-ionic polysorbate composed of a fatty acid ester moiety and 

polyoxyethylene chain.  It is considered a gentle surfactant that is commonly used 

in assays, because it promotes solubility. Three commonly used concentrations of 

tween-20 were tested in wash steps of the assay to determine a concentration with 

best signal to noise. Figure 2.6 displays three calibration curves with 0.01%, 

0.05%, or 0.1% tween-20 used in the buffered washes of the SERS assay. The 

assay incorporating 0.1% tween-20 washes had the lowest CV of 13%; although, 

the assay with 0.01% tween-20 washes attained a higher CV of 21% it had the 

best analytical sensitivity.  
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Figure 2.6  Calibration of the the SERS assay utilizing 0.1% tween-20 (orange), 

0.05% (green), or 0.01% tween-20 (blue) circles. 
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2.2.2 Optimized Calibration Curve of ManLAM Standards 

The optimized calibration curve used 2.0 mg/mL proteinase K in the 

pretreatment, the acid treatment, and 0.01% tween-20 in the buffered washes. 

Other details regarding the assay can be found in the experimental methods.  To 

make a calibration curve, each concentration had 3 replicates. The Raman shift of 

interest at 1336 cm-1 occurs from the symmetric stretch of the aromatic nitro 

group of DSNB, shown in figure 2.2. The raw SERS spectra are shown in figure 

2.7.    The intensity data per concentration at 1336 cm-1 were averaged and used 

to make the dose response curve, see figure 2.8. 

  Each point on the curve represents the average of three readings taken per 

replicate. The resulting dose response curve for each concentration was plotted 

versus the SERS intensity.  The standards range from 0 ng/mL to 100 ng/mL 

ManLAM.  The theoretical limit of detection (LOD) was calculated based off of the 
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Figure 2.7. SERS immunoassay for urine spiked with ManLAM. 
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signal intensity of the blank sample plus three times the standard deviation. The 

average LOD for the optimized SERS immunoassay varied from 5-10 ng/mL.   The 

limit of quantification (LOQ) for the assay is considered to be 10x the LOD, which 

would be approximately 50-100 ng/mL. 

2.2.3 Comparison of SERS versus Culture Results for Patient Samples 
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ManLAM spiked into non-endemic urine. 
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 After SERS assay optimization, blinded clinical samples were tested and 

determined to be ManLAM positive or negative. Presence of ManLAM was based off 

of the LOD of calibration curves assayed concurrently with clinical sample sets.  

The results were then unblinded, compared to FIND sputum Mtb cell culture 

results, and listed in table 2.1.  During testing it was discovered that some of the 

culture negative samples tested positive for LAM in three separate methods SERS 

assay, GC-MS, and a modified ALERE assay (GC-MS and ALERE data unpublished 

from CSU collaborator).  The possibility exists that these patients may had a 

urogenital (extrapulmonary) form of TB, and if this is true then 8 of the samples 

 
Table 2.2 SERS Detection of ManLAM in Endemic FIND Samples  

(corrected for possible extrapulmonary TB cases) 

 Patients Correctly Identified (Percentage) 

Sensitivity 39/53 (73.6%) 

13/15 (86.7%)* 

Specificity 25/27 (92.6%) 

9/10 (90%)* 

* Represents a subset of samples in which HIV co-infection was present. 

Table 2.1  SERS Detection of ManLAM in Endemic FIND samples 

 Patients Correctly Identified (Percentage) 

Sensitivity 
 

 
31/45 (68.9%) 

 

11/13 (84.6%)* 

Specificity 
 

 
25/35 (71.4%) 

 

9/12 (75%)* 

* Represents a subset of samples in which HIV co-infection was present. 
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were not false positives.  Table 2.2 takes into account the possible extrapulmonary 

TB cases and shows their impact on SERS clinical sensitivity and specificity.  

Based on the data from table 2.1, the SERS assay performed better on TB positive 

samples with HIV co-infection. Also, the SERS assay had better sensitivity than 

the current Alere TB LAM diagnostic.  The clinical samples results show that the 

SERS immunoassay could hold promise as a TB diagnostic. 

2.3 Conclusion 

 In this project a SERS immunoassay for the detection ManLAM has been 

adapted to urine, and its efficacy as a detection method has been investigated by 

FIND clinical samples. The assay was able to positively detect presence of ManLAM 

in 69% of TB infected individuals.  Although the results are better than the status 

quo, the assay could benefit from further improvements. Such as, Normalization of 

urine salt concentrations and pH of to improve binding conditions for the 

antibody. Substitution of antibodies with DNA aptamers could improve the 

selectivity for TB ManLAM. Development of possible aptamer affinity reagents are 

shown in chapter 3. Conversion of the SERS ManLAM assay into a multiplex 

format could improve selectivity for type of Mtb strain.  The SERSk assay to detect 

ManLAM has been developed and further tweeks to the assay could make it a 

viable TB diagnostic.  

2.4 Experimental Methods 

2.4.1 Reagents 

Gold nanoparticles (60 nm 2.6 x 1010 particles per milliliter) were purchased 

from TED Pella. Dithiobis(succinimidyl propionate) (DSP), bovine serum albumin 

(BSA) fatty acid free,Tween-20, and NaCl were from Sigma Aldrich. Phosphate 



29 
 

 
 

buffered saline (10 mM phosphate, 150 mM NaCl; pH 7.4) and borate buffer packs 

(50 mM borate; pH 8.5) were acquired from Thermoscientific Pierce. 5,5′- 

dithiobis(succinimidyl-2-nitrobenzoate) (DSNB) was synthesized by the Porter Lab 

at the University of Utah. The antibody used for in the assay comes from a 

Monoclonal Anti-Mycobacterium leprae LAM, Clone 906.7 (produced in vitro). The 

same antibody was employed to coat the capture substrate and ERLS, along with 

ManLAM from the CDC 1551 strain of Mtb (17.4 kDa) as the antigen; non-endemic 

urine; these reagents were obtained from the Chatterjee Lab at Colorado State 

University.  Blinded patient urine samples, designated as a letter and number 

were collected from endemic populations that were TB suspects by the Foundation 

for Innovative Diagnostics. Glass slides with 24 gold addresses per slide were 

manufactured by a collaborator at the University of Utah. The 96-well microplate 

array was obtained from Arrayit Corporation. 

2.4.2. Preparation of ERLs 

 
The pH was adjusted for each 1.0 mL aliquot of 60 nm gold to pH  8.5 by the 

addition of 40 μL of 50 mM borate buffer pH 8.5  and then the surface 

functionalized by the addition of 13.6 μL of 1.0 mM DSNB in acetonitrile, and 

incubated for 1.5 hours. ERLs were further functionalized by adding 13.7 μL of 5.0 

μg/mL of the antibody and allowed to incubate another 1 hour. To stabilize the 

ERLs, 100 µL of 10% BSA in 2 mM borate buffer was added to each aliquot and 

incubated another 1 hour. Finally, the aliquot was centrifuged at 2000×g for 10 

min. Only the pellet is retained, the ERL pellet was resuspended in 1.0 mL of 2 
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mM borate buffer containing 1% BSA. This procedure was repeated twice and then 

the suspension was modified with 1 milliliter of 150mM NaCl and 1% BSA.   

2.4.3 Capture substrate preparation  

 
The arrays were made by the Porter Lab at the University of Utah. To carry 

out assays, 1×3 inch glass slides were used as the base platform. These slides 5 

were ultrasonically bathed in 10% Contrad 70 solution (Micro, Cole Parmer), 

deionized water, and ethanol, sequentially for 30 min. The slides were then 

restively coated with chromium (~15 nm) and ~300 nm of gold (99.999% purity) at 

a rate of 0.1 nm/s. Prior to use, these substrates were cleaned in a 270 mTorr 

argon plasma (Harrick) at medium power for 15 min. The following steps were 

used to form the addressed array. First, a Parafilm mask with a 3×8 array of 3 mm 

holes was thermally sealed to the gold-coated glass slide for 1 min at 70 °C. This 

created an array of exposed gold “wells,” each serving as an individual capture 

address.  

Further preparation was completed by the Feldheim lab. This assembly was 

then immersed in a solution of 10 mM DSP in 100% ethanol for 1.0 h, rinsed with 

ethanol and dried under a stream of nitrogen. Anti-ManLAM (13.7 μL, 100 

μg/mL), diluted in 1x phosphate buffered saline (pH 7.4), was applied to the eight 

sample areas in rows 1-3 and allowed to incubate for an hour.  In this step the 

antibody capture layer is formed by either coupling with the succinimidyl ester of 

the DSP derived monolayer with exposed lysine, or electrostatic interactions. The 

antibody solution was then removed from each well by a micropipette and followed 

by three washes with 150 µL of 1x PBS with either 0.01% or 0.1% tween-20, 
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depending on the assay. Next, 100 μL of a Startingblock blocking buffer was added 

per well and incubated for an hour. Afterwards, the sample areas were washed 3 

times with 150 µL of 1x PBS and reverse pipetting 5 times each. Once the capture 

layer was prepared, each well was exposed to 100 μL aliquots of ManLAM spiked 

urine in triplicate (0-100 ng/mL ManLAM, plate 1) or any remaining plates were 

either clinical samples or other test assays. The samples were incubated for 1.0 

hour at room temperature on a belly dancer mixer. After the 1 hour incubation, 

each sample area was washed 3x with 1x PBS containing tween-20. The captured 

ManLAM was then exposed to a 100 μL ERL solution overnight at room 

temperature in a humidity chamber. The next day the plates were washed 3 times 

with 150 µL of 2 mM Borate Buffer, 10 mM NaCl, and Tween 20 and allowed to air 

dry in a dark drawer before measuring the SERS intensity. 

2.4.4 Preparation of Calibration Standards 

 
ManLAM was diluted with urine to produce a stock solution of 1000.0 

ng/mL, from a stock solution of 1.0 mg/mL in water. This solution was then used 

to prepare standards for the calibration curve by further diluting in urine in a 

range of 0 ng/mL through 100 ng/mL at a maximum volume of 400 µL. 

2.4.5 Preparation of Urine Samples 

 

The urine samples were thawed to room temperature on ice. A 400 µL 

aliquot of each sample is transferred to a centrifuge tube, and then 2.00 µL of 

proteinase K (stock 20 mg/mL, ThermoFisher Scientific Cat #AM2548) was also 

added to the tube. Incubation was allowed to proceed for 1.0 hour at room 

temperature. Next, 16 µL of 70% perchloric acid ( double distilled, Sigma Aldrich 
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cat #A2296-1LB) is added to the tube, the tube is vortexed 10 seconds, and then 

centrifuged at 12,000 x RCF for 5 minutes. After centrifugation, 350 µL of the 

supernatant is transferred to another tube containing 48.0 µL of 2.0 M K2CO3 

(Stock 25 grams, Sigma Aldrich cat #590681). The neutralized sample is allowed to 

rest at room temperature for another hour before further testing. 

2.4.6 Instrumentation 

 
The Raman spectra were collected with a portable iRaman Plus fiber optic 

Raman probe from B&W Tek.  The light source was a 350 mW, 785-nm diode 

laser. The spectrograph was BWS465-785S spectrometer (4.5 cm−1 resolution @ 

912 nm) and a high quantum efficiency CCD array. The incident laser light was 

focused to a 5-μm spot size on the substrate at normal incidence; the power at the 

sample was 10% or ~37 mW. Each spectrum was acquired with a 30 second 

integration time.  For each address a spectra was measured three times, and 

measurements for all the replicates were averaged. For the clinical samples, the 

signal was recorded and sent to a collaborator to be unblinded and compared to 

FIND results regarding the samples. 
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Chapter 3:  Modified-Oligonucleotide Affinity Reagents for the Detection of 
Mycobacterium Tuberculosis Biomarkers in Urine 

3.1 Introduction 

Aptamers are an excellent alternative to antibodies for capture reagents in 

biomolecule detection assays. Antibodies suffer from non-specific binding to 

molecules in the urine matrix, whereas aptamers can be selected for in a manner 

that minimizes non-specific binding.77  The selection conditions for aptamers can 

be performed in the sample matrix, unlike antibodies which must be isolated from 

animal tissue.78 Isolating an aptamer in the sample matrix helps remove those 

prone to non-specific binding.79–81  Additional benefits of aptamers are their low 

cost and speed of synthesis, and they are easily functionalized in order to be 

anchored to a substrate or as a signal source.79,80 Aptamers could potentially be 

substituted for antibodies in diagnostics in order to achieve more accurate results.  

This project used in vitro selection to isolate modified DNA aptamers to TB 

biomarkers in urine, and later investigated their promise for use in a TB biomarker 

detection assay.  Oligonucleotide affinity reagents, a.k.a aptamers, are isolated by 

the in vitro selection technique called systematic evolution of ligands exponential 

enrichment (SELEX). SELEX can be combined with chemical modification of the 

nucleic acid monomers to expand molecular diversity, which could increase points 

of contact and improve binding affinity.  This project isolated modified DNA 

aptamers to possible Mtb biomarkers in urine: 3 proteins with gene designations 

MT1721, MT3444, MT2462, and ManLAM.  Representative aptamers from distinct 

conserved families were tested to verify binding to their respective targets.  

Equilibrium dissociation constants for the interaction of aptamers isolated with 

their specific target ranged from 9 to 80 nM.  Additionally, preliminary tests 
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determined experimental conditions that could help tailor an assay to the 

aptamers.  

3.2 TB biomarkers 

Direct detection of Mtb components makes it clear that the bacteria 

currently infect the host, and possibly the bacterial burden of the patient.  Mtb 

biomarkers have been found in several types of fluid samples; such as sputum, 

serum, cerebral spinal fluid, and urine.50  The current gold standard for TB 

diagnostics, the sputum smear test, directly detects whole cell Mycobacterium in 

sputum, but it is not specific to only Mtb.  Additionally, some patients cannot 

provide sputum samples.13  TB diagnostics could be further improved upon if the 

gold standard diagnostic for resource limited regions directly detected Mtb 

biomarkers in a fluid sample all patients could provide for testing. 

Creating affinity reagents for Mtb biomarkers in urine is advantageous.  

