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ABSTRACT 

IDENTIFICATION OF POTENTIAL TUBERCULOSIS BIOMARKERS USING 
COMBINATION OF NANOTRAP PARTICLES AND MASS SPECTROMETRY 

Monique E. Hunter, M.S. 

George Mason University, 2015 

Thesis Director: Dr. Monique L. Van Hoek 

 

Mycobacterium tuberculosis (MTB), the etiological agent of tuberculosis, is still a 

major public health problem despite the tremendous effort to eradicate it. The unique 

dynamism between the host and the bacilli leads to a wide spectrum of clinical outcomes, 

hindering the discovery of specific biomarkers. Many scientists concur that a set of 

consistent tuberculosis (TB) biomarkers would result into more sensitive and specific 

diagnostic tests. In recent years, Nanotrap particle technology has been used in early 

cancer biomarkers discovery, in the detection of Lyme disease and Chagas disease. In 

this study, we evaluated the ability of Nanotrap particles to capture potential TB 

biomarkers from M. tuberculosis culture filtrate proteins (CFP). The CFP is rich in many 

highly immunogenic secreted proteins that have been extensively investigated either in 

pulmonary or extrapulmonary TB. We demonstrated that Nanotrap particles, especially 

Cibacron Blue (CB) core particles, captured a wide variety of secreted proteins and 
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enhanced the detection of others that were previously undetectable by mass spectrometry. 

Furthermore, the CB core beads concurrently bound HIV antigen p24 and some of the 

proteins contained in MTB culture filtrate. These findings suggest that Nanotrap particles 

could be useful in capturing and validating a panel of potential TB biomarkers, as well as 

HIV biomarkers in urine from tuberculosis patients. 
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CHAPTER ONE: INTRODUCTION ON MYCOBACTERIUM TUBERCULOSIS 

Robert Koch discovered Mycobacterium tuberculosis (MTB), the etiological 

agent of tuberculosis, in 1883. In 2013, there were 9 million new cases of tuberculosis 

with 1.5 million deaths (0.4 million were also HIV positive), making it the second most 

frequent cause of death from an infectious disease worldwide after HIV (WHO, 2014). 

Unfortunately, TB incident rate is higher in resource-limited countries with poor 

infrastructures, weak healthcare systems, where the disease goes undiagnosed (Lin et al., 

2010 & Pai et al., 2015). Regardless, the complexity of the bacilli-host relationship has 

impeded advancement toward improved diagnostic tools, new treatments and vaccines 

due to the lack of appropriate biomarkers (Delogu et al., 2013, Wallis et al., 2013). 

Biomarkers can either be host or pathogen molecules enabling the detection, 

measurement or monitoring of disease or infection progression in clinical samples (Tucci 

et al., 2014, Mischak et al., 2009 & Wallis et al., 2013). Experts concur that a panel of TB 

biomarkers for active and latent TB would help in accurate TB diagnosis (Pai et al., 

2015). Unlike with other diseases, serological tests are still not accurate in the diagnosis 

of TB (Bekmurzayeva et al., 2013). Even though the WHO has condemned their use, 

serological diagnostic tools are still proliferating due to their low cost (Tucci et al., 2014 

& Bekmurzayeva et al., 2013). Nevertheless, all available diagnostic tools have their 

limitations and are not 100% sensitive and specific. The tuberculin skin test is a mixture 

of about 200 purified proteins derivative (PPD), found in MTB, M. bovis Bacilli 

Calmette-Guerin (BCG) which is the attenuated vaccine strain and in many 
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environmental mycobacteria (Molicotti et al., 2014). It is used to diagnose latent TB 

infection, but has a low sensitivity and specificity because it cross-reacts with the BCG 

and the environmental mycobacteria (Delogu et al., 2013 & Molicotti et al., 2014). 

Repeated PPD test leads to false positive results (Delogu et al., 2013 & Molicotti et al., 

2014). The Interferon-Gamma Release Assays (IGRAs) detect interferon-gamma (IFN-γ) 

response to ESAT-6 and CFP-10, two early and highly immunogenic antigens absent in 

BCG, and TB7.7. The IGRAs cannot discriminate between latent and active TB 

(Molicotti et al., 2014). Microscopic examination is quick and cheap, but has a low 

sensitivity and is inappropriate for children and immunocompromised people due to 

MTB paucity in their sputum samples (Molicotti et al., 2014). The isolation and culture 

of MTB is the gold standard for TB diagnosis; however, it could take weeks and requires 

specific conditions (Molicotti et al., 2014). Molecular detection of MTB is by far the 

most accurate way to detect the bacilli. However, the tools are expensive and require 

appropriate infrastructures and therefore are unsuitable in poor countries (Molicotti et al., 

2014). The MTB-specific Nucleic Acid Amplification Test (NAAT) is effective and the 

most used molecular test. Yet, it gives poor performance with non-pulmonary samples 

(Molicotti et al., 2014). The other tool is the GeneXpert multifunctional diagnostic, which 

performs real-time PCR and takes less than two hours. It is highly specific and sensitive; 

however, it gives many false-positive results when dealing with low RIF (Rifambin) 

resistance MTB (Molicotti et al., 2014). Urine-based diagnostic tests are the recent and 

cheap approaches enabling the diagnosis of pulmonary TB in patient’s urine (Minion et 

al., 2011). The discrepancies in the results are still not well understood (Wood et al., 
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2012). One of the first versions of urine-based diagnostic tests is ELISA, which detects 

TB cell wall lipopolysaccharide lipoarabinomannan (LAM). Unfortunately, this test 

cannot be performed in poor countries due to lack of well-equipped laboratories. A point-

of-care urine test for LAM is an alternative to the LAM ELISA, which solves the 

problem of place appropriate test. Both ELISA tests are highly specific with increased 

sensitivity only in HIV-infected patients (Minion et al., 2011 & Molicotti et al., 2014). 

For non-HIV patients, LAM ELISA will not work.  

The best diagnostic tool should be easy to use, fast, environment appropriate, 

specific, sensitive and cheap. The first step toward the perfect diagnostic tool is the 

discovery of a panel of precise TB biomarkers in biological fluids. Biomarker research 

has previously favored blood samples. But proteomics analysis shows that some rare 

biomarkers are eliminated in the process of cutting out highly abundant proteins such as 

albumin, via affinity chromatography (Mischak et al., 2009). Blood is also unstable and 

an affinity column does not protect against proteases degradation (Mischak et al., 2009). 

Although urine contains lower amount of proteins, biomarker research has been more 

successful with this medium due to its stability, non-invasiveness and abundance 

(Mischak et al., 2009 & Coon et al., 2008). 

We propose the use of Nanotrap particles in urine in the TB biomarker research. 

Nanotraps would concentrate, harvest and protect from degradation low molecular weight 

proteins in large quantities of urine while size-excluding some unwanted proteins 

(Luchini et al., 2008). These particles have been successfully used to develop a diagnostic 
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kit for Lyme disease (Douglas et al., 2011), Chagas disease (Castro-Sesquen et al., 2014) 

and in early cancer biomarker research (Douglas et al., 2011). 

In the present study, we first screened for the best Nanotrap particles against well-

studied MTB proteins. Then, the best beads were used against the culture filtrate proteins 

(CFP), MTB secreted proteins, to determine potential biomarkers. Lastly, since there is a 

syndemic relationship between TB and HIV disease (Kwan et al., 2011), the best beads 

were used on a mixture of CFP and HIV protein p24. HIV decreases mycobacterial 

specific CD4 T-cells, while the bacillus increases the viral load (Lin et al., 2010). HIV is 

also the most common risk factor for reactivation of TB (Lin et al., 2010). Detecting 

these two diseases simultaneously or detecting TB in HIV infected patients at an early 

stage would greatly reduce mortality rate. The LAM point-of-care test is relatively cheap 

and fast; however, it is recommended in only HIV positive patients (Minion et al., 2011 

& Molicotti et al., 2014). The LAM test seems to have higher sensitivity in advanced 

HIV population (Minion et al., 2011 & Molicotti et al., 2014). Although promising, it is 

evident that better diagnostic tools are needed in early detection of TB or both TB and 

HIV in HIV positive patients. This research not only would help in the TB biomarker 

research, but would also improve existing TB/HIV diagnostic tools.
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CHAPTER TWO: THE SCREENING OF THE BEST HYDROGEL NANOTRAP 
PARTICLES AGAINST TB PROTEINS  

1. Nanotrap Particles 
 

Nanotrap particles are three-dimensional cross-linked polymers (Luchini et al., 

2008 & Fredolini et al., 2008). Among all the hydrogels, poly N-isopropylacrylamide 

(NIPAm) is the most sensitive to temperature and pH, where its size decreases with high 

temperature or lower pH (Longo et al., 2009). NIPAm is also sensitive to ionic strength, 

electric field and light. It is also reproducible, stable and modifiable to fit a specific need 

(Luchini et al., 2008 & Fredolini et al., 2008). Ceres Nanosciences, Inc. has incorporated 

different chemical ligand baits in the NIPAm to increase the harvest of a variety of 

molecules. Luchini et al., 2008 showed that by incorporating charged bait in the particles, 

specific small molecules could be concentrated, sequestered and harvested from complex 

biological fluid such as blood or urine. They also showed that the particles preserved the 

molecules from in vitro enzymatic degradation (Luchini et al., 2008). What follows is a 

description of each Nanotrap particles used in this study. 