Urine is a less complex sample matrix than other fluid samples such as serum or 

sputum, because urine is processed by organs that filter out most proteins leaving 

a sample of only 5% solute.13,82  Universally any patient can provide a  urine 

sample and in large volumes, up to 100-200 mL, that can be concentrated if 

necessary.73 Concentrating the sample can help improve LOD of the assay.  The 

only hindrance to using urine for TB diagnostics has been that until recently, 

ManLAM, the only validated TB biomarker in urine, could not be detected reliably.  

The results from the SERS immunoassay from Chapter 2 demonstrates that 

ManLAM assays in urine can be improved further by DNA aptamer affinity 

reagents.   
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 Campos-Neto published the discovery of 4 new potential protein TB 

biomarkers found in urine of patients with active pulmonary TB:  MoaA-related 

protein (MT 1721), Ornithine Carbamoyltransferase (MT 1694), Homoserine O-

acetyltransferase (MT 3444), and Phosphoadenosine Phosphosulphate Reductase 

(MT 2462).   These proteins could be ideal candidates because their gene 

sequences had high sequence homology to only other strains of TB and select 

mycobacteria. Additionally, Campos-Neto found that the recombinant versions of 

these proteins were recognized by IgG antibodies found in patients with active 

pulmonary TB, but not patients without an Mtb infection. The TB proteins found in 

urine by Campos-neto were targets for modified-oligonucleotide selections 

completed in this assay. 

3.3 SELEX with Modified-Nucleotides 

Choice of modified nucleotide is vital to a successful selection for 

biomolecules. Modification of the nucleotide can improve an aptamer by adding 

nuclease resistance, binding contacts, and covalent activity.83  Historically, 

aptamers with natural nucleotides interact with a target via shape 

complementarity, hydrogen bonding, polar contacts, and ion-pairing.83 For this 

project, both the napthyl and tryptl-amino modification were used to exploit 

binding contacts on the TB protein biomarkers; alternatively, the pyridyl 

modification was utilized in the ManLAM selections because pyridine has been 

shown to bind to hydroxyl groups on monosaccharides.84  These modifications 

should assist in finding high affinity aptamers to their respective targets. Figure 

3.1 displays a modified DNA nucleotide and the specific modifications used in this 

project.  
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SELEX with modified nucleotides begins with a large combinatorial library 

of sequences, up to 1014 per 1 nmol of library.  The creation of a modified aptamer 

library starts with a template library consisting of only natural nucleotides.  The 

template sequence is flanked by two fixed regions at its 5’ and 3’ ends for the 

purpose of amplification by polymerase chain reaction (PCR) and primer extension.  

Between the constant regions is a 40 nucleotide random region. The random 

region is synthesized to have 25% of each nucleotide to create an unbiased initial 

pool.  Equal distribution of nucleotide composition in the initial template ensures 

that enrichment of any nucleotide seen in sequencing is solely due to evolution in 

the pool of sequences.  During the final step in the library synthesis a copy of the 

template is created in a 

process called primer 

extension.  The primer 

extension step requires a 

special polymerase to 

incorporate modified 

nucleotides wherever there 

is an adenosine in the 

template. This polymerase 

must lack 3’5’ proof-

reading ability.  A high 

fidelity polymerase would 

excise out modified 

Figure 3.1 A molecular representation of a modified 

thymidine nucleotide incorporated into aptamers in this 

project. R indicates the modifications: (A) tryptyl amino, 

(B) Napthyl, and (C) 4-pyridyl. 
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nucleotides, which it perceives as a contaminant. The library is ready for SELEX. 

The library is then put through multiple rounds, which add pressure to the 

sequence pool.  The pressure narrows the aptamer pool diversity through the 

removal of sequences with non-specific or low affinity to the target.  Figure 3.2 

illustrates a selection scheme for use with magnetic beads as a partitioning 

platform.  Once the modified-oligonucleotide pool has been sufficiently narrowed, 

then the evolved pool is cloned and sequenced. From this point individual 

sequences can be tested to determine their selectivity for the target and binding 

capacity. 
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3.4 Results and Discussion 

 The following details the steps required to isolate and characterize modified-

DNA aptamers to TB biomarkers in urine.  Three of the targets were proteins 

identified by the research of Campos-Neto, and the other the glycolipid cell wall 

Figure 3.2 A SELEX for a target functionalized to bind a magnetic bead. 
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component described in chapter 2.  Aptamers were isolated for each of the targets 

and evaluated for their capability to be used in a TB diagnostic, like the SERS 

assay mentioned in chapter 2.   

3.4.1 Target Preparation 

3.4.1.1 Protein Biomarkers 

 The protein biomarkers were expressed recombinantly in E.coli. 

Recombinant proteins are created by cloning a plasmid that codes for the protein 

into host bacteria, and amplified by exploiting bacterial protein synthesis 

processes.  The plasmid for the experiment was PET15B and the sequence also 

included code for a bioaffinity tags at the N-terminus and C-terminus of the 

expressed protein, a His-tag and Strep-tag. If the entire protein is expressed, then 

the affinity tags at either end can be used to determine if the protein of interest 

was synthesized in entirety.  The strep-tag was exploited for the purification of the 

protein with a streptactin affinity column. A subsequent western blot of the His-

tag confirmed that the entire protein was expressed via the recombinant method, 

data shown in the appendix A30.  For addition confirmation, protein samples were 

sent to MS-Bioworks to be characterized by mass spectrometry and sequence 

alignment.  The MS-Bioworks report supported the presence of the protein 

biomarkers by high sequence identity, report in appendix A30. 

3.4.1.2 ManLAM 

The ManLAM from Mtb strain CDC 1551 was purified from the bacterial 

extract, characterized, and quantified by Colorado State University. Purification 

was completed with an octyl sepharose column and eluted with 1-proponal.  The 

molecule is approximately 17.4 kDa and its structure can be reference in Figure 
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2.3.  The solution of ManLAM was later lyophilized to remove the volatile solvent 

and shipped to CU-Boulder in 500 µg aliquots. 

3.4.2 Selection 

 Both the ManLAM and protein biomarker selections were completed in a 

similar matter, specific details in the experimental methods.  It was hypothesized 

that the pyridyl modification would produce the best aptamers to ManLAM and 

that the tryptyl amino modified nucleotide would likely produce the best protein 

aptamers, based off of prior research in carbohydrate and protein SELEX.79–81,84–88 

A selection was performed for each biomarker using each modified-nucleotide 

available, at least 3 unique selections were performed for each biomarker.  The 

selections with prospects of containing aptamers were further sequenced and 

investigated by characterization techniques. 

Prospect for success and progress of a selection was monitored using a 

quantitative PCR method.  qPCR is a sensitive method that both amplifies DNA 

sequences and quantifies them by use of fluorescent molecules that intercalate 

into dsDNA.  For each selection round, the evolved pool is split and half is exposed 

to a target coated magnetic beads and the other half exposed to bare magnetic 

beads, as a negative control.  If the evolved pool is being enriched during the 

selection, then the pool exposed to the target will amplify before the negative 

control.  Figure 3.3 shows an example of a PCR trace from the MT3444 selection in 

round 6 that utilized the tryptl amino modified nucleotide.  The qPCR trace 

indicates that the aptamer sequences in the evolved pool have a higher affinity for 

target coated magnetic beads and lower affinity to only the magnetic bead 

platform.   
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In each selection round pressures are added to the evolved pool in order to 

eliminate non-specific or low affinity binders. The first step is called counter-

selection; the evolved pool is exposed to bare magnetic beads and a protein 

competitor buffer.  Afterwards the bare beads are removed and the evolved pool is 

incubated with biomarker coated magnetic beads and then the beads are washed 

to remove loosely bound aptamers.  Further pressure is added from round to 

round by decreasing the moles of biomarker bound to the magnetic beads and 

increasing the stringency of the washes.  The selection rounds are continued until 

either the PCR traces indicate a 12 cycle separation between the target and 

Figure 3.3. A PCR trace from round 6 of the MT3444 selection. The 

maroon trace is from the target pool, and it drops low in cycle 13 after the 

sample was removed from the instrument.  The navy trace is the negative 

control pool. The pink trace is pcr control to determine when or if the 

primers are interacting with each other. 
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negative control traces, or the PCR traces show no indication of separation 

between the target and negative control.  If a selection is successful there should 

be many cycles of separation between the target and negative control PCR traces. 

Separation is determined by the cycle difference from inflection points of two PCR 

traces. 

 If the selection is deemed successful, then the evolved pool of aptamers will 

be sequenced by either high throughput method, or by cloning and Sanger 

sequencing.  Both methods were employed to sequence evolved pools.  The 

ManLAM, MT3444, and MT1721 selections occurred early in the project, so they 

were cloned into plasmid and Sanger sequenced. Whereas, the MT2462 selection 

was recently completed so the evolved pool was sequenced via high throughput 

sequencing.  After sequencing, results are first analyzed to isolate individual 

candidate sequences, and then by characterization methods such as fluorescence 

anisotropy.  

3.4.3 Sequence Analysis of Evolved Pool 

 Sequencing results can be overwhelming when it becomes necessary to 

choose an individual sequence to test from data containing 100-4,000,000 unique 

sequences.  Computational analysis is employed to group sequences according to 

sequence similarities.  Two programs were employed to group the sequences, 

Daughter of Sequence Alignment and FASTAptamer.89  These programs determine 

conserved regions, when in multiple sequence alignments there are sets of 

nucleotides with matching nucleotides that do not contain gaps.  The conserved 

regions are then used to create groups of common aptamers, a.k.a ‘families’ or 

clusters.  The summary of data from the sequencing of the MT2462 selection’s 
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evolved pool of figure 4.3B and 4.3C exhibits family groups and also conserved 

regions of families with a large amount of members.  An individual sequence can 

then be chosen from each family 
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Cluster 1  
136 unique reads/747,753 total 

Cluster 2  
219 unique reads/547,645 total 

Cluster 4  
380 unique reads/764,656 total 

Cluster 5  
147 unique reads/288,095 total 

Cluster 7  
292 unique reads/399,735 total 

Cluster 13  
197 unique reads/177,349 total 

C 

Figure 3.4 Summary of the computational analysis data from the evolved pool 

of a selection on MT2462. (A) The total number of sequences before and after 

quality filtering. (B) families on the X-axis and the size of their family on the Y-

axis. (C) Conserved regions of highly populated families.  Also, the mostly 

conserved nucleotides have the largest amplitude. 
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to be investigated for its binding affinity and specificity.   

There are several factors in choosing an individual sequence from a family 

that could be an aptamer, as it is not possible to test them all due to funding and 

time constraints.  A family with a high frequency of reads and a corresponding 

large conserved region could be an indication of directed evolution, because the 

initial combinatorial library had a pool of random individual sequences.  If the 

selection failed, then there should hypothetically many unique sequences that do 

not fit into families and have low frequency of reads in the evolved pool. Aptamers 

are often rich in purines and containing guanidine quartets; a sign of significant 

secondary structure.90–92 Polymerases do not incorporate modified-nucleotides as 

efficiently as natural nucleotides, thus if the sequence has high content of them it 

could be possible it could be an aptamer to the target; as the modified nucleotides 

are specifically chosen to expand binding opportunities with the target.83,93,94  

Albeit there are many factors to consider when choosing a sequence to test,  to 

determine if the aptamer binds the target it is necessary to employ binding affinity 

assays.  

3.4.4 Binding Affinity and Specificity  

 When determining the binding affinity of a molecule to a ligand it is vital 

that the system reach equilibrium.  Some methods are better for achieving true 

equilibrium; such as fluorescence polarization anisotropy (FPA). FPA is a technique 

that offers the ability to probe binding affinity at true thermodynamic equilibrium 

in real-time with sample in solution free from complications caused by non-

specific binding.95–99 In this assay, FPA tracks the local motion of a fluorophore 

labeled aptamer as it interacts with a polarized excitation source.100–104  In a 
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conventional FPA assay, as depicted in figure 3.5, the rapidly tumbling fluorescent 

molecules in solution cause the dipoles of the excited molecules to rotate out of 

alignment relative to the dipole of incoming polarized light.  When a fluorescent 

molecule binds a larger molecule it causes the tumbling to slow and the incident 

light to maintain polarization.  The extent of polarization of a fluorescent molecule 

is calculated by its anisotropy (r). Perrin equation, equation 1, mathematically 

relates anisotropy to fluorescence lifetime (τ) and the Debye rotational relaxation 

time constant (θ).105 θ is dependent on the local solution environment like the 

temperature (T) and viscosity (ŋ); in addition to the volume of the rotating molecule 

(V).105  Therefore, if the temperature and viscosity are constant, then the change in 

anisotropy is due the change in size of the fluorescent molecule. In the case of a 

fluorescent aptamer, the θ will increase with binding to a target. 

Eq.3.1     
𝒓𝟎

𝒓
= 𝟏 +

𝟑𝝉

𝜽 
    Eq.3.2  𝜃 =  

3ŋV

𝑅𝑇
  

Equation 3.1 The fundamental equations for FPA. 

 Unlike conventional FPA binding assays, the fluorescent aptamer sequences 

for the proteins biomarkers assayed demonstrated a negative change in anisotropy 

when bound to the target.  This phenomenon has been seen previously in 

aptamer-based FPA assays.100,106  It is possible that the anisotropy decreases upon 

binding the biomarker target when certain types fluorophores are on the 5’ end of 

Figure 3.5 Fluorescence polarization anisotropy assay. (A) The excited 

emission from a fluorophore labeled aptamer remains depolarized as it 

rapidly tumbles in solution, until (B) the aptamer binds the target which 

slows tumbling and causes the signal to remain polarized. 
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the aptamer primer, such as CalFluor610. A fluorophore’s local motion can be 

restricted due to interactions with the nucleotide bases of the aptamer, and then 

an induced fit change, from binding the target, releases the fluorophore allowing 

for greater motion.  In this case the anisotropy change will decreases due to the 

fluorescent molecule obtaining more rotational freedom.  The data has been 

displayed as the overall change in anisotropy (Anisotropyinitial – Anisotropyfinal). 

3.4.4.1 FPA assays of Fluorescent Aptamer sequences to Biomarkers 

The FPA assays were designed to minimize variables that could cause non-

specific changes in anisotropy and minimize background. Calfluor 610 excites at 

590 nm and emits at 610 nm, wavelengths outside the range of intrinsic protein 

fluorescence, from urine proteins which would interfere with the urine assays.  