1.1. Cibacron Blue F3G-A beads (CB beads) 
 

NIPAm/allylamine copolymers are positively charged and their amine groups 

bind to the Cibacron Blue F3G-A triazine rings, which lead to NIPAm/CB particles 

(Fredolini et al., 2008). CB particles bind to a wide variety of molecules including 
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enzymes, proteins and viruses (Fredolini et al., 2008, Jaworski et al., 2014 & Shafagati et 

al., 2013, 2015). The affinity binding of CB to different molecules is mainly due to its 

(nonpolar) aromatic ring and charged groups (Zhang, 1993). 

1.2. Acrylic Acid (AAc) beads and Pigment Red beads 
 

NIPAm/AAc is formed by incorporating acrylic acid in NIPAm. The Acrylic Acid 

serves as bait to all cationic proteins. Deprotonated at pH 3.5, the beads have a molecular 

cut of at 21,500Da (Luchini et al., 2008). They carry a negative charge at pH greater than 

3.5 (Fredolini et al., 2008 and Luchini et al., 2008). However, they are partially 

deprotonated at pH 4.5 to 6.5 leading to an increase in the particle size (Luchini et al., 

2008). 

CB and AAc are either core or core-shell. A shell solution is added to each core 

and incubated for few hours. This shell has sieving proprieties allowing only proteins or 

polypeptides of certain size inside the particles (Longo et al., 2009). Core-shell increases 

concentration of small proteins otherwise undetectable in a sample (Longo et al., 2009). 

Pigment Red is a neutral bait incorporated in core-shell beads. 
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Table 1. Particle Sizes (From Ceres Nanosciences, Inc.) 

Type of particles Baits Particle 
Batch 

Average Particle 
Diameter (nm) 

Polydispersity 
Index 

Blue core Cibacron Blue F3GA NT 225 912.1 1.266 
Blue core Cibacron Blue F3GA NT 141 1966.3 1.025 
Blue core Cibacron Blue F3GA NT 178 342.3 0.013 
Blue core-shell Cibacron Blue F3GA NT 188 634.9 0.126 
Blue core-shell Cibacron Blue F3GA NT 143 629.5 0.404 
Red core-shell Pigment Red NT 100 5259.4 1.437 
White core Acrylic acid NT 58 936.2 0.331 
White core-shell Acrylic acid NT 55 1168.3 0.101 

 
  

B) 

A) 

Figure 1. Chemical structure of the bait and core-shell particles. A) Chemical 
structure of Cibacron Blue (blue beads), Acrylic Acid (white beads) (Longo et al., 2009) and 
Pigment Red 122 (www.dyestuffintermediates.com/pigment-dyes/pigment-red-122.html) (red 
beads). B) Core shell particles. In a solution, these particles will bind to small proteins, while 
living out big proteins here albumin (Longo et al., 2009). 
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2. Selected MTB proteins and their importance 
 

Many MTB proteins have been intensely studied either towards biomarker 

research or diagnosis. The following are the list of the selected MTB native proteins 

included in this study. 

Ag85A, Ag85B and Ag85C (Ag85 complex): These cell wall proteins contain 

mycolyltransferase for cord factor synthesis, necessary for survival in the macrophage. 

Ag85A is the most abundant and crucial of the three while Ag85C is the least abundant 

(Armitige et al., 2000, Belisle et al., 1997, Jackson et al., 1999 & Kruh-Garcia et al., 

2013). 

HspX: HspX, also called alpha-crystallin, is a heat shock protein secreted during 

the latent phase of MTB. It allows the bacilli to survive in stressful conditions such as 

lack of oxygen (Yuan et al., 1996, 1998). This protein is also secreted during early 

infection and could be used to detect latent and active TB (Geluk et al., 2007 & Hu et al., 

1999). 

Mpt32/Apa: This protein is alanine and proline rich and is a fibronectin 

attachment protein (Uniprot.org). It forms a visible band at 42kDa and thicker band at 

45kDa on SDS-PAGE due to a higher concentration of the 45kDa protein.  

ESAT-6 and CFP-10: Two small highly immunogenic proteins secreted by the 

ESX1 secretion system. ESX1 is required for full virulence and is absent in M. bovis 

(vaccine strain) (Diel et al., 2011). IGRAs diagnostic test measures T-cell response to 

these antigens (Delogu et al., 2013). 
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Materials/Methods  
 

Nanotrap particles  
 

The Nanotrap particles were provided by Ceres Nanosciences, Inc., Manassas, 

VA (www.ceresnano.com). Five different types of Nanotrap particles were used: Blue 

core, Blue core shell, White core, White core-shell and Red core-shell (Table 1). 

Synthetic urine 
 

Synthetic urine (Surine) was purchased from DTI Lenexa, KS 66214. Lot: 72107 

(Product 720, Surine™ Negative Urine Control). The pH was adjusted to 5.5, which is 

within the range of human urine. 

Native proteins from H37Rv 
 

Mycobacterium tuberculosis H37Rv proteins were obtained through BEI 
Resources, NIAID, NIH. (www.beiresources.org) (Table 2). 

 
 
 

Table 2. His-tagged proteins and native proteins 

 
 
 
 

Proteins used Ag85A Ag85B Ag85C CFP-10 HSPX ESAT-6 Mpt32 
/Apa 

Ag85 
complex 

Recombinant 
His Tag Protein 
Reference 
Standard 
(ATCC CAT#) 

NR-14871 NR-14870 
 

 NR-14869 NR-31384 NR-14868   

Purified Native 
Protein (MTB 
strain H37Rv) 

NR-14856 NR-14857 NR14858    NR-14862 NR-14855 

Size 30-32kDa 30-32kDa 30-32kDa 10kDa 16kDa 11kDa 42 and 
45kDa 
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Nanotrap particles incubation with native proteins 
 

According to the protocol provided by Ceres Nanosciences, Inc., aliquots of 

Nanotrap particles were incubated with each protein after spiking it in Surine (5µg/ml). 

The particles were incubated for 30 minutes at room temperature with rocking. The 

samples were centrifuged at 13,200 rpm for 10 minutes and the supernatant was either 

discarded or saved for subsequent analysis. The pellet was washed with 18 MΩ water 

three times. 18 µl of 2X Tris-Glycine sample buffer was added to the pellet and boiled for 

5 minutes then subjected to SDS-PAGE (Figure 2). 

Gel Electrophoresis 
 

SDS-PAGE analysis was performed using Novex 4-20% Tris-Glycine 

polyacrylamide gel (Life Technologies, XCell SureLock Mini) (MD, USA), at 125 V for 

1 hour. Visualization of the bands was performed by Silver Stain (Pierce). 

 

  
Figure 2. Incubation Process. (http://www.ceresnano.com) 
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Results 
 

pH dependence of MTB protein uptake by beads 
 

SDS-PAGE was performed to determine the optimum pH at which the beads 

would bind all the spiked proteins. Three different pH solutions 5.5, 6.8 and 7.5 of Surine 

were made and spiked at final concentrations of 5 µg/ml and 2.5 µg/ml. The CB core 

beads (NT178) were used to bind Ag85A. Incubation in pH 5.5 increased the 

beads affinity to bind Ag85A at different concentrations (Figure 3). 

 

Screening of different beads and the detection limit in Surine 
 

Five beads with different affinity baits (CB core, CB core shell, Pigment Red, 

Acrylic Acid core shell and Acrylic Acid core) were used against MTB proteins (Ag85A, 

Ag85B, Ag85C and Mpt/Apa) to determine their performance and their detection limit. 

Unfortunately, ESAT-6, CFP-10 and HspX were not tested because they were not 

available on the BEI Resources. In Figure 4, Ag85A was spiked in synthetic urine 

(Surine) at the following final concentrations: 10 µg/ml, 5 µg/ml, 2.5 µg/ml, 1.2 µg/ml, 

0.6 µg/ml and 0.3 µg/ml. 100 µl of beads were spun down at 13,200 rpm for 10 minutes 

Ag85A+NT178 (Various pH) 

30kDa 

Figure 3. Silver Stain of CB core beads incubated in Surine at different pHs.  
Initial Solution (IS), eluate from beads (P) and supernatant (S). 
 



 

12 
 

and the supernatant discarded. Each spiked Surine was incubated with its respective 

beads. SDS-PAGE analysis was conducted to detect the protein bands (Figure 4). 

 

 

Figure 4A shows the saturation of the beads at increasing concentration of 

protein. There was a faint band at 0.3 µg/ml, which was considered as the detection limit 

with the CB core-shell beads. However, the limit of detection was of 0.6 µg/ml with the 

CB core beads (Figure 4B). The comparison between the two beads showed that CB core 

shell (NT143) bind better to Ag85A than CB core (NT178) beads. The results were 

similar with the other proteins. The other 3 beads had a very low affinity to most of the 

proteins (Data not shown). Therefore, the beads performance was compared using spiked 

in Surine.  

 A) Ag85A+ CB core-shell (NT143) 

30kDa 

30kDa 

B) Ag85A+ CB core (NT178) 

Figure 4. Silver Stain of CB core-shell (NT143) and CB core (NT178) beads against Ag85A. 
Limit of detection was reached at 0.3 µg/ml with core shell beads and 0.6 µg/ml with core beads. However, CB core 
shell bound better Ag85A. Initial Solution (IS), eluate from beads (P) and supernatant (S). 
 



 

13 
 

In Figure 5 below, 3 µl of 500 µg/ml proteins were spiked in 297 µl of Surine. 

100 µl beads were spun down and supernatant discarded. The spiked Surine was added to 

the beads pellet. After 3 washes, the pellet was incubated in 40 µl of elution buffer (70% 

Acetonitrile and 10% Ammonium hydroxide buffer). The eluent and supernatant were 

dried out followed by SDS-PAGE analysis. According to Figure 5, Ag85C bound well to 

all the beads. But overall, CB core-shell bound better to all the proteins, unlike the 

Acrylic Acid beads. 

 

Discussion/Conclusion 
 
 

In this study, we used different Nanotrap particles on various MTB proteins to 

select for the best beads. First, the Surine’s pH was adjusted to 5.5, which is within the 

range of human urine (Douglas et al., 2011). Then, each bead was used to bind Ag85A, 

Ag85B, Ag85C and Mpt32/Apa at different concentrations to determine the best bead 

and its detection limit. During the course of our studies, various batches of CB beads 

were provided by Ceres Nanosciences, Inc. Table 1 contains the detailed information on 

each bead. Both CB core-shell beads (NT143 and NT188) had about the same binding 

affinity to each protein. The same was noticed with both CB core beads (NT141 and 

NT178). Table 2 contains information on the histidine tag proteins used in a side 

experiment (same protocol as described in this study). In the next step of this study, the 

best beads (CB core-shell and CB core) were used on the MTB culture filtrate proteins 

(CFP) and the whole cell lysate (WC). 
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A) 

B) 

C) 

D) 

Figure 5. Silver Stain of Ag85A, Ag85B, Ag85C and Mpt32/Apa captured by each 
beads. CB core-shell (NT188), CB core (NT178), Pigment Red (NT100), AAc core-shell 
(NT55) and AAc core (NT58). The eluents from each beads were loaded on the gel. Cell 
wall proteins (Ag85A, Ag85B, Ag85C) and Mpt32/Apa proteins with all the 5 beads. For 
each gel, Lane 1 is the ladder, lane 2 has the control, lane 3 has the eluate from the CB core 
shell beads pellet (NT188 Pellet). Lane 4 has the eluate from the CB core beads pellet 
(NT178 Pellet). Lane 5 has the eluate from the PR core shell pellet (NT100 Pellet). Lane 6 is 
the eluate from the AAc core shell (NT55 Pellet). Lane 7 is the eluate from the AAc core 
(NT58). 
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CHAPTER THREE: USE OF CIBACRON BLUE BEADS AND PROTEOMICS IN 
THE IDENTIFICATION OF POTENTIAL TB BIOMARKERS FROM M. 

TUBERCULOSIS STRAIN H37RV CULTURE FILTRATE PROTEINS 

There are two forms of TB: non-pulmonary and pulmonary, with the latter being 

transmissible (Delogu et al., 2013 & Ottenhoff et al., 2012). In general, when a person 

inhales MTB contaminated air, the innate immune system composed of alveoli 

macrophages and dendritic cells kill off the bacilli. However, in some of the cases, the 

bacilli grow in the macrophages resulting into a rapid growth of the bacteria and possible 

dissemination to other cells and organs. Unlike other bacteria, MTB is believed to slow 

down the adaptive immune system response by 2-3 weeks while actively replicating 

(Ottenhoff et al., 2012). Once the cellular immunity kicks in, T-cells and other immune 

cells surround the bacilli and infected macrophages forming the granuloma at the primary 

site of infection (Delogu et al., 2013, Ottenhoff et al., 2012 & Gideon et al., 2011). Inside 

the granuloma, most of the bacteria stop dividing, with a very low metabolic activity 

(Delogu et al., 2013). Even though the formation of the granuloma and its proper function 

ensures the containment of the infection, it is essential that the host immune system stays 

alert at any time after primary infection (Gideon et al., 2011). During this latent phase, a 

small amount of bacteria is being released in the peripheral blood, so the immune system 

must continuously control it (Delogu et al., 2013). If for any reason the host immunity is 

weakened, the infected person will develop the disease (active TB) (Figure 6).  
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Healthy people may harbor latent TB, which brings about the problem of 

reservoir for potential spread and disease (Lin et al., 2010). According to the WHO, a 

third of the world population is harboring MTB. It is then imperative to have a set of TB 

biomarkers to detect both active and latent TB. Although MTB pathogenesis is still not 

well understood, many TB biomarker researches are focused on secreted proteins also 

called the culture filtrate proteins. A large number of these secreted proteins are highly 

immunogenic (Malen et al., 2007). Since a spectrum of clinical outcomes is observed 

either during active or latent TB (Lin et al., 2010), a combination of MTB biomarkers 

approach is highly desirable for accurate diagnosis (Gideon et al., 2011). Other groups 

have done several proteomic analysis of the CFP (Malen et al., 2007 & Sonnenberg et al., 

1997). In this present study, we have applied Nanotrap particles to the CFP solution in 

order to compare the proteins in the CFP to the ones bound to the Nanotrap particles.  

412 proteins were identified in the CFP by mass spectrometry and 155 proteins 

were identified when CB core beads harvest was combined to mass spectrometry. 

Interestingly, 34 proteins were only detected by mass spectrometry after CB core beads 

enrichment.  

These results represent an important step toward the identification of all possible 

MTB secreted proteins in vitro and in vivo to better understand MTB pathogenesis. In 

addition, the Nanotrap particles can facilitate TB biomarker research and can also be a 

fast and a cheap first step to improve existing diagnostic tools. 
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Figure 6. TB pathogenesis. Different stages from inhalation of MTB to active and latent stage. Delogu et al., 
The biology of Mycobacterium tuberculosis infection. Mediterr J Hematol Infect Dis. 2013. 5-13.   
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Materials/Methods 
 

All the Mycobacterium tuberculosis strain H37Rv proteins and antibodies were 

obtained through the BEI Resources, NIAID, NIH.  www.beiresources.org (Table 3). 

 

Table 3. Antibodies and protein catalogue numbers 

Antibodies 
used  

ATCC Catalogue 
Number Antibody Clone 

NR-13800 Polyclonal Anti-Mtb Antigen 85 Complex N/A 

NR-13607 Monoclonal Anti-Mtb HspX IT-20 

NR-13791 Monoclonal Anti-Mtb KatG IT-42 

NR-13609 Monoclonal Anti-Mtb DnaK IT-40 

NR-13824 Monoclonal Anti-Mtb GroES IT-3 

Strain 
H37Rv 

Catalogue Number Description 

NR-14825 Culture Filtrate Proteins (CFP) 

NR-14822 Whole cell lysate 
 

Nanotrap particle incubation with M. tuberculosis proteins for Western Blot   
 

In general, CFP was spiked in Surine and incubated with 200 µl of Nanotrap 

particles for 30 minutes at room temperature. The samples were centrifuged at 13,200 

rpm for 10 minutes and the supernatants were either discarded or saved for subsequent 

analysis. Each pellet was washed with 18 MΩ water three times. The pellet was then 

suspended in the elution buffer, 70% Acetonitrile and 10% Ammonium hydroxide buffer, 

and incubated at room temperature for 15 minutes. The sample was centrifuged at 13,200 

rpm for 10 minutes and the eluate was transferred in a clean Eppendorf tube and dried 

using nitrogen evaporator. Then, 18 µl of 2X Tris-Glycine was added and sample was 

boiled for 5 minutes and loaded on a SDS-Gel. 
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Detection of M. tuberculosis proteins by Western Blot 
 

The proteins were separated on Novex 4-20% Tri-Glycine gels 1mm (Life 

Technologies) and then were transferred to nitrocellulose membranes (Invitrogen) for 8 

minutes by iBlot. The membranes were blocked with 5% Skim milk in 0.1% TBSTween-

20 for 1 hour. The membrane were incubated overnight at 4 °C with either 1:200 of 

monoclonal antibodies or 1:1000 polyclonal antibodies diluted in 5% Skim milk in 0.1% 

TBSTween-20 buffer. After washing the membranes five times, each membrane was 

incubated with either goat anti-mouse IgG (H+L) horseradish peroxidase (Product # 

31430 by Thermo Scientific) antibodies diluted 1:5000 in TBST or with Donkey (Dnk) 

pAb to Rb IgG (HRP) (ab 16284-250, abcam) diluted 1:10000 in TBST for 1 hour. 

Visualization of antigenic bands was done using an enhanced chemiluminscence system 

using (1:1) SuperSignal West Femto Maximum Sensitivity Substrate Kit 

(ThermoScientific) on BIO-RAD molecular imager ChemiDOC XRS system (BIO-

RAD). 

Nanotrap particle incubation with M. tuberculosis proteins for Mass Spectrometry 
 

The same general incubation protocol from Ceres Nanoscience, Inc. was used. 