Volume was not increased by more than 8% of the initial assay volume of 180 µL.  

This control was meant to minimize noise and keep the fluorescent signal in the 

linear range, and was determined by assaying buffer into a cuvette of fluorescent 

aptamers, data shown in appendix A14.  Assays were initially conducted to 

determine the minimum time necessary for the binding to achieve equilibrium.  

The solution is considered equilibrated when the anisotropy stabilizes to one value. 

Subsequently after each addition of protein to the cuvette, the solution was 

allowed to incubate until the equilibration time was met.  Protein was added until 

the anisotropy plateaued, or if there was no statistically relevant change after 

adding protein up to a concentration of 100 nM. Controls have been included in 

the appendix A13-14, which show that any significant change in anisotropy is due 

to only specific binding of an evolved aptamer to its target. FPA control assays 
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included: a buffer only control, a scrambled aptamer sequence, random library, 

and a positive control with the VEGF aptamer. 

The data gathered from the binding assays are used to determine the 

aptamer’s affinity for its target.  The data is inputted into a program, Graphpad 

Prizm, which uses non-linear regression calculation with specifically single site 

binding.  Post analysis, the program provides a value for the dissociation constant 

and the standard deviation at 95% confidence level. All dissociation constants 

reported here were analyzed by this method.  The dissociation constant, Kd, is the 

propensity for a bound ligand to dissociate into its components, as shown in 

equation 3.3.  Kd relates to affinity inversely, thus the best aptamers will have the 

smallest Kd. 

Eq. 3.3  𝐀𝐩𝐭𝐚𝐦𝐞𝐫 ∙ 𝐁𝐢𝐨𝐦𝐚𝐫𝐤𝐞𝐫 ↔  𝐀𝐩𝐭𝐚𝐦𝐞𝐫 + 𝐁𝐢𝐨𝐦𝐚𝐫𝐤𝐞𝐫   

  𝐊𝐝𝐢𝐬𝐬𝐨𝐜𝐢𝐚𝐭𝐢𝐨𝐧 =  
[𝐀𝐩𝐭𝐚𝐦𝐞𝐫][𝐁𝐢𝐨𝐦𝐚𝐫𝐤𝐞𝐫]

[𝐀𝐩𝐭𝐚𝐦𝐞𝐫  ∙𝐁𝐢𝐨𝐦𝐚𝐫𝐤𝐞𝐫]
 =  

𝟏

𝐊𝐚𝐟𝐟𝐢𝐧𝐢𝐭𝐲
 

Equation 3.3. The formula for determining the Kd. 

Figures 3.6-3.8 were FPA assays from the characterization of aptamer 

sequence N18, which has affinity for protein biomarker MT3444. The first FPA 

investigation was done in selection buffer; the optimal binding conditions for the 

aptamer to bind its target. This data shows true binding without matrix effects, see 

figure 3.6. As a cut off, If the candidate aptamer had a Kd greater than 100 nM 

including standard deviation in buffer, then it was considered a poor affinity 

reagent and had no further testing.  The investigation continued in urine to 

determine if the aptamer still had affinity despite exposure to urinary proteins. It 

was evident the aptamer suffered from matrix effects; figure 3.7, the dissociation  
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constant increased 4 fold compared to buffer. It was possible that the 

variable salt and protein content in the urine was either causing non-specific 

binding, degrading the aptamer, or denaturing the aptamer. Degradation could be 

possible if nucleases were present in the urine. To determine if degradation 

occurred aliquots of aptamer were incubated in urine for up to an hour, the 

amount of time to run the FPA assay.  Gel electrophoresis was then performed on 

the samples, gel image in appendix A12, and no apparent degradation was visible. 

If degradation occurred there would be a light colored smear in the gel below the 

prominent aptamer band at ~92 base pairs.  If the urine matrix was denaturing 

the aptamer, then performing the FPA assay in urine dialyzed against selection 

buffer should show a decrease in the Kd, results in figure 3.8.  The results indicate 

an improvement in binding, but equivalent to the original Kd in buffer. The binding 

curves responsible for the dissociation constants in table 3.1 can be found in the 

appendices A9-A11 and figures 3.6-3.8. 

  

Table 3.1 Aptamer Dissociation Constants (nM) for Specific TB Biomarkers 

Aptamer ID Target Buffer Urine Urine Dialyzed Against 

Selection Buffer 

18 MT3444 34.9  ± 15.5 121  ± 25.2 92.1 ± 10.4 

01 MT3444 27.3  ± 8.8 78.9 ± 10.4 48.2 ± 5.1 

24 MT3444 8.93 ± 3.89 N/A 

9 MT1721 80.0 ± 39.0 N/A 

CS09 ManLAM 14.6 ± 9.14 N/A 
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Figure 3.6. FPA assay binding curve of sequence N18 for its target MT3444 

in selection buffer. The dissociation constant was determined by a non-

linear regression program, Graphpad prizm, to be 34.9 ± 15.5 nM. 
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Figure 3.7. FPA assay binding curve of sequence N18 for its target MT3444 

in non-endemic urine. The binding curve for this assay has a larger 

dissociation constant and each point has a larger standard deviation The 

dissociation constant was determined to be approximately 121 nM.  
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Figure 3.8. FPA assay binding curve of sequence N18 for its target MT3444 in 

urine dialyzed against selection buffer for 24 hours.  The dissociation constant 

was determined to be approximately 92 nM. 
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3.5.4.2 Tryptophan Quenching Assay for a Napthyl Modified Aptamer to 

MT3444 Protein  

 A tryptophan quenching assay was also used to determine the binding of the 

aptamer to the protein.107 It has been designed so that no modification of the 

protein or aptamer was necessary. The objective of this assay was to exploit the 

intrinsic fluorescence of the MT3444 protein’s 7 tryptophan amino acids.  So that 

when an aptamer binds the protein the DNA bases quench the fluorescence of the 

tryptophan.  If the aptamer did not cause quenching or was not present there 

would be a linear increase in signal as more protein was added, shown in appendix 

A15. Typically, tryptophan is excited at wavelengths between 285-300 nm and 

emits at 310-350 nm depending on local environment.  The minimal interference 

by the napthyl groups from the aptamer sequence occurs when the protein was 

excited at 295 nm and emission intensity at 340 nm was recorded.  Note, this 
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Figure 3.9 Tryptophan quenching affinity assay for sequence binding to 

the MT3444 protein.  The dissociation constant for this assay was 

approximately 69 nM ± 44 nM. 
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assay could not be used on aptamers with the tryptl amino modified nucleotides, 

because the modified nucleotide mimics the tryptophan amino acid side chain and 

would cause signal interference.  Figure 3.9 below shows the quenching caused by 

the binding of aptamer N18 to the MT3444 protein.  The Kd for N18 was 

determined to be 69 nM ± 44 nM, which is within the standard deviation of the 

FPA binding data for N18 in selection buffer. 

 3.5 Conclusions and Future work 

 The following project used in vitro selection to isolate modified DNA 

aptamers to TB biomarkers in urine and investigated the subsequent sequences 

for their capability for use in a TB biomarker detection assay.  Here modified DNA 

aptamers have been isolated to molecules implicated as possible Mtb biomarkers 

in urine: 3 proteins with gene designations MT1721, MT3444, MT2462 and a 

glycolipid called Mannose capped Lipoarabinomannan (ManLAM).  Representative 

aptamers from distinct conserved families were tested to verify binding to their 

respective targets.  Dissociation constants for the aptamers ranged from 9 to 80 

nM.  If these aptamers were to be incorporated into a urine-based assay, then it 

would be advisable to buffer exchange the sample with selection buffer for optimal 

binding. A next step would be to determine if the aptamers could still bind their 

target when tethered to a substrate surface, like the gold substrate in the SERS 

assay. Alternatively, it could be possible to develop an assay that could 

accommodate the aptamer.  The aptamers from this project show promise, 

because they have dissociation constants in the nanomolar range and specific to 

their target, even in a human urine sample with sample matrices that can vary 

widely from pH 6-9 and variable salt concentrations108,109 
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3.6 Methods and Materials 

3.6.1 Polymerase Chain Reaction  

PCR reactions were performed using a 5X  master mix: 10 μM each forward 

and reverse primers, 25 mM magnesium chloride, 5X as-purchased KOD XL 

buffer, 1X  [Sybr Green I], 1.25 mM each dNTP, and 0.075 U/μl KOD XL 

polymerase. To 40 μl of sample were added 10 μl of 5X PCR Mix, and the reaction 

was cycled as follows; cycle 1: 96 ˚C for 2.5 minutes, 55 ˚C for 45 seconds, 71 ˚C 

for 30 minutes; cycle 2-25: 96 ˚C for 15 seconds, 71 ˚C for 1.5 minutes. The PCR 

reaction was monitored in real time and the traces were stored in a text file. 

3.6.2 Primer Extension 

Primer extension reactions were performed with the following 1X Primer 

Extension Mix: 15.0 μM forward primer, 120 mM Tris-HCl at pH 7.8, 10 mM 

potassium chloride, 6 mM ammonium sulfate, 7 mM magnesium sulfate, 0.1% 

Triton X-100, 0.1 mg/mL bovine serum albumin, 0.5 mM each dNTP, and 0.025 

U/μl KOD XL polymerase. Biotinylated PCR product or single-stranded synthetic, 

biotinylated DNA was incubated with an appropriate quantity of streptavidin 

coated, magnetic MyOne C1 Dynabeads with shaking at 1000 rpm for 15 minutes. 

The beads were washed 3X with 20 mM NaCl and if double-stranded PCR product 

was used, 20 mM sodium hydroxide was applied for 45 seconds. The beads were 

washed again 3X with 20 mM NaCl and the Primer Extension Mix was added. The 

reaction was shaken at 1000 rpm at 71 ˚C for 45 minutes. After incubation, the 

beads were again washed 3X with 20 mM NaCl and and 85 μl of 20 mM sodium 

hydroxide was added. After 45 seconds, 80 μl of the sodium hydroxide is removed 

and neutralized with 20 μl of 80 mM hydrochloric acid and 10 mM Tris-HCl. 
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3.6.3 Selection Incubation and Partitioning  

Approximately 10 pmol of modified primer extension product was buffered 

in 50 mM HEPES, 100 mM sodium chloride, 5 mM potassium chloride, 5 mM 

magnesium chloride, and 0.01% Tween 20 at pH 7.4. The modified DNA was folded 

by heating to 96 ˚C for 2.5 minutes and then decreasing the temperature by 1 ˚C 

per 10 seconds, until a final temperature of 22 ˚C. The pool was then incubated for 

30 minutes with 10 μl of magnetic beads on a rotisserie, as a counter-selection 

step, and the supernatant was removed and used for the selection round.  The 

biotinylated selection target is then incubated with the pool and later in the round 

partitioned with MyOne C1 Dynabeads to the sample according to the 

manufacturer’s instructions. The complex, aptamer-target-beads, were washed to 

remove loosely bound aptamers. The aptamer sequences were then eluted by 

increasing the pH for 5 minutes with 2 mM NaOH, and then neutralized with 8 

mM sodium hydroxide HCl.  

3.6.4 Cloning and Sequencing 

For Sanger sequencing, cloning of sequences was accomplished by inserting 

dsDNA PCR product of the evolved selection pool into a plasmid containing the 

inserted DNA pool as a vector, created according to the manufacturer’s 

instructions. The plasmids were transformed into bacteria. Transformations were 

followed by blue/white screening and growing of overnight cultures. The plasmids 

were then extracted using a mini-prep kit and sanger sequencing by Genewhiz. 

Plasmids were subjected to PCR and primer extension to create a matrix of 

modified DNA aptamer isolated sequences. For Next Generation sequencing, bar 
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codes were incorporated into each DNA pool through modified PCR primers and 

sent to the company. 

 

3.6.5 Biotinylation of ManLAM 

ManLAM (6 nmol) was dissolved in 250 μl of 100 mM sodium acetate, pH 

5.5, and chilled on ice. Sodium periodate was added to a concentration of 1 mM, 

and the reaction was incubated on ice for 5 minutes in the dark. After incubation, 

sodium sulfite (90 mM) was added and the reaction was incubated at room 

temperature for 10 minutes. The reaction was buffer exchanged into PBS, pH 7.4, 

using 10,000 MWCO Amicons. Biotin-PEG-Hydrazide was dissolved into DMSO at 

a concentration of 50 μM and the stock was added to the LAM sample to a 

concentration of 15 μM. The reaction was incubated at room temperature for 3 

hours, and then dialyzed into dH2O for 2 days. Quantitation of biotinylation was 

accomplished by the HABA-avidin fluorescence assay via the manufacturer’s 

instructions and was found to be 80.5%. 

3.6.7 Fluorescence Polarization Anisotropy  

FPA experiments were performed with aptamers folded and tagged as 

described above. Reactamers were filled into a quartz cuvette at a concentration of 

10 nM and a volume of 250 μl in selection buffer. ManLAM was gradually added to 

the cuvette and pipette-mixed. After each addition, the sample was incubated for 

15 minutes at room temperature, and the anisotropy value was recorded. 
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3.6.8 Tryptophan Quenching Assay 

The protocol for this experiment was followed as described in chapter 33 of 

Methods in Molecular Biology, volume 148, “DNA-Protein Interactions: Principles 

and protocols.”107 

3.6.9 Protein Expression and Purification 

The the plasmid for the proteins were transformed and protein expressed in 

BL21-Gold(DE3) Competent Cells as prescribed in its manual without exception.110  

Following expression, the bacteria were lysed with a B-per kit and applied to the 

streptactin affinity column according to the manuals instructions.  The samples were 

then characterized by PAGE, MS, Bradford assay, and western blot.  Their final 

concentration was approximately 6 µM in 100 mM Tris (pH 8) and 150 mM NaCl. 
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Chapter 4:  Oral Bioavailability of 2.0 nm Diameter Gold Nanoparticles 

4.1 Introduction 

4.1.1 Potential of Gold Nanoparticle Use in Medicine 

 Nanometer-sized gold particles, including nanoclusters, nanorods, and 

nanoshells, are quickly becoming valuable tools to study, diagnose, and treat 

disease.  With light extinctions that are remarkably large (106-109 M-1 cm-1) and 

tunable across the visible-near infrared spectrum, gold nanoparticles are being 

used to detect nucleic acids and proteins inside of live cells and from blood plasma 

with unprecedented limits of detection.111,112  In addition to treating a variety of 

cancers via mechanisms such as laser-induced thermal ablation.113–118  The ease 

with which gold nanoparticles can be functionalized with a mixed monolayer of 

small molecules, polymers, proteins, and DNA has also made them attractive 

platforms for the assembly of multifunctional drug delivery systems that are 

capable of specific cell and nuclear targeting and even transdermal delivery.119–123  

The potential for use of gold nanoparticles as imaging agents and therapeutic 

delivery systems is growing rapidly.    

4.1.2 Oral Administration of Gold Nanoparticles 

The promise of gold antimicrobials is the key motivation to explore the 

potential for developing gold nanoparticle antibiotics that are administered orally.  

The oral bioavailability of gold nanoparticles has been examined only to a limited 

extent previously.  Albrecht added citrate-coated gold nanoparticles with diameters 

of 4 nm, 10 nm, 28 nm, and 58 nm to drinking water for administration to mice ad 

libitum.124  With the exception of the largest nanoparticles, all particles were found 
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in the major organs at levels on the order of ones to tens of nanograms of gold per 

gram of tissue.  The bioavailablility of the nanoparticles as a percentage of the 

dose administered could not be calculated because the amount ingested was 

unknown.  Schleh administered sulfonated triphenylphosphine- and thiol- 

modified gold nanoparticles from 1.8 nm to 200 nm in diameter to rats via oral 

gavage.125  Positively and negatively charged thiols were examined, and >99.63% of 

the particles administered were found either in the gastrointestinal (GI) tract or 

feces regardless of size and charge.  The conclusion from these studies is that gold 

nanoparticles are not absorbed in the GI tract to a large extent in both an absolute 

sense and relative to most small-molecule antibiotics.   

4.2 Oral Bioavailability Study of 2.0 nm Gold Nanoparticles  

4.2.1 Design of Gold Nanoparticle Monolayer 

A significant limitation of gold nanoparticles currently is their low 

absorption efficiencies in the gastrointestinal (GI) tract following oral 

administration.  This is likely to do natural defenses created by the body, like 

Peyer Patches and gastrointestinal mucosal barriers.  Peyer patches, defend the 

body by endocytosing molecules from the intestines through microfold cells, then 

they are presented to macrophages that determine pathogenicity and possibly 

trigger the immune system to act.126–128  Mucosal barriers protect the body simply 

by preventing molecules from diffusing into the body by their size and charge.129   

In an attempt to identify ligands that facilitate gold nanoparticle absorption in the 

GI tract, the following study was executed to determine the oral bioavailability of 

2.0 nm diameter gold nanoparticles modified with the small molecules p-

mercaptobenzoic acid (pMBA) and glutathione (GSH), in addition to polyethylene 
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glycols (PEG) of different lengths and charge (neutral and anionic).  The structures 

of the PEG ligands used in the study are displayed below in figure 4.1.  PEGs were 

chosen because they have been shown to be absorbed in large quantities, up to 

60% for PEG4.130 They have also been found to diffuse through mucosal barriers 

better than many other molecules.131 It was decided to not use cationic ligands due 

to published data regarding their toxicity and high likelihood that they non-

specifically bind proteins from bodily fluid.132  Here we show that GI absorption of 

gold nanoparticles modified with the small molecules tested was undetectable.  

However, the absorption of PEGs depended upon PEG length, with the smallest 

PEG studied yielding gold nanoparticle absorptions that are orders-of-magnitude 

larger than observed previously.  As the oral route offers highest patient 

compliance for administering drugs and diagnostic reagents, these results suggest 

Figure 4.1.   Structural illustrations of cyclic disulfide-terminated 

polyethylene glycol ligands. 

 



62 
 

 
 

that short-chain PEGs may be useful in the design of a platform for oral 

administration of gold nanoparticles.    

4.2.2 Stability and Characterization Studies of the Gold Conjugates 

In order to be absorbed in the GI tract and circulate systemically a 

nanoparticle must be able to avoid aggregation and chemical degradation as it 

travels through the stomach and into the intestines.  Perhaps the most formidable 

challenge to nanoparticle stability along this route is pH.  The pH in the mouse GI 

tract can be as low as 3 in the stomach and as high as 5 in the intestines.133,134  In 

humans the pH in the stomach and intestines is approximately 2 and 8, 

respectively.124,135  The changing conditions of different sections of the GI tract 

could alter ligand charge or cause ligand displacement that changes the 

physicochemical properties of the nanoparticle or leads to particle aggregation.  To 

measure the stability of the nanoparticles in solutions with pH of 2 and 8, GSH-

coated gold nanoparticles were synthesized and subjected to ligand exchange 

reactions to generate PEG-modified gold nanoparticle conjugates.    

The nanoparticle solutions were then adjusted to pH 2 and warmed to 37 ºC 

for two hrs.  During this time, the plasmon extinction band of the gold 

nanoparticles was monitored by UV-visible spectroscopy to assess the stability of 

the nanoparticle conjugates, figure 4.2.  After two hours, the pH was adjusted to 8 

and the solutions were monitored for an additional six hours.  No significant 

spectral changes were observed for the PEG conjugates over the entire pH and 

time range studied.  A slight drop in the plasmon absorption band was observed 

for the pMBA-modified gold nanoparticles at pH 2 over the course of 2 hours, 

which likely indicates partial precipitation due to pMBA protonation.  In contrast, 
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the plasmon band of GSH-modified gold nanoparticles appeared to sharpen over 

time at pH 2, which suggests that some size focusing (Ostwald ripening) may 

occur. 

Prior to determining pH stability, the gold nanoparticle conjugates were 

analyzed by NMR to qualitatively confirm ligand exchange, and by transmission 

electron microscopy (TEM) to measure particle diameter.  Figures 4.3-4.4 below 

display the TEM images and the PEG4N NMR spectra, 

Figure 4.2.   Gold nanoparticle stability assay simulating the pH and 

temperature of the human gastrointestinal tract.   UV-Visible spectra of (A) 

PEG4-Acid, (B) PEG4-Neutral, (C) GSH, and (D) pMBA on ca.   2.0 nm 

diameter gold nanoparticles.   See Experimental Methods section for 

further details. 
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remaining NMR spectra can be seen in the appendices A16-A23.  NMR showed 

that each PEG studied wa able to displace GSH and bind the nanoparticle surface.  

NMR also suggested that the exchange yield was high, as GSH was not detected 

following ligand exchange and nanoparticle purification.    

(A) (B) 

(C) (D) 

 Figure 4.3.   Transmission electron micrographs and size dispersity 

statistics of gold nanoparticles modified with (A) pMBA,(B) GSH, (C) 

PEG4N/GSH, and (D) PEG24N/GSH. 
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Figure 4.4.   1H NMR spectra for a stackplot of PEG4N ligand/ PEG4N Au NP/ 

GSH Au NP.     As the stackplot shows, there is signal from the PEG4N ligand on 

the gold surface and an absence of GSH signal. 

 



66 
 

 
 

4.2.3 In Vivo Oral Bioavailability and Distribution in the Mouse Model 

Given their stability under conditions of pH that includes those found in the 

mouse GI tract, pMBA-Au, GSH-Au, and all PEG conjugates were advanced to oral 

bioavailability studies.  GSH-coated gold nanoparticles have been shown to be 

non-toxic by subcutaneous injection up to and including 60 µM.136  Given this 

prior observation, 60 µM concentrations were used for all initial gavage 

experiments (200 µL administrations).  An additional experiment was conducted 

on GSH particles at 120 µM.  Blood, urine, organs (heart, liver, lungs, spleen, 

kidney, stomach, and intestines), and feces were examined for gold content using 

ICP-MS.  Urine was collected at 3 time-points, 1 hr, 8 hrs, and 24 hrs, as 

described previously.  These values were then added (error propagated) to produce 

a renal output value over the entire 24-hr period, to represent the minimum gold 

excreted on average.    

 For the small-molecule adsorbates GSH and pMBA, no gold was detected in 

the urine, blood, or any of the organs tested, figures 4.5 and 4.6.  Doubling the 

concentration of GSH-coated gold nanoparticles did not result in a detectable 

amount of gold in the blood or urine.  This is not surprising, as large quantities of 

GSH alone (up to 3 grams) administered orally do not cross the GI tract in 

appreciable amounts.137  

The addition of PEG to the nanoparticles had a profound effect on GI 

absorption.  The most surprising discovery was the high concentrations of gold 

detected in the blood and urine following oral administration of both the acid and 

neutral forms of the PEG4-modified nanoparticles, figures 4.5 and 4.6.  Detectable 

levels of gold were also discovered in the primary filtration organs, liver and 
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kidneys; confirming gold absorption followed by systemic circulation and organ 

targeting.  In contrast to the PEG4-modified nanoparticles, gold was not detected 

in the blood, urine, or tissues for nanoparticles modified with either the neutral or 

carboxylate forms of PEG12.  Gold was also undetectable in the blood and urine 

for the PEG24 conjugate.  However, a relatively small quantity of gold was found in 

the liver and kidneys for PEG12 gold conjugates, which suggests that they were 

absorbed in the GI tract, circulated systemically, and were concentrated in the 

filter organs.  Thus, while there was no noticeable dependence of GI absorption 

upon PEG charge, there appears to be a dependence upon PEG length, with 

shorter chain PEGs providing increased GI absorption. 

Figure 4.5.   Gold accumulation in blood and urine over a 24-hr period.   

Samples were collected at 1-hr, 8-hr, and 24-hrs and the gold 

concentrations measured at each time point summed to generate the bars 

shown.   Gold concentrations were undetectable in all administrations 

except for the PEG4 ligands. 
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TEM of urine samples collected following oral administration of the neutral 

PEG4-modified nanoparticles revealed particles with average diameters of 2.03 nm 

± 0.7 nm, figure 4.6.  As these nanoparticles are similar in size to PEG4-Au 

nanoparticles prior to administration 1.9 nm ± 0.4 nm, figure 4.3, we presume 

that the source of gold in the blood, urine, and organs was gold nanoparticles that 

traveled through the GI tract and circulatory system intact.  Together the ICP-MS 

and TEM data suggest that PEG4 dramatically increased the oral bioavailability of 

gold nanoparticles compared to what is afforded by small-molecule ligands such as 

pMBA, GSH, or citrate.   

Figure 4.6.   Gold distribution in the kidneys and liver for gold 

nanoparticles administered orally.   Detectable concentrations of gold were 

noted for PEG4 and PEG12 modified particles, indicating absorption in the 

GI tract.   PEG4 had the highest accumulation of all formulations, 

indicating PEG length may be responsible for gastrointestinal absorbance.   

No gold was detected for the other modified nanoparticles. 



69 
 

 
 

 Final consideration of the fate of these gold nanoparticles following oral 

administration was focused on the components of the GI tract itself—the stomach, 

intestines, and excreted feces, figure 4.8.  Feces were collected in the same manner 

and at the same time points as blood and urine and their values summed for 

comprehensive analysis over a 24-hr period.  Stomach and intestines were 

removed at the same time as the other organs, 24-hrs post administration.  The 

data show that gold was present in the GI tract and excreted feces following 

administration of all of the nanoparticles.  An increase in fecal gold mass with an 

increase in the concentration of GSH-Au nanoparticles administered was noted, 

indicating that input and output are correlative.  In addition, the mass of gold 

Figure 4.7.    Analysis of mouse urine after oral administration of 60 uM 

PEG4N gold nanoparticles.  Transmission electron microscope image of the 

putative gold nanoparticles concentrated from urine and their size 

dispersity. 
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detected in feces for nanoparticles modified with PEG24 was higher than its PEG4 

counterparts (Student’s T-test, 95% confidence interval), which is consistent with 

their relative absorption efficiencies.  No statistical difference was noted between 

the acid and neutral end groups with regard to excretion in fecal material.   

 

 

 The goal of this study was to begin to elucidate some basic design principles 

for the assembly of 2.0 nm diameter ligand-modified gold nanoparticles with 

increased oral bioavailability. Two small molecules were examined as ligands, the 

zwitterionic GSH and the anionic pMBA.  Gold conjugates modified with these 

Figure 4.8.  Fecal and gastrointestinal distribution of gold nanoparticles.   

Samples were collected at 1-hr, 8-hr, and 24-hrs and the gold concentrations 

measured at each time point summed to generate the bars shown.   

Nanoparticle concentrations were 60 µM except where indicated.    
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ligands were not detected in blood, urine, or any of the organs examined.  

Monolayers containing PEG, however, increased nanoparticle absorption in the GI 

tract dramatically, with the shorter PEGs providing increased absorption 

efficiencies.  This trend could be a function of hydrodynamic radius as larger 

particles have been shown repeatedly to hinder the absorption process.124,125  

However, this same trend has been noted even for free PEGs;130 an increase in PEG 

molecular weight from 600 to 1,000 Daltons produced a decrease in absorption 

from 60% to 9%.  The PEG4 ligands used in our study have molecular weights of 

395 or 454 Daltons, relatively close to the free PEG with the best absorption 

efficiency. 

 Although the mass of gold detected in the blood and urine following 

administration of PEG4-Au nanoparticles was similar for the neutral and 

carboxylic acid PEGs, there was a difference in how the two types of nanoparticles 

were distributed.  The PEG4-neutral nanoparticles appeared to be cleared via the 

renal system more rapidly, as they were found predominantly in the urine vs. the 

blood after 24 hrs.  In contrast, the PEG4-acid particles were found in a larger 

proportion in the blood vs. the urine in 24 hrs.  This is consistent with previous 

reports on gold nanoparticles modified with carboxylic acid and neutral PEGs, 

which showed longer circulation lifetimes for acid-terminated PEG-modified gold 

nanoparticles administered via subcutaneous injection.138   

 Finally, although we cannot accurately calculate the percentage of gold 

nanoparticles that were absorbed in the GI tract because we did not collect all of 

the urine excreted over the entire 24-hr time course, we can place a lower limit on 

the absorption efficiency.  For the PEG4-Acid, the mass of gold detected in the 
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urine, blood, and organs was on average 18 µg and the total mass administered 

was 360 µg.  The minimum average amount absorbed into the systemic circulation 

was thus ~5%.  This is several orders-of-magnitude larger than reported in 

previous studies. 