But here, 100 µl of the elution buffer was added to the pellet. Samples were sonicated for 

2 minutes after resuspension, centrifuged at 13,200 rpm for 10 minutes. The eluate was 

transferred to clean Eppendorf tube and dried. 
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In solution trypsin digestion  
 

Samples were reduced by 10 mM dithiothreitol (DTT) for 30 minutes at 37°C, 

alkylated by 50 mM iodoacetamide for 20 minutes at room temperature, and digested by 

trypsin at 37°C for 4 hours in a buffer containing 2 M urea and 50 mM ammonium 

bicarbonate. The digestion mixture was then acidified by adding glacial acetic acid to a 

final concentration of 2% and desalted by ZipTip (Millipore). This was performed by Dr. 

Weidong Zhou. 

Mass Spectrometry  
 

The tryptic peptides were analyzed by high sensitive nanospray liquid 

chromatography-coupled tandem mass spectrometry (LC-MS/MS) using an LTQ-

Orbitrap mass spectrometer (Thermo Fisher Scientific; Waltham, MA) with help from 

Dr. Weidong Zhou. His protocol is: the reversed-phase LC column was slurry-packed in-

house with 5 µm, 200 Å pore size C18 resin (Michrom BioResources, CA) in a 100 µm 

i.d. × 10 cm long piece of fused silica capillary (Polymicro Technologies, Phoenix, AZ) 

with a laser-pulled tip. After sample injection, the column was washed for 5 minutes with 

mobile phase A (0.1% formic acid), and peptides were eluted using a linear gradient of 

0% mobile phase B (0.1% formic acid, 80% acetonitrile) to 50% B in 120 minutes at 200 

nl/minute, then to 100% B in an additional 5 minutes. The LTQ-Orbitrap was operated in 

a data-dependent mode in which each full MS scan (60,000 resolving power) was 

followed by eight MS/MS scans where the eight most abundant molecular ions were 
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dynamically selected and fragmented by collision-induced dissociation (CID) using a 

normalized collision energy of 35%. The “FT master scan preview mode”, “Charge state 

screening”, “Monoisotopic precursor selection”, and “Charge state rejection” were 

enabled so that only the 1+, 2+, and 3+ ions were selected and fragmented by CID. 

 

 

Database search 
 

The database search was performed by Dr. Kajal Gupta. Tandem mass spectra 

collected by Xcalibur (version 2.0.2) were searched against the NCBI Mycobacterium 

tuberculosis protein database using SEQUEST (Bioworks software from ThermoFisher, 

version 3.3.1) with full tryptic cleavage constraints, static cysteine alkylation by 

iodoacetamide, and variable methionine oxidation. Mass tolerance for precursor ions was 

10 ppm and mass tolerance for fragment ions was 0.5 Da. The SEQUEST search results 

were filtered by the criteria “Xcorr versus charge 1.9, 2.2, 3.0 for 1+, 2+, 3+ ions; ΔCn > 

0.1; probability of randomized identification of peptide < 0.01”. Confident peptide 

identifications were determined using these stringent filter criteria for database match 

scoring followed by manual evaluation of the results. 

  



 

22 
 

Results 
 

Increasing concentration of CFP with fixed volume of CB core beads  
 

A 100 µl of CB core beads were incubated with increasing concentration of CFP 

(20 µg/ml, 40 µg/ml, 60 µg/ml, 80 µg/ml and 100 µg/ml) in Surine (16 µg, 32 µg, 48 µg, 

64 µg and 80 µg respectively). Western Blot was performed against Ag85 complex. The 

nitrocellulose membrane was incubated with Polyclonal Anti-Mtb antigen 85 complex. In 

Figure 7, Ag85 complex was present at relatively equal amounts in each pellet, despite 

the increasing concentration of CFP, confirming that the beads were saturated. Thus, a 

higher volume of the beads was needed for subsequent experiments. Additionally, Figure 

7 allowed choosing 40 µg/ml as final concentration of CFP for the ensuing experiment. 

 

 

 

 

Figure 7. Western Blot detection of Ag85complex with 100 µl of NT225 on increasing 
concentration of CFP. Lane 2 contains the CFP control. Lanes 3,5,7,9 and 11 contain the eluates 
from the beads at different initial CFP concentrations. Lanes 4,6,8,10 and 12 represent the supernatants containing 
unbound Ag85 complex after beads incubation. 
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CFP with increasing volume of CB core beads NT225  
 

Increasing volume of the beads (200 µl, 300 µl, 400 µl and 500 µl) was used to 

detect Ag85 complex in 40 µg/ml of CFP in Surine (final volume 800 µl) (Figure 8). The 

beads bound similarly across the different volumes. Lane 10 in Figure 8 showed that the 

beads were not properly eluted. This result, along with previous results (Figure 7) led to 

the decision to use 200 µl of beads and 40 µg/ml of CFP for subsequent analysis. 

 

 

Downselection of the best CB beads for concentrating M. tuberculosis proteins  
 

In Chapter Two, CB beads were selected as the best beads due to their optimum 

affinity to MTB proteins, with CB core-shell (NT188) being slightly better than CB core 

(NT178). In the following experiments, Ceres Nanosciences, Inc. provided a new batch 

of CB core beads (NT225). To determine the best beads, 200 µl of each beads were 

incubated in 600 µl of CFP-Surine solution to a final concentration of 40 µg/ml and 

Western Blot was performed against the Ag85 complex (Ag85A, Ag85B and Ag85C). 

Figure 8. Western Blot detection of Ag85 complex in 40 µg/ml of CFP with increasing volume of NT225. 
 Lanes 2,4,6,8 and 10 represent the eluents from the increasing volumes of the CB core beads. Each supernatant 
band represent the unbound Ag85 complex left behind after incubation with beads. 
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Protein bands from each beads eluent showed that blue core beads bound more Ag85 

complex than blue core shells (Figure 9), although a high amount of Ag85 complex was 

still in the supernatant. 

 

 
Figure 9. Downselection between CB core-shell (NT188) and CB core (NT225) beads. Western Blot 
detection of Ag85 complex with 200 µl beads (NT225 and NT188 with 40 µg/ml CFP). Eluate form the CB core pellet 
shows a bigger band of Ag85 complex (lane5) than the eluate from the CB core shell (lane 9). 
 
 
 

Detection of proteins captured and enriched on Nanotrap particles by Mass 
Spectrometry 
 

The main purpose of this study was to detect potential TB biomarkers using 

Nanotrap particles. The CB core beads (NT225) were incubated with CFP diluted in 

Surine at a final concentration of 40 µg/ml. After 3 washes, the sample was resuspended 

in 100 µl of elution buffer and sonicated for 2 minutes. The eluent was dried and sent out 

for mass spectrometry. 412 proteins were identified in the CFP versus 189 proteins in the 

eluent from the beads (Table 4). The CB core beads captured some of the most studied 

proteins such as the Ag85 complex, HspX, DnaK, KatG, Cfp2, GroEs, Mpt 64 and 
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members of the Esat family. GltA, FadB2, EchA8 and few hypothetical proteins were 

present in the control, but enriched by the beads (Table 4/6). The beads also enriched 34 

proteins that were not identified in the CFP (Table 5). All these proteins represent 

potential TB biomarkers (Figure 10). 

 

Table 4. The 189 proteins bound by the beads 
Mycobacte-

rium 
tuberculosis 

H37Rv MW Definition 
Locus 
Tag 

Ctrl. 
Spec. 
coun

t 

Beads 
Spec. 
count 

dnaK 66790.5 chaperone protein DnaK Rv0350 52 37 
cfp2 16624.6 low molecular weight antigen MTB12 Rv2376c 72 30 
groES 10797.6 chaperonin GroES Rv3418c 67 29 
gltA 47948.4 citrate synthase 1 Rv0896 20 24 
katG 80554.4 catalase-peroxidase Rv1908c 70 22 
lpd 49208.5 dihydrolipoamide dehydrogenase Rv0462 23 21 
fumC 50110.1 fumarate hydratase Rv1098c 19 18 
ald 38688.9 L-alanine dehydrogenase Rv2780 25 18 
fadB2 30709.3 3-hydroxybutyryl-CoA dehydrogenase Rv0468 13 17 
icd2 82497.7 isocitrate dehydrogenase Rv0066c 20 16 
glcB 80353 malate synthase Rv1837c 28 16 
glnA1 53536.5 glutamine synthetase Rv2220 36 13 
groEL 56692.3 molecular chaperone GroEL Rv0440 24 13 
echA3 24339.5 enoyl-CoA hydratase EchA3 Rv0632c 10 13 
adk 20112.6 adenylate kinase Rv0733 15 11 
unnamed 
protein 7280.6 hypothetical protein Rv3196A 7 11 
hspX 16217.2 alpha-crystallin Rv2031c 13 11 

fbpA 35663.6 
diacylglycerol 
acyltransferase/mycolyltransferase Ag85A Rv3804c 23 10 

frr 20814.9 ribosome recycling factor Rv2882c 5 10 
tuf 43566.5 elongation factor Tu Rv0685 6 10 
proA 43718.1 gamma-glutamyl phosphate reductase Rv2427c 7 9 
eno 44933.9 enolase Rv1023 16 9 
unnamed 
protein 12791.5 

copper-sensing transcriptional repressor 
CsoR Rv0967 2 9 

ilvC 36511.7 ketol-acid reductoisomerase Rv3001c 9 9 
echA8 27255.8 enoyl-CoA hydratase EchA8 Rv1070c 7 9 



 

26 
 

Mycobacte-
rium 

tuberculosis 
H37Rv MW Definition 

Locus 
Tag 

Ctrl. 
Spec. 
coun

t 

Beads 
Spec. 
count 

unnamed 
protein 9516.9 hypothetical protein Rv0569 9 9 

mmsA 54419.8 
methylmalonate-semialdehyde 
dehydrogenase Rv0753c 7 8 

greA 17844 transcription elongation factor GreA Rv1080c 7 8 
eis 43776.5 enhanced intracellular survival protein Rv2416c 6 8 
proC 30152.8 pyrroline-5-carboxylate reductase Rv0500 4 8 
unnamed 
protein 8585.3 hypothetical protein Rv2302 4 8 
secE2 7961.1 protein translocase subunit SecE Rv0379 5 7 
unnamed 
protein 7623.8 hypothetical protein Rv1498A 6 7 
TB27.3 27325.4 hypothetical protein Rv0577 7 7 
gnd2 36335.1 6-phosphogluconate dehydrogenase Rv1122 9 7 
arcA 43062.3 arginine deiminase Rv1001 6 7 
unnamed 
protein 47564.4 ESX-1 secretion-associated protein EspB Rv3881c 7 7 
trxC 12536.6 thioredoxin TrxC Rv3914 14 7 

fbpC 36748 
diacylglycerol 
acyltransferase/mycolyltransferase Ag85C Rv0129c 14 7 

unnamed 
protein 74884.3 hypothetical protein Rv2030c 4 7 
unnamed 
protein 15507.7 hypoxic response protein Rv2626c 2 6 
esxJ 10986.1 ESAT-6 like protein EsxJ Rv1038c 8 6 
unnamed 
protein 7805 hypothetical protein Rv1211 3 6 
esxB 10787.2 ESAT-6-like protein EsxB Rv3874 23 6 
leuB 35284.4 3-isopropylmalate dehydrogenase Rv2995c 2 6 
bfrB 20429.2 bacterioferritin BfrB Rv3841 16 6 
prsA 35455.3 ribose-phosphate pyrophosphokinase Rv1017c 14 6 
metB 40956.8 cystathionine gamma-synthase Rv1079 6 5 
rpsF 10927.9 30S ribosomal protein S6 Rv0053 1 5 

fbpB 34558.8 
diacylglycerol 
acyltransferase/mycolyltransferase Ag85B Rv1886c 36 5 

pepA 34904.8 serine protease PepA Rv0125 8 5 
glyA 46187.1 serine hydroxymethyltransferase Rv1093 8 4 
unnamed 
protein 8616.5 hypothetical protein Rv0787A 4 4 
sahH 54289.5 adenosylhomocysteinase Rv3248c 30 4 
aldC 48228.8 aldehyde dehydrogenase AldC Rv2858c 2 4 
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Mycobacte-
rium 

tuberculosis 
H37Rv MW Definition 

Locus 
Tag 

Ctrl. 
Spec. 
coun

t 

Beads 
Spec. 
count 

glnA2 49576.5 glutamine synthetase Rv2222c 12 4 
metZ 43318.1 O-succinylhomoserine sulfhydrylase Rv0391 3 4 
ndk 14498.7 nucleoside diphosphate kinase Rv2445c 3 4 

gap 35933.8 
glyceraldehyde 3-phosphate 
dehydrogenase Rv1436 2 4 

unnamed 
protein 23020.5 hypothetical protein Rv2466c 3 4 
lpqI 39494.6 lipoprotein LpqI Rv0237 4 4 
tpiA 27386.1 triosephosphate isomerase Rv1438 10 4 
citA 40121.6 citrate synthase 2 Rv0889c 5 4 
unnamed 
protein 49751.2 flavoprotein Rv2251 2 4 
tal 40695.9 transaldolase Rv1448c 14 4 
pykA 50667.5 pyruvate kinase Rv1617 4 4 
cfp29 28812.8 hypothetical protein Rv0798c 6 3 
unnamed 
protein 26782.4 transcriptional regulator Rv2603c 2 3 
unnamed 
protein 29795.2 

iron-regulated short-chain 
dehydrogenase/reductase Rv3224 3 3 

echA16 26614 enoyl-CoA hydratase EchA16 Rv2831 5 3 
desA1 38745.7 acyl-ACP desaturase DesA Rv0824c 0 3 
35kd_ag 29239.9 hypothetical protein Rv2744c 8 3 

acpP 12516.3 
meromycolate extension acyl carrier 
protein Rv2244 26 3 

metG 58056.5 methionine--tRNA ligase Rv1007c 1 3 
cfp17 17240.5 glycogen accumulation regulator GarA Rv1827 5 3 
tkt 75542.2 transketolase Rv1449c 9 3 
rplL 13432.2 50S ribosomal protein L7/L12 Rv0652 11 3 
lprG 24532.7 lipoprotein LprG Rv1411c 2 3 
TB15.3 15303.1 iron-regulated universal stress protein Rv1636 4 3 
ssb 17342.6 single-strand DNA-binding protein Rv0054 4 3 

ceoB 24224.7 
TRK system potassium uptake protein 
CeoB Rv2691 2 3 

nadC 29932.8 nicotinate-nucleotide pyrophosphatase Rv1596 3 3 
fba 36521.5 fructose-bisphosphate aldolase Rv0363c 23 3 
guaB1 49933.8 inosine-5'-monophosphate dehydrogenase Rv1843c 0 3 
unnamed 
protein 16629.1 hypothetical protein Rv0455c 3 3 
desA2 31339.8 acyl-ACP desaturase DesA Rv1094 7 3 
hisG 30461.8 ATP phosphoribosyltransferase Rv2121c 4 3 
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Mycobacte-
rium 

tuberculosis 
H37Rv MW Definition 

Locus 
Tag 

Ctrl. 
Spec. 
coun

t 

Beads 
Spec. 
count 

sucD 31209.3 succinyl-CoA ligase subunit alpha Rv0952 4 3 
folB 14543.6 dihydroneopterin aldolase Rv3607c 0 3 
grpE 24518 stress response protein GrpE Rv0351 8 3 
unnamed 
protein 16519.3 CysO-cysteine peptidase Rv1334 1 2 
ahpD 18768.8 alkyl hydroperoxide reductase AphD Rv2429 2 2 
sseC2 10159.1 hypothetical protein Rv0814c 4 2 
unnamed 
protein 10077.1 hypothetical protein Rv2632c 0 2 
icl 47057.5 isocitrate lyase Rv0467 8 2 
unnamed 
protein 33079.5 hypothetical protein Rv3075c 1 2 
ribH 15891.3 6,7-dimethyl-8-ribityllumazine synthase Rv1416 2 2 
apa 32700.6 hypothetical protein Rv1860 25 2 
unnamed 
protein 30345.3 oxidoreductase Rv2971 8 2 

ppiA 19227.5 
iron-regulated peptidyl-prolyl cis-trans 
isomerase PpiA Rv0009 8 2 

TB9.4 9426.9 hypothetical protein Rv3208A 8 2 
mpt63 16503.5 immunogenic protein Mpt63 Rv1926c 28 2 
htrA 54157 serine protease HtrA Rv1223 5 2 

clpP 21693.8 
ATP-dependent CLP protease proteolytic 
subunit 1 Rv2461c 2 2 

nirA 62958.5 sulfite reductase Rv2391 7 2 
unnamed 
protein 12536.1 hypothetical protein Rv2204c 8 2 
tyrA 33077.9 prephenate dehydrogenase Rv3754 0 2 
rplT 14518 50S ribosomal protein L20 Rv1643 1 2 
acn 102385.5 iron-regulated aconitate hydratase Rv1475c 29 2 
unnamed 
protein 12963.6 RNA polymerase-binding protein RbpA Rv2050 3 2 
aceE 103375.9 pyruvate dehydrogenase subunit E1 Rv2241 12 2 
unnamed 
protein 30170.6 hypothetical protein Rv0831c 5 2 
citE 28867.9 citrate (pro-3S)-lyase subunit beta Rv2498c 0 2 

gatA 51406 
aspartyl/glutamyl-tRNA amidotransferase 
subunit A Rv3011c 0 2 

rocA 58805.1 
pyrroline-5-carboxylate dehydrogenase 
RocA Rv1187 2 2 

dapA 30839 4-hydroxy-tetrahydrodipicolinate synthase Rv2753c 6 2 
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Mycobacte-
rium 

tuberculosis 
H37Rv MW Definition 

Locus 
Tag 

Ctrl. 
Spec. 
coun

t 

Beads 
Spec. 
count 

ahpC 21552.8 
alkyl hydroperoxide reductase subunit 
AhpC Rv2428 5 2 

unnamed 
protein 13916.1 hypothetical protein Rv2556c 0 2 
rplE 21006.2 50S ribosomal protein L5 Rv0716 0 2 
unnamed 
protein 18367.2 hypothetical protein Rv0678 0 2 