4.3.  Development of a Drug Conjugate with Limited Oral Bioavailability 

4.3.1 Collaboration and Intellectual Property Protection 

This project has been conducted in collaboration with Eli Lilly and Company 

pharmaceutics.  It involves a small drug molecule that is owned by Eli Lilly and 

Company.  Experiments in this project were conducted and analyzed critically by 

myself at the Feldheim lab and Eli Lilly scientists.  Some potentially innovative 

ideas for this drug have been developed during this research; which have been 

patented or could be in the future.  Due to the intellectual property rights at stake, 

the data for this chapter will be presented in a manner that protects said rights, 

yet provides an adequate understanding of the project objectives and 

achievements. 

4.3.2  Limiting Oral Bioavailability of a 2.0 nm Drug Gold Nanoparticle Conjugate 

In this project, the 2.0 nm gold nanoparticles synthesized would be utilized 

as a drug delivery platform for an Eli Lilly drug molecule.  The main objective is to 

develop a gold nanoparticle platform that will direct the Eli Lilly drug molecule to 

its target in the intestines, yet inhibit its distribution into other parts of the body.  

Administered orally as a free molecule this drug has been shown to be taken up by 

the body through the gastrointestinal tract lining.  Limiting this drug to the just 

the GI tract is vital, because non-specific absorption of it can cause deleterious 

effects to the gall bladder.  Developing a gold nanoparticle platform for the Eli Lilly 
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ligand could improve its efficacy and increase a patient’s margin of safety.  This 

project will take the prior research and use it to develop a conjugate with 

minimalized gastrointestinal tract permeability. 

4.3.3 Synthesis of Disulfide Drug Ligand 

The first objective of the project was to modify the drug molecule so that it 

could be conjugated to a gold surface.  One of the strongest interactions with gold 

involves thiolates, which is considered semi-covalent.139  The strength of the 

sulfur-gold interaction is approximately 45 kcal/mol; in comparison, a covalent C-

S bond has strength of 65 kcal/mol.140  It has also been shown that a disulfide 

molecule could be more stable than a mono-thiol on the gold surface, because it 

could provide up to two sulfur gold bonds.141,142  For this reason, we chose to 

modify the Lilly drug with a disulfide linker.  For stability and improved efficacy it 

occurred to us that using a spacer between the disulfide and the Lilly drug 

molecule could be beneficial.  For this reason a specific length PEG was chosen as 

the spacer, because it would not increase hydrophobicity of the drug molecule like 

an alkane chain spacer.  It is possible that the linker length would have to be 

optimized for maximum drug efficacy and minimization of absorption into other 

organ systems of the body.  The organic chemistry challenges of this task were 

performed by our resident organic chemist, Dr.  Ganghyeok Kim.  The modification 

of the drug did not inhibit the drug’s ability to bind to its extracellular protein 

target in vitro as determined by Eli Lilly. 

4.3.4 Place-Exchange of Drug Molecule onto Gold Nanoparticle Surface 

The next objective of the project was to conjugate the drug molecule to the 

surface of the gold nanoparticle.  Two different base monolayers were chosen for 
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the 2.0 nm gold nanoparticles either GSH or pMBA, as their biodistribution was 

limited to the gastrointestinal tract.  In previous Feldheim lab studies, most gold 

nanoparticle exchange reactions occurred in ultra-pure water.  However, these 

exchange conditions did not work for the hydrophobic Eli Lilly drug, which 

required an organic solvent to be soluble.  To conserve reagent, the Lilly drug was 

dissolved in the dimethyl sulfoxide (DMSO).  A new exchange solution had to be 

developed to optimize gold surface coverage.  A systematic approach was taken to 

find an optimum DMSO concentration, exchange ratio of drug to gold, pH, and 

other solution.  Ultimately an exchange solution of 10% DMSO and 90% ultra-

pure water adjusted to pH 10 gave optimum results.  Optimum results are 

determined by the highest coverage of drug on particle (mole drug/mole 

nanoparticle), which required the least quantity of drug for the ligand place 

exchange reaction.  Post-exchange, the gold drug conjugates were concentrated on 

10 kDa molecular weight cut-off filters and then dialyzed for 48 hours into a 1x 

phosphate-buffered saline solution at pH 7.4.  A table displaying the gold 

nanoparticle exchange conditions and results are in appendix A28. 

4.3.5 Characterization and Purification of Drug Gold Conjugate 

  Characterization of the gold-drug conjugates were performed via UV-Vis 

spectroscopy, transmission electron microscopy (TEM), nuclear magnetic 

resonance (NMR), polyacrylamide gel electrophoresis (PAGE), high performance 

liquid chromatography (HPLC), and high performance liquid chromatography in 

tandem with either mass spectrometry (LC-MS) or a UV-Vis detector.  Coverages of 

drug on particle were determined by UV-Vis spectroscopy data (see appendix A27 

for drug spectra and calibration curve).  The drug molecule (268 nm) and gold 
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nanoparticle (510 nm) absorbed light at specific wavelengths in the visible range.  

From this observation, calibration curves were plotted taking into consideration 

the limits set by the Beer-Lambert law and limit of detection for the 

spectrophotometer.  NMR was used on samples to confirm ligand attachment to 

the gold nanoparticle.  When the ligand is attached to the gold nanoparticle its 

proton signal broadens and proton signals close to the gold-sulfur bond shift 

slightly downfield.143  The signal broadening and ppm shift is due to the close 

proximity of the ligand to a diamagnetic layer at the surface of the gold 

nanoparticle.144  If the ligands were in solution with the gold nanoparticle but not 

adsorbed, then the spectral peaks would be sharp and have no shift.  Examples of 

this phenomenon are shown in NMR spectra of figure 4.4, but the actual spectra of 

the Lilly drug conjugates cannot be displayed as they may reveal relevant 

structural information about the drug.   

PAGE is another qualitative approach to determine if drug has exchanged 

onto the gold nanoparticle.  PAGE separates molecules based on charge and size. 

This separation occurs when an electric field is applied to the samples and the 

negatively charged particles move through a matrix of polymerized acrylamide.  

Large particles travel slower through the gel than small particles.  Additionally, a 

highly negative particle travels fastest through the gel, so a decrease in negative 

charge would slow the migration of a particle. The Lilly drug as a positive charge, 

so gold nanoparticles travel slower through the gel when drug ligands are attached 

to it. If the drug was in solution and not attached to the gold nanoparticle there 

would not be a significant gel shift, because the drug alone and would not migrate 

into the gel due to its positive charge.  The drug molecule (740 g/mole) is larger 
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than molecules that comprise the base monolayer, GSH (307 g/mole) or pMBA 

(154 g/mole); so attached Lilly drug ligands may increase the hydrodynamic 

radius of the gold drug conjugate and slow migration in the gel. A caveat of this 

characterization method is that the particles may have aggregated or etched 

during the exchange; thus, it is imperative to follow PAGE with TEM analysis of 

the particles. TEM will confirm that the diameter of the gold nanoparticle has not 

changed in diameter post-exchange.  Figure 4.9 exhibits the gel shift created when 

the drug is exchanged onto the surface of the gold nanoparticle. PAGE was 

(A) (B) (C) (D) 

Figure 4.9.  A polyacrylamide gel demonstrating the differences in migration, 

which is dependent on the gold nanoparticle monolayer composition.  Gold 

nanoparticle sample in lane (A) is p-MBA gold nanoparticles and lane (C) are 

p-MBA gold nanoparticles with drug conjugated to their surface. Sample in 

lane  (B) are GSH-coated gold nanoparticles and lane (D) are gluthione and 

drug gold conjugate. The gel is not stained in any way,  the image shows 

actual gold nanoparticles visible as a group migrating through the gel. 
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followed by TEM of the nanoparticles shown in figure 4.10.  Comparison of the 

exchange particles in the TEM images of figure 4.10 to the stock particles in figure 

4.3 confirms that the diameter of the gold drug conjugate did not change due to 

the exchange. 

 

PAGE combined with TEM analysis confirms presence of drug on the gold 

nanoparticle surface.  

 The Lilly drug ligand remained intact after conjugation to the gold 

nanoparticle.  The ligand was characterized after being etched from the gold drug 

Figure 4.10.  TEM images of gold nanoparticle conjugates. In image (A) are 

GSH drug  gold conjugates and image (B) are p-MBA drug gold conjugates. 

Note the stock GSH and p-MBA utilized and their images can be referenced 

in Figure 3.3. 

 

20 nm 20 nm 
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conjugate and then remaining ligands tested by HPLC and LC-MS. The particle 

was completely etched away by molar excess of small thiol, 200,000:1 p-MBA to 

one gold nanoparticle. Next, the p-MBA is selectively precipitated from the mixture 

by reducing the pH of the mixture to pH 3 with hydrochloric acid, and 

centrifugation at 1,000x RCF for 60 seconds.  The supernatant containing the 

drug ligand was removed and neutralized to pH 7.0 with sodium hydroxide. The 

supernatant was then tested by LC-MS and by HPLC via a UV-Vis detector.  The 

chromatograms and mass spectra are shown in appendices, A24-A26.  The LC-MS 

results confirmed presence of a molecule at 740 g/mole. Unfortunately, the LC-MS 

experiment was run without a set of standards, so the results were solely 

qualitative. It was evident that whole drug molecule persisted through an exchange 

onto the gold nanoparticle, but it could not determine how much drug degraded or 

if any. To determine the possible degradation the etched particle drug solution was 

compared to the stock drug in an HPLC experiment.  The drug was detected by a 

UV-Vis detector and the wavelengths were set at 268 nm, where the drug absorbs 

strongly.  The chromatograms of the drug stock, and the etched gold drug 

conjugates displayed only one strong peak at approximately 6 minutes. If the drug 

had decomposed it would have appeared on the chromatogram at a time shorter 

than the 6 minutes, because the HPLC experiment separated molecules in solution 

by size and small molecules eluted from the column more quickly than large 

molecules. 

4.3.6 Stability of Drug Gold Conjugates 

Determination of the drug-gold conjugates stability in cell culture media and 

in simulated gastrointestinal conditions had to be completed before in vitro or in 
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vivo testing.  If the gold drug conjugates were unstable, then they would likely 

have little or highly variable efficacy.  Eli Lilly researchers were performing in vitro 

assays and the gold nanoparticles needed to show stability in their mammalian 

cell growth media.   The cell culture media assay was completed in 96-well plates 

with a minimum of 3 replicates and monitored by UV-Vis at 510 nm, where the 2.0 

nm gold nanoparticles absorb light the most. Each well contained cell culture 

media at pH 7.4 with gold nanoparticles spiked into the solution.  A change in 

absorbance indicates a change to the size of the gold nanoparticle, because the 

particles absorbance wavelength is related to surface plasmon resonance which is 

dependent on gold nanoparticle size and shape. Ideally, the absorbance of the gold 

nanoparticles at 510 nm would not change, which would indicate that the 

nanoparticles remain suspended in solution. If the nanoparticles aggregate the 

solution becomes clear and the absorbance decreases.  The p-MBA based drug-

gold nanoparticle conjugates had solubility issues in the cell growth media at a pH 

less than 10.0 and completely aggregated immediately when added to the wells.  

Since physiological conditions at a pH of 7.4 are required for this cell culture 

assay, the p-MBA particles were not analyzed further. Drug-gold conjugate with a 

base GSH monolayer demonstrated higher stability than the unconjugated gold 

nanoparticle, as shown in figure 4.11. 
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Similarly, the gastrointestinal tract stability assay displays stability of the drug-

gold conjugate in comparison to the GSH base nanoparticle platform.  The 

gastrointestinal stability assay varied the pH, length of time the nanoparticles 

reside at a specific pH, and consistent orbital shaking to simulate conditions of a 

human GI tract.  Considering the possible variability of stomach and intestine 

transit time it was decided to go by 50% emptying time.  To empty by 50%, the 

human stomach requires approximately 2.0 hours and the small intestines 3 

hours.135,145  Overall, the Lilly drug-gold conjugates were robust despite facing 

harsh simulated conditions of the gastrointestinal tract or complex matrix of the 

cell growth media.   

4.3.7 In Vitro assays with Drug Gold Conjugate 

Figure 4.11.  Cell Culture Media Assay that monitored of the absorbance at 

the surface plasmon resonance wavelength max at 510 nm of  the 2.0  gold 

nanoparticles. Navy absorbance values are gold drug conjugate with a GSH 

base monolayer. Gold absorbance values are unconjugated stock GSH gold 

nanoparticles. 
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Proprietary in vitro mammalian cell assays were run using the Lilly drug-

gold conjugates.  Results from these assays revealed a specific GSH based drug-

gold conjugate that had a promising EC50, but the value was not equivalent to the 

free drug molecule.  If possible, to improve the sensitivity to the drug the PEG 

linker length could have been increased in length.  There could have been the 

possibility that greater distance between the drug and the gold nanoparticle would 

allow the drug more mobility to reach its target.  Despite a literature search, it 

seemed uncertain whether a GSH based nanoparticles itself could lower the drug’s 

effectiveness in vitro.  Albeit the drug-gold nanoparticle lacked the same 

effectiveness to the parent drug molecule, the results were promising enough for 

the team to move forward with initial animal studies. 

4.3.8 In vivo studies With the Drug Gold Conjugate 

Animal studies were conducted on mice in triplicate by Eli Lilly researchers, 

then serum and organ samples were collected and sent to me the University of 

Colorado.  The organ samples were digested in nitric acid, boiled down, and 

resuspended in 5.0 mL of ultra-pure water.  The serum samples were diluted by 

1:1000 in water.  Then, both the prepped serum and organ samples were 

submitted for elemental gold analysis by ICP-MS and analyzed samples are 
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Figure 4.13.  Biodistribution data of organs and excrement of three mice 

administered one 200 µL dose of 60 µM gold nanoparticle conjugate. Note 

the intestine samples of mouse 2 is only a fraction of the total sample due 

to a sample processing error. 