metE 81531.4 
5-methyltetrahydropteroyltriglutamate-- 
homocysteine methyltransferase Rv1133c 0 2 

unnamed 
protein 17510.3 transcriptional regulator Rv1404 0 2 
xseB 9316.5 exodeoxyribonuclease VII small subunit Rv1107c 0 2 
mihF 20822.2 integration host factor MihF Rv1388 10 2 
tsf 28737.2 elongation factor EF-Ts Rv2889c 11 2 

purK 45666.7 
N5-carboxyaminoimidazole ribonucleotide 
synthase Rv3276c 0 2 

fadA3 42628.5 beta-ketoacyl CoA thiolase FadA Rv1074c 13 2 
mpt64 24839.4 immunogenic protein Mpt64 Rv1980c 25 2 
rpmC 8853.6 50S ribosomal protein L29 Rv0709 3 2 
unnamed 
protein 17266.7 ribose-5-phosphate isomerase B Rv2465c 6 2 
rpsJ 11424.1 30S ribosomal protein S10 Rv0700 0 2 
rplV 20368.3 50S ribosomal protein L22 Rv0706 2 2 
unnamed 
protein 12504.3 hypothetical protein Rv0801 3 2 
rplW 10951.1 50S ribosomal protein L23 Rv0703 0 2 

rpoA 37683.5 
DNA-directed RNA polymerase subunit 
alpha Rv3457c 2 2 

rph 27334.1 ribonuclease PH Rv1340 3 1 
moaB2 18429.7 pterin-4-alpha-carbinolamine dehydratase Rv0984 2 1 
unnamed 
protein 22801.2 transferase Rv1377c 0 1 
mmpL3 100841 transmembrane transport protein MmpL3 Rv0206c 0 1 
metC 47342.4 O-acetylhomoserine sulfhydrylase Rv3340 2 1 
rpsP 17426.5 30S ribosomal protein S16 Rv2909c 0 1 

dlaT 57053 
pyruvate dehydrogenase E2 component 
dihydrolipoamide acyltransferase Rv2215 4 1 

unnamed 
protein 13967 hypothetical protein Rv2548A 2 1 
esxI 9826.6 ESAT-6 like protein EsxI Rv1037c 1 1 
unnamed 
protein 32150.7 thioredoxin Rv1324 5 1 
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Mycobacte-
rium 

tuberculosis 
H37Rv MW Definition 

Locus 
Tag 

Ctrl. 
Spec. 
coun

t 

Beads 
Spec. 
count 

unnamed 
protein 38496.8 hypothetical protein Rv3127 0 1 
glpK 55825.2 glycerol kinase Rv3696c 7 1 
valS 97759.5 valine--tRNA ligase Rv2448c 1 1 
mapB 30871.6 methionine aminopeptidase Rv2861c 0 1 
proS 63262.8 proline--tRNA ligase Rv2845c 2 1 
metK 43020.3 S-adenosylmethionine synthetase Rv1392 4 1 
unnamed 
protein 20681.7 

cob(I)yrinic acid a,c-diamide 
adenosyltransferase Rv1314c 1 1 

unnamed 
protein 74417.9 peptidase Rv0457c 3 1 
cdh 28590.8 CDP-diacylglycerol pyrophosphatase Rv2289 3 1 
pckA 67210.2 phosphoenolpyruvate carboxykinase Rv0211 27 1 
unnamed 
protein 16842.3 hypothetical protein Rv1419 4 1 
unnamed 
protein 13066.5 hypothetical protein Rv0333 3 1 
esxG 9771.8 ESAT-6 like protein EsxG Rv0287 0 1 
echA21 29082.9 enoyl-CoA hydratase EchA21 Rv3774 8 1 
ilvA 45013 threonine dehydratase IlvA Rv1559 2 1 
pheA 33612.6 prephenate dehydratase Rv3838c 0 1 
TB8.4 10874.5 low molecular weight T-cell antigen Rv1174c 8 1 
fdxA 12055.6 ferredoxin Rv2007c 2 1 
Unnamed 
protein 15236.2 hypothetical protein Rv3678c 5 1 
aroF 41766.7 chorismate synthase Rv2540c 2 1 
fadE22 76694.1 acyl-CoA dehydrogenase FadE22 Rv3061c 0 1 
unnamed 
protein 12133.9 hypothetical protein Rv1810 7 1 
gpm2 21935.2 phosphoglycerate mutase Rv3214 4 1 
dnaN 42087.2 DNA polymerase III subunit beta Rv0002 5 1 

bphD 31855.4 

4,5:9,10-diseco-3-hydroxy-5,9, 17-
trioxoandrosta-1(10),2-diene-4-oate 
hydrolase Rv3569c 0 1 

atpC 13126.8 ATP synthase subunit epsilon Rv1311 0 1 
argD 40884.5 acetylornithine aminotransferase Rv1655 1 1 
pknF 50636.8 serine/threonine-protein kinase PknF Rv1746 0 1 
nadE 74636.2 glutamine-dependent NAD(+) synthetase Rv2438c 0 1 
fixA 28063.7 electron transfer flavoprotein subunit beta Rv3029c 3 1 
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Mycobacte-
rium 

tuberculosis 
H37Rv MW Definition 

Locus 
Tag 

Ctrl. 
Spec. 
coun

t 

Beads 
Spec. 
count 

unnamed 
protein 22804.5 hypothetical protein Rv1815 11 1 
infB 93983.9 translation initiation factor IF-2 Rv2839c 0 1 
unnamed 
protein 15382.5 hypothetical protein Rv0390 0 1 
unnamed 
protein 32621.7 

2,3,4,5-tetrahydropyridine-2,6-
dicarboxylate N-succinyltransferase Rv1201c 3 1 

unnamed 
protein 33642.6 hypothetical protein Rv1026 0 1 
unnamed 
protein 49848.5 maltokinase Rv0127 1 1 
fadD32 69189.5 long-chain-fatty-acid--AMP ligase FadD32 Rv3801c 0 1 
prfB 42099.2 peptide chain release factor PrfB Rv3105c 2 1 

accA3 63744.1 
bifunctional protein acetyl-/propionyl-CoA 
carboxylase subunit alpha AccA Rv3285 1 1 

unnamed 
protein 15969.3 hypothetical protein Rv1875 0 1 
rplM 16326.7 50S ribosomal protein L13 Rv3443c 1 1 
glgP 95456.3 glycogen phosphorylase Rv1328 3 1 
unnamed 
protein 42739 aminotransferase Rv0075 0 1 
unnamed 
protein 22873.4 membrane protein Rv2799 3 1 
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Table 5. The 34 enriched proteins 
Mycobacte-

rium 
tuberculosis 

H37Rv MW Definition 
Locus 
Tag 

desA1 38745.7 acyl-ACP desaturase DesA Rv0824c 
guaB1 49933.8 inosine-5'-monophosphate dehydrogenase Rv1843c 
folB 14543.6 dihydroneopterin aldolase Rv3607c 
unnamed 
protein 10077.1 hypothetical protein Rv2632c 
tyrA 33077.9 prephenate dehydrogenase Rv3754 
citE 28867.9 citrate (pro-3S)-lyase subunit beta Rv2498c 
gatA 51406 aspartyl/glutamyl-tRNA amidotransferase subunit A Rv3011c 
unnamed 
protein 13916.1 hypothetical protein Rv2556c 
rplE 21006.2 50S ribosomal protein L5 Rv0716 
unnamed 
protein 18367.2 hypothetical protein Rv0678 

metE 81531.4 
5-methyltetrahydropteroyltriglutamate-- homocysteine 
methyltransferase Rv1133c 

unnamed 
protein 17510.3 transcriptional regulator Rv1404 
xseB 9316.5 exodeoxyribonuclease VII small subunit Rv1107c 
purK 45666.7 N5-carboxyaminoimidazole ribonucleotide synthase Rv3276c 
rpsJ 11424.1 30S ribosomal protein S10 Rv0700 
rplW 10951.1 50S ribosomal protein L23 Rv0703 
unnamed 
protein 22801.2 transferase Rv1377c 
mmpL3 100841 transmembrane transport protein MmpL3 Rv0206c 
rpsP 17426.5 30S ribosomal protein S16 Rv2909c 
unnamed 
protein 38496.8 hypothetical protein Rv3127 
mapB 30871.6 methionine aminopeptidase Rv2861c 
esxG 9771.8 ESAT-6 like protein EsxG Rv0287 
pheA 33612.6 prephenate dehydratase Rv3838c 
fadE22 76694.1 acyl-CoA dehydrogenase FadE22 Rv3061c 

bphD 31855.4 
4,5:9,10-diseco-3-hydroxy-5,9, 17-trioxoandrosta-1(10),2-diene-
4-oate hydrolase Rv3569c 

atpC 13126.8 ATP synthase subunit epsilon Rv1311 
pknF 50636.8 serine/threonine-protein kinase PknF Rv1746 
nadE 74636.2 glutamine-dependent NAD(+) synthetase Rv2438c 
infB 93983.9 translation initiation factor IF-2 Rv2839c 
unnamed 
protein 15382.5 hypothetical protein Rv0390 
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Mycobacte-
rium 

tuberculosis 
H37Rv MW Definition 

Locus 
Tag 

unnamed 
protein 33642.6 hypothetical protein Rv1026 
fadD32 69189.5 long-chain-fatty-acid--AMP ligase FadD32 Rv3801c 
unnamed 
protein 15969.3 hypothetical protein Rv1875 
unnamed 
protein 42739 aminotransferase Rv0075 