Figure 4.14.  Time course of gold concentration in serum after 3 mice were 

treated with a single dose of the drug gold conjugate. Note the serum gold 

concentrations are several orders of magnitude lower than the pegylated 

gold conjugates of the early bioavailability study in chapter 3. 
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displayed  in figures 4.13 and 4.14.  Unlike the GSH base nanoparticles, the drug-

gold conjugates were absorbed by through the GI tract; however, the drug-gold 

conjugates were absorbed far less than free parent drug.  Levels of gold in the 

intestine were much higher than samples collected and measured for the gold 

nanoparticles tested in the above bioavailability study, which means the drug was 

in the region that it targets.  Note, due to a processing issue the intestine in mouse 

2 is representative of approximately 10% of the total sample.  The marginal 

absorption of the drug conjugates may be due to the PEG linker of the modified 

Lilly drug molecule.  Based on the bioavailability data shown above, absorption of 

the drug-gold nanoparticle could be further minimized by increasing the PEG 

spacer length of the modified drug.  

4.4 Conclusions and Future Directions 

 The ease with which gold nanoparticles may be synthesized and modified 

with a plurality of ligands makes them attractive candidates as imaging agents, 

therapeutics, and therapeutic delivery systems.  The most attractive route for 

administering drugs and diagnostic agents is orally.  The ability to modify gold 

nanoparticles to facilitate their gastrointestinal absorption could create new 

opportunities in medicine, particularly for diseases that require frequent 

administrations and prolonged treatments, and in regions of the world where other 

forms of administration are impractical and engender a significant health risk 

(e.g., intravenous injection).  The gold nanoparticle antibiotics discovered in our 

lab are one example where oral bioavailability will be important if a translation to 

the clinic is to be made.  It is interesting to consider further the possibility that 

therapeutically viable drugs that have been shelved due to poor oral bioavailability 



85 
 

 
 

might be rescued via conjugation to PEG4-modified gold nanoparticles.  It is 

equally important to not overlook the observation that certain PEGs and small 

molecules can prevent nanoparticle absorption in the GI tract.  Many important 

disease targets exist in the small and large intestines, and confining a drug to the 

GI tract can lower the therapeutic drug dose required and prevent side effects that 

occur upon systemic circulation.  Although we have yet to investigate whether 

PEG4 can be combined onto gold with other small molecules without 

compromising GI absorption efficiency, the results presented here suggest that 2.0 

nm diameter gold nanoparticles containing PEG4 may be a useful platform for the 

synthesis of orally bioavailable nanoparticle therapeutics, while nanoparticles 

modified with pMBA, GSH, or PEG24 may be suitable for therapeutics designed for 

intestinal targets.  From the results of these studies, we approached an 

antimicrobial gold nanoparticle developed in the Feldheim lab to create an in vivo 

model for it. 

4.5 Methods and Materials 

4.5.1 Synthesis of gold nanoparticles     

GSH-coated gold nanoparticles and pMBA-coated gold nanoparticles were 

synthesized according to our previous publications.16, 20 A solution of 20 mM 

HAuCl4 (Strem, Newburyport, Massachusetts) dissolved in 20 mL of methanol was 

combined with either 16 mL of 85.0 mM GSH in ultrapure water (Sigma Aldrich, 

St.   Louis, Missouri), or 85.0 mM pMBA dissolved in pH 12 ultrapure water.    

Gold mixtures were allowed to equilibrate for 15 minutes while stirring.   The 

solutions (0.40 mmoles of Au3+) were diluted to a final Au3+ concentration of 0.55 

mM with the addition of 202 mL ultrapure water and 186 mL methanol.   The Au3+ 
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was reduced with 7.2 mL of a 0.25 mM aqueous sodium borohydride (Sigma 

Aldrich) solution.   The reduction was allowed to proceed for 24 hours at room 

temperature with constant stirring.   Gold nanoparticles were precipitated with the 

addition of 120 mmoles of NaCl in 720 mL methanol followed by centrifugation at 

3200 RCF for 5 minutes.   Precipitated nanoparticles were reconstituted in water.   

The concentration was measured by UV-visible spectroscopy using the extinction 

coefficient of 400,000 M-1cm-1 at 510 nm.   The diameter of the pMBA-Au 

nanoparticles was 1.7 ± 0.40 nm as determined by transmission electron 

microscopy (TEM).   This size is similar to  pMBA-Au nanoparticles characterized 

by x-ray crystallography to have a molecular formula of Au144(pMBA)60.
146 The 

diameter of the GSH-Au nanoparticles was 2.0 nm ± 0.60 nm.    

4.5.2 Place-exchange of PEG onto glutathione gold nanoparticles     

Stock solutions of the cyclic disulfide-terminated Polyethylene Glycols 

(PEGs), from Quanta Biodesign, were prepared in either water (PEG4-Neutral, and 

PEG24-Neutral) or dimethyl sulfoxide (PEG4-Acid, PEG12-Neutral, PEG12-Acid).   

To a 10 µM solution of GSH-coated gold nanoparticles in Milli-Q water (18 mΩ), an 

aliquot of PEG stock solution is added to a final concentration of 1mM.   Exchange 

was replicated in 20 individual tubes each with a total volume of 4 mL.   Solutions 

were placed on a shaker at 19°C and allowed to mix for 24 hours.   Particles were 

precipitated by adding 2.0 mL of a 4.0 M NaCl solution followed by centrifugation 

at 3200 RCF for 15 minutes.   Precipitated particles were allowed to air dry for 24 

hours.   Particles were then suspended in water, all 20 tubes combined, washed 

three times over a 30K MWCO amicon filter.   The final concentration was 

determined by UV-visible spectroscopy as described above.  
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4.5.3 Place-exchange of Lilly Drug onto 2.0 gold nanoparticles    

Stock solutions of the drug were prepared dimethyl sulfoxide.  To a 10 µM 

solution of GSH-coated or p-MBA gold nanoparticles in Milli-Q water (18 mΩ), an 

aliquot of PEG stock solution is added to a final concentration of 200-400x the 

concentration of the gold nanoparticles.  Exchange was replicated in 15 mL 

individual tubes each with a total volume of 4 mL.  Solutions were placed on a 

rotisserie at 25°C and allowed to mix for 24 hours.  Particles were concentrated 

10x with 10 kDa MWCO amicons by centrifugation at 3200 RCF for 15 minutes 

and then dialyzed against 1x phosphate-buffered saline pH 7.4 for 48 hours with 

buffer changes every 4 hours.  Particles were then characterized and quantitated 

by NMR, PAGE, HPLC, and UV-Vis.  

4.5.3.1 UV-Vis characterization   

The spectrum for the Lilly drug was recorded in triplicate. The drug had its 

strongest peak at 268 nm and no absorbance at 510 nm.  Serial dilutions of the 

drug were made and their spectra recorded in order to create a calibration curve 

for the drug, which can be seen in appendix A27. The spectra of the stock gold 

nanoparticles were recorded in triplicate, and the ratio of absorbance at 

510nm/268nm was calculated to be 1.83.  The gold nanoparticle had a surface 

plasmon peak at 510 nm, and also absorbed at 268 nm. For each gold drug 

conjugate the absorbance at the wavelength of 510 nm was recorded, and then 

concentration of total gold nanoparticle and theoretical absorbance was calculated 

for the base gold nanoparticle at 268 nm.  The observed absorbance at 268 nm of 

the gold drug conjugate was subtracted from the theoretical absorbance. The 

subsequent value was inputted into the calibration curve to determine the drug 
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concentration.  The ratio of drug ligand to nanoparticle was calculated by dividing 

the calculated concentration of drug by nanoparticle. 

4.5.4 Gold Nanoparticle Stability Assay in Cell Culture Media 

Into a NUNC 96-well flat bottom plate cell culture media, Gibco Dulbecco’s 

Modified Eagle Medium (D-Glucose 4.5g/L, no L-glutamine, no sodium pyruvate, 

no calcium chloride, no dye), Reference #21068-028 500 mL, was distributed by 

300 µL of per well with 5 repeats per  the blank, no gold nanoparticle control,  and 

experimental. 3.0 µL of gold nanoparticles was added per well as to achieve an 

absorbance less than 1.0 O.D.  Each well was pipette mixed and the zero time 

point taken by UV-Vis.  Further time points were taken every 10 minutes 

immediately after being rotary mixed by the Omega 96-well plate UV-Vis reader. 

4.5.5 Nuclear Magnetic Resonance spectroscopy (NMR)    

NMR was used to assess the extent of ligand substitution.   The gold 

nanoparticle samples were analyzed by 1H NMR on a 500 MHz Varian Inova 

spectrometer in a solution of deuterium oxide/water with a water suppression 

program.   For comparison, pure ligands were suspended in a mixture of 

deuterium oxide/water for all PEG and small molecules except for PEG12N, which 

was in a mixture of 90% D2O:10% DMSO.    A gradient COSY was run on both the 

GSH ligand and GSH coated nanoparticle to show correlative cross peaks of J-

coupled signals.   All spectra can be found either in figure 4.4 or within the 

appendices, A16-A23. 

4.5.6 Transmission Electron Microscopy (TEM)    

TEM grids were prepared by placing a drop of the gold nanoparticles on a 

carbon film-covered copper mesh grid for a minute and then excess solution was 
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wicked away with a paper filter.    Grids were then allowed to air dry for 45 min 

before being imaged by TEM. The subsequent TEM images were analyzed by 

Image-J to determine the size distribution of the gold nanoparticle cores.   A 

minimum of 100 particles were measured before analysis of size distribution. 

 Samples of urine were concentrated of 30 kDa MWCO amicons and washed 

three times with 400 µL volumes of milli-Q water.    Then 5 µL of the resultant 

sample was applied to a copper grid and the excess solution wicked away.    Due 

to excess salt the grids were rinsed twice with ultrapure water, by applying 10 µL 

of milli-Q water, wicking the solution away, and allowing the grid to dry.  

4.5.7 Animal Models     

Animals were housed at the Keck Facility, a University of Colorado Division 

of Animal Care (DAC) facility, fully certified by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AALAC).   Animals were housed under 

the full supervision of the full-time veterinarian and staff.   All procedures 

performed were previously approved by the University of Colorado’s Institutional 

Animal Care and Use Committee (IACUC).   Balb/c, 5-6 week, 15-16 gram, female 

mice were purchased from Harlan Laboratories.   Nanoparticle formulations were 

prepared in Milli-Q water (n = 5 mice per formulation).   Plastic oral gavage needles 

(20 gauge, 3.8mm length) were purchased from Instech Soloman.   A 60 µM or 120 

µM concentration in 200 µL volume of each nanoparticle formulation was 

administered to five individual mice by oral gavage (45 mice total).   Blood was 

drawn via submandibular bleeding techniques,24 in compliance with our protocol 

and bleeding guidelines for mL/kg body weight per week.147 Urine was collected on 

cellophane with precautions taken to avoid fecal contamination.148 Feces were also 
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collected separately on cellophane.   Mice were euthanized at 24 hours by carbon 

dioxide asphyxiation followed by cervical dislocation.   Three mice were sampled 

from each group for biodistribution analysis.    

4.5.8 Sample Collection and Preparation     

Blood, urine, and tissue samples were prepared as described in Simpson et 

al.   with no modifications or exceptions.20 Fecal samples were prepared by 

digestion in 500 µL of 70% Hydrochloric Acid Optima overnight and the emulsion 

was diluted with ultrapure water down to 7% HCl. 

4.5.9 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) analysis  

Analysis of gold content in biological samples was performed using a Perkin 

Elmer SCIEX ICP-MS (Model # Elan DRC-e, Vernon Hills, Illinois) at the University 

of Colorado Laboratory for Environmental and Geological Sciences (LEGS).   

Statistical analysis of samples was performed involving the student T-test (95% 

confidence level) with units in µg/mL. The detection limit of the instrument was 

0.02 ppb (0.02 ng Au/mL) sample.    

4.5.10 Aggregation study using relative stomach and intestinal pH     

In order to determine if the gold nanoparticles could withstand the pH and 

temperature of the mouse and human gastrointestinal system—37 ºC and pH as 

low as 2 and as high 8—samples of each gold nanoparticle formulation were tested 

for stability in aqueous solutions with pH ranging from 2 to 8.149 This was 

accomplished by adjusting the pH of 20 µM solutions of gold nanoparticles to pH 2 

with HCl, heating to 37 ºC, and shaking for 2 hrs.   The samples were monitored 

by UV-visible spectroscopy to determine the extent of aggregation.   The samples 

were then adjusted to pH 8 to simulate conditions with the intestine, and 
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subsequently warmed to 37 ºC and shaken for an additional 4 hours.   The results 

were then compared to a set of controls at pH 5 that did not undergo any pH 

adjustments. 

4.5.11 Polyacrylamide Gel Electrophoresis 

 Pre-made 15% polyacrylamide gels were purchased from Bio-rad.  Each gold 

nanoparticle sample was prepared by loading 2 µL of ~ 700 µM gold nanoparticle 

with 6 µL of 50% glycerol.  Samples were loaded into the wells of the gel. The 

electric field was applied with 150 Volts and 2 Watts of power for a total of 40 

minutes.  Gold nanoparticle migration was visible by eye and imaged with a 

camera. 
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Chapter 5:  Toxicity and Bioavailability of Potential Gold Nanoparticle 
Antibiotics in vivo 

5.1 Introduction 

 Emerging infectious diseases are a perpetual problem world-wide as new 

multi-drug resistant strains of bacteria develop and spread.   These new bacterial 

strains create a clamor for better therapeutics as existing antibiotics lose 

efficacy.150  The CDC has listed current national threat levels corresponding to 

emerging infectious pathogens like Methicillin Resistant Staphylococcus Aureus 

(MRSA), drug resistant Tuberculosis (MDR-TB and XDR-TB), and Clostridium 

difficile.8 Many of the CDC listed pathogens have been categorized under urgent or 

serious threat levels, which emphasizes the need for new antibiotics.8  As a 

solution some research groups have been investigating the use of ligand capped 

gold nanoparticles as possible antimicrobials, including the Feldheim group.  In 

this project, the gold nanoparticle 

antimicrobial LAL-32 has been 

investigated in a murine model to 

determine its toxicity and bioavailability in 

vivo. 

 5.1.1 Small Variable Ligand Display 

Antimicrobials 

In the combinatorial library 

approach mentioned in chapter 1, the 

Feldheim group developed a gold 

nanoparticle system for use against drug 

resistant pathogens called Small Ligand  

Figure 5.1.  Core library of thiols 

used to create mixed ligand 

monolayers on the gold 

nanoparticle conjugates. 
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Variable Display (SMVLD).46  The SMVLD method utilizes para-

mercaptobenzoic acid (pMBA) modified gold nanoparticles as the base material.  

Specific ratios of small molecule thiol ligands are then exchanged onto the base 

particles to form mixed monolayer conjugates, often compromised of 2-4 different 

thiols.47 Figure 5.1, shows the core library of thiols used to make the variable 

ligand gold conjugates.   From the core library of thiol ligands, a 120 gold 

conjugate library was created and each conjugate was tested to determine its 

ability to inhibit or kill pathogens like E.  coli, K.  pneumonia, S.  Aureus, M.  

smegmatis, and etc.46,48,49  

A gold conjugate’s ability to inhibit or kill bacteria is determined by the 

minimum inhibitory concentration (MIC99.9) of gold nanoparticles necessary to 

retard bacterial growth by 99.9%.151  Some of the SMVLD sourced gold conjugates 

have antimicrobial properties on par with small molecule antibiotics in regards to 

their potency, stability, and in vitro toxicity.46–48,152 Gold conjugates have MICs 

ranging from 0.25 - 25.0 nM (see table 5.1). Comparatively the common 

antibiotics, Ciprofloxacin and Imipenem are potent against multiple bacterial 

Table 5.1.   Gold Conjugates and their MIC99.9 values for specific bacteria 

Conjugate ID Thiol ligands Inhibited Bacteria IC99.9 (µM) 

LAL-6 1, 2, 8 S.  Aureus (ATCC 29213) 10.0 

LAL-32 5, 6, 8 E.  coli (BAA-199) 0.156 

LAL-32 
5, 6, 8 

5, 6, 8, EG E.  coli (ATCC 25922) 0.25 

LAL-32 5, 6, 8 K.  pneumoniae (BAA-2146) 0.625 

LAL-3346 6, 8, 9 M.  smegmatis 6.0 

LAL-52 5, 6, 11 K.  pneumoniae (BAA-2146) 1.25 
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strains, with MICs ranging from 7.0 nM-42.0 µM.152 Similar to other liquid 

antibiotics, aqueous solutions of gold antimicrobials are stable for weeks to 

months.153  In mammalian cell toxicity in vitro many of the gold conjugates have 

therapeutic indices above the narrow therapeutic standard, which means they are 

potent antimicrobials that have low toxicity to mammalian cells.  All common 

antibiotics have therapeutic indices greater than the narrow therapeutic 

standard154,155 Under section 320.33(c) of Code of Federal Register 21, the Food 

and Drug Administration defines a drug product as having a narrow therapeutic 

ratio if there is less than a 2-fold difference between the median lethal dose and 

effective dose.156 In other words, it is the difference of how effective a drug is 

compared to lethality.  The gold conjugates isolated from the SMVLD method 

encompass positive attributes on par with antibiotics. 

The LAL-32 conjugate may be the most promising antibiotic candidate. LAL-

32 incorporates 3 main ligands, see figure 5.2.  It has been shown to be potent 

against multiple strains of bacteria (see table 5.1) and a therapeutic index of 400, 

which is well above the narrow therapeutic ratio. Most intriguing, LAL-32 has low 

susceptibility to drug resistance; in fact data indicated that E.coli failed to gain 

resistance to LAL-32 during a 50 day resistance assay.  These qualities make LAL-

32 an excellent candidate as an antimicrobial in general, but further studies 

needed to be done to determine its in vivo toxicity, biodistribution, and to 

maximize its delivery to the body.  

5.2 Results and Discussion 

5.2.1 Initial in vivo Toxicity and Biodistribution of LAL-32 



95 
 

 
 

 The following experiment details the in vivo toxicity, clearance, 

biodistribution of LAL-32 in a murine model.  The initial toxicity was tested in a 24 

hour time course as part of humane animal husbandry.  The dosage administered 

was a single 200 µL intraperitoneal injection at a concentration of 10.0 µM and 

60.0 µM.   The initial dosage of LAL-32 to be administered was determined from a 

preliminary toxicity study, which mice were administered 2.0 nm gold 

nanoparticles composed of a glutathione 

(GSh) surface monolayer.136  GSH is one of 

the three ligands incorporated into the LAL-

32 surface monolayer, see figure 5.2. Drug 

formulations diffuse from the injection site 

based off of size and charge.157,158 Although, 

the GSH and LAL-32 nanoparticles have the 

equivalent size dispersity, they may diffuse at 

different rates into tissue. Despite differing 

ligand composition between the 

nanoparticles, basing the initial dosage on 

GSH remains a good estimation method. 

 Figure 5.3, shows clearance and 

biodistribution data for vital organs, urine, and blood data of all concentrations of 

LAL-32 utilized for the initial study.    24 hours post-administration of LAL-32, it 

was found that the mice tolerated the 10.0 

Figure 5.2. Ligands of LAL-32 

are glutathione (5), cystamine 

(6), and 3-mercapto-1-

propanesulfonate (8). and LAL-

32EG also includes ligand EG. 
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Figure 5.3.  Biodistribution data of blood, urine, and organ data.   The 10 uM 

concentration has biodistribution data from 24 hour through 12 weeks.  

However, the 60 uM concentration has organ data for only the first 24 hours. 
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µM dose well. However, the 

mice given a higher dose of 

60.0 µM showed visible 

distress and excreted 

abnormal appearing dark 

brown urine; in consequence, 

all mice treated with a 60.0 µM 

dose were euthanized 

according to humane practices 

prescribed in the IRB protocol.   

The abnormally dark urine 

could indicate either rapid 

particle clearance or blood in 

the urine. Blood in the urine 

would point to serious renal 

toxicity.  Kidney samples were 

sent to Histotox Labs in 

Boulder for histology and 

pathology analysis to 

determine renal damage.  

Figure 5.4 displays the 

confocal microscopy images of 

the kidneys for the three dosages of gold conjugates administered to the mice.   

Histology of the kidneys conducted by Laura Healy DVM at Histotox determined 

(B) 

(C) 

(A) 

Figure 5.4.   Microscopy images of mouse 

renal samples: (A) control mouse administered 

0 µM gold nanoparticle solution of buffer only, 

(B) mouse administered 10 uM dose of LAL-

32, (C) mouse administered 60 uM dose of 

LAL-32. 
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that the gold nanoparticles did not induce any apparent renal toxicity for any gold 

nanoparticles samples administered to the mice.   All findings were well within 

normal background including: basophilic tubules as they are typically a 

regenerative response with increased nuclear density and basophilic cytoplasm, 

the minimal evidence of tubule epithelial cell degeneration is considered normal 

epithelial turnover, and  minimal lymphocyte infiltrates are normal in the kidney.   

From the clearance, biodistribution, and toxicity results it was determined that the 

clearance rate of the gold nanoparticles did not cause any apparent toxicity to the 

mice.   

5.2.2 Modifying LAL-32 with Polyethylene glycol 

The next step of the study aimed to increase LAL-32’s half-life in the body 

and in to reduce stress on the mice.   To obviate the problem, a small amount of a 

thiolated polyethylene glycol (EG), HS-(CH2)11-(OCH2CH2)3-OH, was incorporated 

into the LAL-32 monolayer in a 5:1 ratio of PEG to the LAL-32 gold conjugate.  

Conjugation of  PEG to a drug carrier can increase circulation time by slowing 

diffusion rates from injection sites.159–161 Pegylation of the particle is better than 

adding PEG to the injection formulation, because it diffuses with the particle.  It is 

possible that when PEG is used as part of the drug formulation, it will diffuse out 

of the tissue quicker than the drug. This could destabilize the drug and cause it to 

precipitate in the tissue.158  Incorporation of an undecane chain linker between the 

thiol and PEG ligand could increase circulation half-life of the gold conjugate, 

based on research showing that longer alkane chains on PEG can enhance 

circulation half-life in liposomes.162 Most importantly, the ratio of five PEGs to one 

LAL-32 nanoparticle was utilized to prevent the PEG from monopolizing more than 
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10% of the monolayer surface, the threshold level in which the LAL-32 particles 

began losing antimicrobial activity.163  The newly modified conjugate was labeled 

LAL-32EG, and in vitro tests showed equivalent potency to E. coli and lack of 

toxicity for mammalian cells equivalent to LAL-32.  The experiment moved forward, 

and mice were administered a single intraperitoneal LAL-32EG dosage of 200 µL at 

60 µM 

It was found that the mice could safely tolerate the 60 µM dosage 

administered of the LAL-32EG gold conjugate.  As shown in the data of the ICP-MS 

gold elemental analysis of Figure 5.7, the LAL-32EG nanoparticles have slower 

blood and urine clearance, which could reduce stress on the mice.  The gold blood 

circulation half-life was estimated to be 7.4 ± 3.0 hours using a first-order kinetics 

Figure 5.6 Blood half-life graph for 60 µM injection of LAL-32EG gold 

conjugate. 
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and 50% confidence limit model as shown in Figure 5.7. Pathology results of LAL-

32EG confirmed the particles did not cause renal toxicity.   

 Figure 5.8 displays the gold ICP-MS results from main bodily organs.  When 

comparing LAL-32 and LAL-32EG biodistribution, the pegylated version has lower 
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Figure 5.7.  Urine and Blood clearance of LAL-32EG from mice during a 24-

hour time period.   Blue indicates individual data values, and square points 

indicate the average gold concentration per time period. 
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initial concentration at 24 hours, which may be due to the particles slowly 

diffusing from the intraperitoneal cavity into the body.   The particles require an 

extensive amount of time to clear the organs.  Unlike LAL-32, the pegylated version 

of the conjugate had not completely cleared the body by 3 months time.   

5.3 Conclusions & Discussion 

 Gold nanoparticles have the promise to being beneficial antibiotics.  The benefit 

of the SMVLD antibiotics is the ability to tune the surface monolayers for 

inhibition of specific pathogens; possibly leaving other important microbiome 

residents safe.   In this chapter, studies of LAL-32 have been carried into animal 

studies.   The work here showed that it is possible to safely administer this 
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Figure 5.8.   Organ distribution data for a 60 uM injection of LAL-32EG  

from 24 hours through 12 weeks. 
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nanoparticle to mice without significant toxicity.  The pegylation of LAL-32 slowed 

clearance of LAL-32EG from the body. Longer circulation time could translate to 

improved efficacy times in vivo.  Next steps for LAL-32 should include testing in a 

disease model in vivo to determine what real life infection scenarios that the 

nanoparticles would have highest efficacy.  Possible examples could include use in 

topical would dressings or for gastrointestinal infections, as both would permit 

facile administration to a patient in large quantities.   At the time of original 

research, it was difficult to determine how much of these gold conjugates could be 

available in the body via oral administration.     

5.4 Methods and Materials 

5.5.1 Synthesis of gold nanoparticles    

 para-mercaptobenzoic acid-capped gold nanoparticles (p-MBA-Au) were 

synthesized as previously described.47 A solution of 11.1 mM HAuCl4 (Sigma 

Aldrich), 37.8 mM p-mercaptobenzoic acid (p-MBA) (TCI-America), 178 mM NaOH 

in 55.6% (v/v) aqueous methanol was prepared and allowed to equilibrate for 24 

hours with constant stirring.  50 mL of this solution (0.556 mmoles of Au3+) were 

diluted to a final Au3+ concentration of 0.48 mM with the addition of 260 mL 

methanol and 740 mL water.   The Au3+ was reduced with the addition of 10 mL of 

0.25 M NaBH4 (Sigma Aldrich).  The final methanol concentration was adjusted to 

25.8% with the addition of 100 mL of water.   The reduction of gold was allowed to 

proceed for 48 hours at room temperature with constant stirring.  Gold 

nanoparticles were precipitated with the addition of 68 mmoles of NaCl and 500 

mL of methanol (final methanol concentration of 47% v/v) followed by 

centrifugation at 3200 RCF for five minutes.  The precipitated nanoparticles were 
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reconstituted in water.  The concentration was measured by UV-visible 

spectroscopy, using the ε510 nm of 409,440 M-1cm-1.   Further, it was noted that the 

source of reagents for this synthesis is important to the preparation.   Ensuring 

that reagents were not stored with other chemicals that could react or contaminate 

them was also critical.  Transmission electron microscopy (TEM) was used to 

determine the average size of the particles. 

5.5.2 Place exchange reactions  

 One-pot place exchange reactions were conducted with 7.4 μM gold 

nanoparticles in 4 mL of 20 mM pH 9.5 sodium phosphate buffer.   Feed ratios of 

thiols were as follows: thiols 5 and 8 were utilized in 33X molar excess of gold 

nanoparticles, while thiol 6 was utilized at 46X molar excess of gold nanoparticles.   

Thiol EG was utilized in 5X molar excess of gold.   Stocks of thiols were 20 mM in 

water.   Reactions were placed on a plate shaker and agitated for 24 hours at 

19°C.   The exchange product was harvested through the addition of 40 mmoles of 

NaCl and a volume of methanol equal to that of phosphate buffer and added salt.  

Reactions were centrifuged at 3200 RCF for 30 minutes.   Precipitated 

nanoparticles were resuspended and precipitated with the addition of NaCl and 

methanol two times to remove excess unreacted thiol.   Particles were allowed to 

dry to completion overnight at room temperature and resuspended in water and 

washed with water over a 10K MWCO amicon filter to remove excess salt and thiol.  

TEM was used to determine the size of the exchange product LAL-32.  The size 

distribution was observed to increase slightly, with particles ranging in size from 

ca.  1.3 nm to 2.7 nm (size standard deviation of 0.4 nm vs.  0.2 for pMBA-Au).   

As the molar extinction coefficient for gold nanoparticles in this size regime does 
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not change considerably (2.33 x 105 M-1cm-1 and 1.29 x 106 M-1cm-1 for 1.3 nm 

and 2.7 nm diameter gold nanoparticles),164 the extinction coefficient reported 

above for 2.2 nm diameter particles was used to prepare solutions of LAL-32 for 

bacterial growth inhibition assays.  UV-visible spectroscopy confirmed that the 

major product in the synthesis of LAL-32 consisted of particles with similar visible 

light extinction characteristics to the starting pMBA-Au nanoparticles.   This 

experimental section is from Dr.  Jamee Bresee. 