 
 
 
 
 
 

 
Figure 10. Comparison between the number of proteins in CFP and captured on Nanotraps. A total 
of 412 proteins were identified in the CFP control. The beads bound 189 proteins. 
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Table 6. Enriched proteins that were also present in the CFP 
Mycobacte-

rium 
tuberculosis 

H37Rv MW Definition 
Locus 
Tag 

Ctrl. 
Spec. 
count 

Beads 
Spec. 
count 

unnamed 
protein 12791.5 

copper-sensing transcriptional repressor 
CsoR Rv0967 2 9 

frr 20814.9 ribosome recycling factor Rv2882c 5 10 
gltA 47948.4 citrate synthase 1 Rv0896 20 24 
fadB2 30709.3 3-hydroxybutyryl-CoA dehydrogenase Rv0468 13 17 
unnamed 
protein 7280.6 hypothetical protein Rv3196A 7 11 
tuf 43566.5 elongation factor Tu Rv0685 6 10 
proC 30152.8 pyrroline-5-carboxylate reductase Rv0500 4 8 
unnamed 
protein 8585.3 hypothetical protein Rv2302 4 8 
unnamed 
protein 15507.7 hypoxic response protein Rv2626c 2 6 
leuB 35284.4 3-isopropylmalate dehydrogenase Rv2995c 2 6 
rpsF 10927.9 30S ribosomal protein S6 Rv0053 1 5 
echA3 24339.5 enoyl-CoA hydratase EchA3 Rv0632c 10 13 
unnamed 
protein 74884.3 hypothetical protein Rv2030c 4 7 
unnamed 
protein 7805 hypothetical protein Rv1211 3 6 
proA 43718.1 gamma-glutamyl phosphate reductase Rv2427c 7 9 
echA8 27255.8 enoyl-CoA hydratase EchA8 Rv1070c 7 9 
eis 43776.5 enhanced intracellular survival protein Rv2416c 6 8 
secE2 7961.1 protein translocase subunit SecE Rv0379 5 7 
aldC 48228.8 aldehyde dehydrogenase AldC Rv2858c 2 4 

gap 35933.8 
glyceraldehyde 3-phosphate 
dehydrogenase Rv1436 2 4 

unnamed 
protein 49751.2 flavoprotein Rv2251 2 4 
metG 58056.5 methionine--tRNA ligase Rv1007c 1 3 

mmsA 54419.8 
methylmalonate-semialdehyde 
dehydrogenase Rv0753c 7 8 

greA 17844 transcription elongation factor GreA Rv1080c 7 8 
unnamed 
protein 7623.8 hypothetical protein Rv1498A 6 7 
arcA 43062.3 arginine deiminase Rv1001 6 7 
metZ 43318.1 O-succinylhomoserine sulfhydrylase Rv0391 3 4 
ndk 14498.7 nucleoside diphosphate kinase Rv2445c 3 4 
unnamed 
protein 23020.5 hypothetical protein Rv2466c 3 4 
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Mycobacte-
rium 

tuberculosis 
H37Rv MW Definition 

Locus 
Tag 

Ctrl. 
Spec. 
count 

Beads 
Spec. 
count 

unnamed 
protein 26782.4 transcriptional regulator Rv2603c 2 3 
lprG 24532.7 lipoprotein LprG Rv1411c 2 3 

ceoB 24224.7 
TRK system potassium uptake protein 
CeoB Rv2691 2 3 

unnamed 
protein 16519.3 CysO-cysteine peptidase Rv1334 1 2 
unnamed 
protein 33079.5 hypothetical protein Rv3075c 1 2 
rplT 14518 50S ribosomal protein L20 Rv1643 1 2 

 
 
 

Validation of Nanotrap particles captured proteins in synthetic urine by Western 
blotting 
 

To validate the mass spectrometry data, some identified proteins were chosen 

depending on availability for Western Blot. 32 µg of M. tuberculosis CFP proteins were 

dissolved in 600 µl of synthetic urine at pH 5.5 and incubated with 200 µL of CB core 

Nanotrap particles. Nanotrap particles were pelleted by centrifugation, washed, separated 

by SDS-PAGE and then blotted onto nitrocellulose membrane. The membrane was then 

incubated with specific antibodies to GroES, KatG, DnaK, HspX and Ag85 respectively.  

Ag85 complex: The Ag85 complex proteins, represented by Ag85 A, B, and C, 

are the most studied from the mycobacterial secretome. They are 35 kDa cell wall 

proteins and contain mycolyltransferase for cord factor synthesis, necessary for survival 

in the macrophage with Ag85A being the most abundant and crucial of the three and 

Ag85C being the least abundant (Armitige et al., 2000, Belisle et al., 1997, Jackson et al., 

1999 & Kruh-Garcia et al., 2013). Ag85 proteins were abundantly bound proteins to the 
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CB core Nanotrap particles from M. tuberculosis CFP as confirmed by Western Blot 

(Figure 11). 

HspX: HspX also called alpha-crystallin is a heat shock protein synthesized 

during the latent phase of M. tuberculosis. It allows the bacilli to survive in stressed 

conditions such as lack of oxygen (Yuan et al., 1996, 1998). This protein is also secreted 

during early infection and could be used to detect both latent and active TB (Geluk et al., 

2007 and Hu et al., 1999). The 16 kDa protein was identified on the CB core Nanotrap 

particles. We confirmed the ability of HspX to bind to the CB core Nanotrap beads by 

detecting it by Western blotting. As can be seen in Figure 11, HspX was clearly detected 

by the beads.  

GroES: The heat shock protein Hsp10 also called Cpn10 is highly conserved and 

very abundant in the CFP. Members of the chaperonin family, heat shock proteins (HSPs) 

may have a direct role in MTB virulence. Unlike E.coli and human Cpn10, M. 

tuberculosis Cpn10 leads to strong T-cell response (Taneja et al., 2002). CB core 

Nanotrap particles were able to bind GroES and we confirmed this by Western Blot 

analysis as can be seen in the Figure 11. 

KatG: KatG is a catalase-peroxidase that breaks down hydrogen peroxide 

produced by host phagosome (Smith I, 2003). It is also indispensable for Isoniazid, one 

of the most effective antibiotics against M. tuberculosis, killing activity (Yu et al., 2002). 

Mutations in KatG gene are responsible for Isoniazid resistance in clinical isolates (Yu et 

al., 2002). According to the proteomics data, the beads abundantly captured the 80kDa 
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protein. We confirmed the binding of KatG with Western Blot analysis as depicted in 

Figure 12.  

DnaK: DnaK is a member of the conserved Hsp70 chaperone family. DnaK is a 

chaperone that helps fold proteins in stressed or unstressed conditions (Fay et al., 2014). 

Unlike in E. coli, DnaK function in M. tuberculosis is not redundant and is essential for 

cell growth (Fay et al., 2014). The membrane structure is disrupted in the absence of 

DnaK (Fay et al., 2014). We validated that the beads can capture Dnak by Western Blot 

(Figure 12). 

 
 
 
 
 

 
 
 
 
 

Figure 11. Western Blot against Ag85 complex, HspX and GroEs. In each gel, the same CFP initial 
concentration was used. The bands in each control respectively represent the amount of Ag85 complex, 
HspX and GroEs in 40 µg/ml of CFP. Eluants represent the amount of each protein that was bound to the 
beads from a 40 µg/ml of CFP solution.  
 



 

38 
 

 

 

 

Discussion/Conclusion 
 

In this study, we screened for potential TB biomarkers from the culture filtrate 

proteins, also called secreted proteins, using Cibacron Blue core Nanotrap particles and 

mass spectrometry. Many of the secreted proteins induce host T-cell stimulation and have 

been intensely investigated (Smith, 2003 & Malen et al., 2007). The idea behind these 

experiments was to first determine an approximate of the total proteins in the CFP. A 

previous study has identified a total of 257 proteins in MTB H37Rv CFP using a 

combination of 2-DE/MALDI-TOF-MS and LC-MS/MS (Malen et al., 2007). We have 

identified a total of 412 proteins by combining CB core beads and mass spectrometry. 

This is not surprising since the CFP content depends on the media and cultivation time 

Figure 12. Western Blot against dnaK and katG proteins. The bands in each control 
respectively represent the amount of DnaK and KatG in 40 µg/ml of CFP.  Eluants represent 
the amount of DnaK and KatG bound to the beads from a 40 µg/ml of CFP solution. 
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(Sonnenberg et al., 1997). In this present study, the CFP was obtained from BEI 

Resources (Manassas, VA). They reported that MTB was grown to late phase in glycerol-

alanine-salts medium similarly as in the Sonnenberg et al., 1997 study, in which 205 

proteins were identified. Unlike their results, this study detected GroEL. Malen et al. 

2007 found proteins that we did not find and vice versa, extending the possible number of 

proteins in the CFP (refer to Chapter Five). This may be due to the increase sensitivity of 

our mass spectrometer.  