5.5.3 Animal protocols   

Animals were housed at the Keck Facility, a University of Colorado Division 

of Animal Care (DAC) facility, fully certified by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AALAC).  Animals were housed under the 

full supervision of the full-time veterinarian and staff.  All procedures performed 

were previously approved by the University of Colorado’s Institutional Animal Care 

and Use Committee (IACUC) under the IRB IACUC protocol 1110.01, approved on 

11/2011.   Balb/c, 5-6 week, 15-16 g, female mice were purchased from Harlan 

Laboratories.  All animals were allowed 1 week for acclimation prior to 

experimentation.   Nanoparticle formulations were prepared in Dulbecco’s PBS (n = 

15 mice per concentration of LAL-32; n = 25 mice per concentration for LAL-

32EG).  A 10 µM or 60 µM concentration in 200 mL volume of each nanoparticle 

formulation was administered to individual mice by intraperitoneal injection.  

Blood was drawn via submandibular bleeding techniques in compliance with our 

protocol and bleeding guidelines for mL/kg body weight per week.  Urine was 

collected on cellophane with precautions taken to avoid fecal contamination.  Mice 

were euthanized at 24 hours, 2 weeks, 4 weeks, 8 weeks and 12 weeks by carbon 
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dioxide asphyxiation followed by cervical dislocation.  Five mice were sampled from 

each group for biodistribution analysis.   

5.5.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)    

Fluid and tissue samples were prepared as follows a 20 μL standard blood 

and 10 μL urine samples were used due to limitations in fluid collection.  The fluid 

sample was then added to a 5.0 mL solution of distilled water.  Organ samples 

were excised, weighed, and digested in nitric acid (Optima grade, 70%).  The 

samples were then heated to dryness, at which point the remnants were 

transferred to a solution of 5.0 mL distilled water.  All samples were then analyzed 

in duplicate by ICP-MS for gold content using a standard calibration.   A blank 

and three standards were used for calibration.   Analyses of diluted fluid and 

tissue samples were performed on a Perkin Elmer SCIEX ICP-MS (Model # Elan 

DRC-e) at the University of Colorado Laboratory for Environmental and Geological 

Sciences (LEGS).  Statistical analysis of samples was performed as described in 

Simpson et al.  with no exceptions.   The detection limit of the instrument was 

0.02 ppb or .02 ng Au/mL sample. 
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APPENDIX A 

A1.  Polyacrylamide gels of protein in 400 µL non-endemic urine before and after 

treatment with proteinase K. The gels have been stained with silver stain in 

order to visualize how the proteins ran on the gel.  Variables in this experiment 

are time, CaCl2 , and concentration of proteinase K. Calcium Chloride is a co-

factor that improves performance of the proteinase K.  It is evident from the gels 

that the enzyme only requires 30 minutes and 0.05 mg/mL proteinase K to 

degrade the protein, in fact it undergoes autolysis too. 
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A4. SERS immunoassay dose response curve on non-endemic urine spiked with 

ManLAM; in addition to a pretreatment step involving a proteinase K step at a 

concentration (0.0-2.0 mg/mL) to degrade protein followed by a perchloric acid 

step to precipitate out any protein from the urine. The intensities for all three 

assays were within the standard deviation of the lowest proteinase K 

concentration. However, the standard deviation decreased with increasing 

proteinase K used in the assay. 
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A3. SERS immunoassay dose response curve on non-endemic urine spiked with 

ManLAM and utilizing a perchloric acid pretreatment step meant to precipitate 

out any protein from the urine.  
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y = 31.931x + 156.11 

R² = 0.9774 
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A6. SERS immunoassay dose response curve on non-endemic urine spiked with 

ManLAM, and a pretreatment step involving a 1.0 mg/mL proteinase K and 

sulfo-salicylic acid to precipitate out any protein from the urine. Sulfo-salicylic 

acid is safer to use than perchloric acid. However, perchloric acid has better 

signal to noise.   
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A5. SERS immunoassay dose response curve on non-endemic urine spiked with 

ManLAM. In red, a curve with 2 pretreatment steps involving proteinase K to 

degrade the protein and release ManLAM and perchloric acid to precipitate out 

any protein from the urine. In blue, a curve with no pretreatment. 



125 
 

 
 

  

A7. FPA assay of a random library containing the modified-nucleotide napthyl.  

According to Graphpad Prizm, the data is not converged and a Kd cannot be 

calculated from the data. 
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A8. FPA assay of a random library containing the trypt-amino modified-

nucleotide. According to Graphpad Prizm, the data is converged and the 

approximate Kd is 800 nM ± 200 nM. 



126 
 

 
 

 

  

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 20 40 60 80 100 120 140 160 180 200

A
n
is

o
tr

o
p
y
 C

h
a
n
g
e
 

[MT3444] (nM) 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 50 100 150 200 250 300

A
n
is

o
tr

o
p
y
 C

h
a
n
g
e
 

[MT3444] (nM) 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 50 100 150 200 250 300

A
n
is

o
tr

o
p
y
 C

h
a
n
g
e
 

[MT3444] (nM) 

A9. FPA assays of aptamer T01 that binds MT3444: (top) assay in buffer, 

(middle) assay in urine, and (bottom) assay in dialyzed urine. 
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A10. FPA assays of aptamer 9T that binds MT1721 in buffer. 

A11. FPA assays of aptamer CS09 that binds ManLAM in buffer. 
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A12. Aptamer degradation assay in urine.  A sample of aptamer was incubated 

with urine and then run on a denaturing polyacrylamide gel. The gel has 4 

samples and one lane with a DNA standard control called a ladder. The single 

bands in lanes 2-5 are aptamer at an approximate length of ~92 base pairs. 

The lanes were as follows: (lane 1) DNA ladder, (lane 2) 0 minute incubaction, 

(lane 3) 20 minute incubation, (lane 4) 40 minute incubation, and (lane 5) 60 

minute incubation. 
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A13.  FPA assay positive control to confirm that the assay is being run 

correctly for aptamers. The VEGF protein aptamer binds and creates a 

positive change in anisotropy. The raw data is shown above. 
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A14A. FPA assay negative control of aptamer N18 with just buffer added to the 

cuvette. 
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A15. Tryptophan Quenching assay for aptamer N18 binding its target protein 

MT3444. The fluorescence intensities of the MT3444 protein both exposed to 

aptamer N18 in (blue) and with protein only (yellow). 

A14B. FPA assay negative control of aptamer with scrambled sequence for 

both a napthyl sequence (purple) and a tryptl amino sequence (blue). 
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 A16. 1H NMR spectra in D2O/H2O for the para-mercaptobenzoic acid (pMBA) (top) 

and pMBA-coated gold nanoparticles (bottom).  The ligand spectrum shows two 

sharp aromatic protons of pMBA.  The pMBA-coated gold nanoparticle spectrum 

displays a broad peak spanning the same region. The broadening is due to the 

decreased rotational freedom of the ligand when attached to the surface of the 

nanoparticle and also the slow tumbling of that nanoparticle as it rotates in 

solution compared to a free pMBA in solution. 
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A17. NMR spectra in D2O/H2O for glutathione ligand (top) and glutathione-coated gold 

nanoparticles (bottom) . 
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 A18. Gradient COSY 1H NMR spectra in D2O/H2O for the glutathione (GSH) 

ligand  and gold nanoparticles. Spectra are as follows GSH ligand (top) and 

GSH gold nanoparticles (bottom). 
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A19. 1H NMR spectra of PEG4A ligand (top left), PEG4A ligand with 

integrations (top right), PEG4A nanoparticle (middle), and a stackplot of 

PEG4A ligand/PEG4A Au NP/ GSH Au NP (bottom).  The PEG4A stackplot 

clearly indicates broadening of signal from PEG4A on particle, and there is 

no indication of any signal associated with glutathione on the Au NP. The 

arrows in the spectra highlight signal from protons close to the gold 

nanoparticle surface similar in distance as would be protons from glycine 

or glutamic acid proton signal from GSH. 
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A20. 1H NMR spectra in D2O/H2O of PEG12A ligand (top left), PEG12A gold 

nanoparticle (top right), and a stackplot of PEG12A ligand/PEG12A Au 

NP/GSH Au NP (bottom).   
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A21. 1H NMR spectra in D2O/H2O of PEG24N ligand (top left), PEG24N gold 

nanoparticle (top right), and a stackplot of PEG24N ligand/PEG24N Au 

NP/GSH Au NP (bottom).   
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A22. 1H NMR spectra for PEG12N ligand (top), PEG12N gold nanoparticle 

(middle), and a stackplot of PEG12N ligand/ PEG12N Au NP/ GSH Au NP 

(bottom). 
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A23. 1H NMR spectra in D2O/H2O for PEG4N ligand (top), PEG4N gold 

nanoparticle (middle), and a stackplot of PEG4N ligand/ PEG4N Au NP/ GSH 

Au NP (bottom).    
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A24. HPLC chromatogram of the Eli Lilly drug thiol stock. 
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A25. HPLC chromatogram of the etched drug gold conjugate. 
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A26. LC-MS spectra of the etched gold drug conjugate. Note the peak at M/Z 

of 740, which matches the molecular weight of the intact drug molecule.  
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A27. (A) calibration curve of the Eli Lilly drug molecule  

 

y = 3622.3x - 0.0266 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.00005 0.0001 0.00015 0.0002

A
b
s
o
rb

a
n

c
e
 (
a
t 

2
6
8
 n

m
) 
 

[Lilly Drug Concentration] M 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

220 320 420 520 620 720 820

A
b
s
o
rb

a
n

c
e
 

Wavelength (nm) 

(A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(B) 

 

 



143 
 

 
 

 

  

Post-exchange Exchange solvents (% volume) Au NP base 
monolayer 

Exchange 
Ratio 

Number of drug 
ligands on each 

Au NP 

H2O DMSO Glycerol Methanol 10mM Phosphate 
Buffer pH 7.4 

 Moles 
ligand: 

moles Au 

NP 

0 0 0.25 0 0 99.75 GSH 400:1 

0 0 0.25 0 0 99.75 pMBA 400:1 

0 50 0.25 25 25 0 GSH 100:1 

0 50 0.25 25 25 0 pMBA 100:1 

0 100, pH 5 0.25 0 0 0 pMBA 50:1 

0 100, pH 5 0.25 0 0 0 GSH 200:1 

2 100, pH 10 0.25 0 0 0 GSH 200:1 

5 100, pH 10 0.25 0 0 0 GSH 400:1 

3 90, pH 10 10 0 0 0 pMBA 100:1 

6 90, pH 10 10 0 0 0 pMBA 200:1 

8 90, pH 10 10 0 0 0 pMBA 400:1 

11 90, pH 10 10 0 0 0 GSH 50:1 

14 90, pH 10 10 0 0 0 GSH 100:1 

11 90, pH 10 10 0 0 0 GSH 200:1 

A28. Gold nanoparticle exchange results and and conditions from different 

solvents.  The best overall results occurred at 10% DMSO and 90% H2O, pH 10. 
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(A) 
The target protein, MoA related protein  was observed with 89% sequence coverage: 
MoA-related-His (100%), 39,024.9 Da 
MoA-related-His 
44 unique peptides, 82 unique spectra, 218 total spectra, 323/361 amino acids (89% coverage) 
H H H H H H S S G L V P R G S W S H P Q F E K E N L Y F Q G M V I I E L M R R V V G L A Q G A T A E V A V Y G D R D R D 
L A E R W C A N T G N T L V R A D V D Q T G V G T L V V R R G H P P D P A S V L G P D R L P G V R L W L Y T N F H C N L 
C C D Y C C V S S S P S T P H R E L G A E R I G R I V G E A A R W G V R E L F L T G G E P F L L P D I D T I I A T C V K 
Q L P T T V L T N G M V F K G R G R R A L E S L P R G L A L Q I S L D S A T P E L H D A H R G A G T W V K A V A G I R L 
A L S L G F R V R V A A T V A S P A P G E L T A F H D F L D G L G I A P G D Q L V R P I A L E G A A S Q G V A L T R E S 
L V P E V T V T A D G V Y W H P V A A T D E R A L V T R T V E P L T P A L D M V S R L F A E Q W T R A A E E A A L F P C 
A 

 
(B) 
The target protein was the most abundant species in the sample and was detected with 74% sequence 
coverage: 
MT_3444 (100%), 41,472.2 Da 
MT_3444 
36 unique peptides, 68 unique spectra, 239 total spectra, 290/392 amino acids (74% coverage) 
W S H P Q F E K E N L Y F Q G T I S D V P T Q T L P A E G E I G L I D V G S L Q L E S G A V I D D V C I A V Q R W G K L 
S P A R D N V V V V L H A L T G D S H I T G P A G P G H P T P G W W D G V A G P A P I D T T R W C A V A T N V L G G C R 
G S T G P S S L A R D G K P W G S R F P L I S I R D Q V Q A D V A A L A A L G I T E V A A V V G G S M G G A R A L E W V 
V G Y P D R V R A G L L L A V G A R A T A D Q I G T Q T T Q I A A I K A D P D W Q S G D Y H E T G R A P D A G L R L A R 
R F A H L T Y R G E I E L D T R F A N H N Q G N E D P T A G G R Y A V Q S Y L E H Q G D K L L S R F D A G S Y V I L T E 
A L N S H D V G R G R G G V S A A L R A C P V P V V V G G I T S D R L Y P L R L Q Q E L A D L L P G C A G L R V V E S V 
Y G H D G F L V E T E A V G E L I R Q T L G L A D R E G A C R R 

 

 

A29.  Characterization data of protein TB Biomarkers MT3444 and MT1721. 

(A) is the MS characterization data for MT1721 and (B) MT3444.They had 

significant sequence identity . (C) Western blot for MT3444 and MT1721, 

which indicates presence of the His tag located at the C-terminus of the 

protein. The band in the center is from the protein ladder used in the 

experiment. (D) A PAGE gel image, protein MT1721 eluted from the column in 

E2-E4 and the single band midway through the image is the protein of 

interest. (E) A PAGE gel of MT3444 after purification on a Strep-tag affinity 

column, the protein of interest are the single 3 bands mid-way through the 

gel to the right of the protein ladder. 

MT3444            MT1721 

(C) (D) (E) 