TB diagnosis and vaccine development are hindered by the lack of appropriate TB 

biomarker discovery. CB core beads combined to mass spectrometry analysis captured 

many potential TB biomarkers secreted by the bacilli. A panel of biomarkers is required 

to identify TB at any stage of the infection since MTB leads to a spectrum of clinical 

outcomes. About a third of TB patients cannot be given a positive result for any single 

protein (Bekmurzayeva at al., 2013). 

Potential biomarkers can only be validated in a clinical setting (Mischak et al. 

2009) and the combination of the Nanotrap beads and mass spectrometry represents a 

powerful tool in biomarker discovery in general. A few groups have worked with 

biosensors such as silica nanoparticles, fluorescent ferritin nanoparticles that detect 

Mpt64 and optical biosensor platform for detection of liparabinomannan (LAM), Esat6 

and Ag85 (Bekmurzayeva at al., 2013). While these might work well, they give 

erroneous results if for example the Mpt64 gene is mutated or if there is a low amount of 

Mpt64 in sample. Likewise with the immunochromatographic assay (Bekmurzayeva et 

al., 2013, Molicotti et al., 2014). The solution to this problem is the use of Nanotrap 
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particles on the samples, prior to analysis. The beads will concentrate and capture low 

amount of Mpt64. However, even though the beads bind to Mpt64, they do not 

necessarily favor binding this protein, leading to its low ranking in the mass spectrometry 

data. Many proteins in our list of biomarkers have been already proposed and evaluated 

individually for MTB direct diagnosis (Tucci et al., 2014). 

Lin et al., stated in their 2010 review that a TB infected person in resource-limited 

countries could take 1-3 years to be diagnosed with TB due to lack of facilities, tests and 

healthcare costs. The beads can address this problem by identifying a set of biomarkers 

for TB, which paves the way to develop an effective and affordable diagnostic test. The 

beads are especially useful due to their ability to bind active and latent proteins. 

According to Mischak et al., urine (unlike blood) has low amount of biomarkers. 

Nevertheless, it is an attractive body fluid because it is simple to collect, non-invasive, 

stable, and less complex. In addition, problems such as diet and exercise can be dealt with 

by collecting the second urine of the day. Even though urinary proteome does not change 

much for 6 hours at room temperature (Theodorescu et al., 2006 & Mischak et al., 2009), 

in countries where TB is endemic, beads could be applied to the collected urine and 

transported to the labs. Proteins then would be harvested and protected from deterioration 

(Luchini et al., 2008). Core shell Nanotrap particles with amino dye coupled with mass 

spectrometry have been used in the discovery of early cancer biomarkers (Tamburro et 

al., 2011) emphasizing the importance of these tools combined together. 
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CHAPTER FOUR: THE USE OF CIBACRON BLUE NANOTRAP PARTICLES 
IN THE DETECTION OF HIV ANTIGEN IN COMBINATION WITH M. 

TUBERCULOSIS CULTURE FILTRATE PROTEINS (CFP) 

The risk of developing TB increases in HIV infected people due to a decreased 

number of CD4 T-cells, which are crucial to contain the infection (Lin et al., 2010 & 

Kwan et al., 2011). Likewise, active TB has been shown to increase production of HIV, 

worsening HIV disease (Kwan et al., 2011). When present in a patient, both pathogens 

work in tandem in order to cause disease, leading to a syndemic relationship (Kwan et al., 

2011). The early diagnostic of the two diseases would help in achieving the goal of 

elimination of TB by 2050 (Kwan et al. 2011).  

According to the 2014 WHO report 0.4 million deaths in 2013 were due to a 

combined infection of HIV and tuberculosis. Despite a global decrease of TB-HIV 

related deaths, the number of cases is still increasing in resource-limited regions like 

Africa where high detection tools cannot be afforded. A point of care urine based LAM 

test has been developed to detect both TB and HIV in patients with pulmonary TB. 

According to Lawn 2012, sensitivity is inversely related to the CD4 T-cells count where 

the test would yield a 56-85% sensitivity when the CD4 T-cells count is <50 cells/µl. Due 

to this limitation, the LAM test is best suited in advanced immunodeficiency (Molicotti et 

al., 2014 & Lawn, 2012) and would not be appropriate in early HIV infected TB patients. 

In Chapter Three, we demonstrated that Cibacron Blue beads captured a wide 

array of proteins contained in the M. tuberculosis culture filtrate proteins (CFP). Among 
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those proteins, there were highly immunogenic and early proteins such as Ag85B, ESAT 

family, and Cfp family. Knowing that HIV proteins were captured by Nanotrap particles 

in a study done last year by Jaworski et al., 2014, we aimed to determine whether or not 

the beads could bind to MTB and HIV proteins simultaneously. 

In this study, we demonstrated the binding affinity of CB core beads to both p24 

and MTB secreted proteins. The nucleocapsid protein p24 of HIV-1 Gag is used in the 

early detection of the infection (Fan et al., 2015). 
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Materials/Methods 

Nanotrap particles 
 

The Cibacron Blue core particles were provided by Ceres Nanosciences, Inc., 

Manassas, VA. 

HIV p24 and HIV antibody 
 

The HIV1 p24 used was a full length protein purchased from abcam (product # 

ab43037, 200 µg at 1 mg/ml in 8 M Urea, 50 mM Tris, pH 7.2). Anti-HIV1 p24 antibody 

[39/5.4A] was also purchased from abcam (product # ab9071, 100 µg, 1.17 mg/ml). 

Culture Filtrate protein from H37Rv 
 

Mycobacterium tuberculosis H37Rv Culture filtrate proteins (CFP) NR-14825 

was obtained from BEI Resources, NIAID, NIH. (www.beiresources.org). 

Synthetic urine 
 

Synthetic urine (Surine) was purchased from DTI Lenexa, KS 66214. (Product 

720, Surine™ Negative Urine Control). The pH was adjusted to 5.5. 

Incubation of NT225 with a mixture of M. tuberculosis and HIV proteins  
 

Same protocol as described in Chapter Three. A dilution of 5 µg/ml of p24 and 40 

µg/ml of CFP was made in a total volume of 800 µl of solution (600 µl Surine and 200 µl 

of NT225), followed by Western Blot. Similar dilution was done, followed by incubation, 

washes and sonication for 2 minutes. The sample was sent for proteomics analysis, which 

was performed by Dr. Weidong Zhou. 
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Results 
 

CB core beads (NT225) capture HIV antigen and MTB CFP by Western Blot 
 
 

 
 

Since HIV aggravates TB and vice versa, we sought to determine whether or not 

the NT225 beads could bind to antigens from both pathogens. We first performed a 

Western Blot with the eluent from the beads. After transfer to a nitrocellulose membrane, 

the membrane was incubated overnight in 1: 2000 anti-HIV1 p24 antibody then followed 

by an incubation for 1 hour in 1:5000 goat anti-mouse IgG (H+L) horseradish peroxidase. 

Western Blot showed that the eluent contained the captured p24 (Figure 13). 

Additionally, we wanted to see if the proteins were completely eluted from the beads. 

After two 15 minutes elutions, the eluate was transferred to a new Eppendorf tube. Tris-

Figure 13. Western Blot of HIV antigen with MTB CFP. The eluent from 
the beads as well as the beads after elution were loaded on the gel to check if there were 
any remaining p24 on the beads.  
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Glycine sample buffer was added to the beads, boiled for 5 minutes and loaded on the 

gel. Elution was incomplete according to Figure 13.  

 

 

  

Incubation of NT225 with 10	  μg/ml	  of CFP 
  

Figure 13 showed that the beads were not completely eluted. Aiming to achieve 

complete beads elution, 8 µg of CFP was spiked in 600 µl of Surine and 200 µl of beads. 

Same incubation protocol was used throughout the experiment. However, 100 µl of the 

elution buffer was used. The eluent was put in clean Eppendorf tubes and 18 µl of 2X 

Tris-Glycine sample buffer was added to the beads, boiled for 5 minutes with the top of 

Figure 14. Western Blot of 10 µg/ml CFP with 200 µl of NT225 (CB core) for the detection of 
Ag85 complex.  The beads were completely eluted when a higher volume of elution buffer was 
used. Lane 2 and 4 were supposed to be empty. 
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the Eppendorf tube open. Western Blot was performed against the Ag85 complex. In 

Figure 14, there were no Ag85 complex bands in the beads (lanes 9 and 10), 

demonstrating full elution from the beads.  

CB core beads (NT225) capture HIV antigen and MTB secreted proteins-
confirmation by Mass Spectrometric analysis 
 

Proteomics analysis was performed to identify the specific MTB proteins bound 

by the beads in addition to p24. A total of 79 MTB proteins and p24 bound 

simultaneously to the beads (Table 7). Dnak, GroEs, KatG, the Ag85 complex, Cfp2 

(member of the Cfp10 family), HspX and Esat family proteins were identified. 

 

Table 7. Mass Spectrometry Data showing MTB proteins bound by the beads besides HIV antigen 
Mycobacterium 

tuberculosis H37Rv MW Accession 

dnaK 66790.5 15607491 
gltA 47948.4 15608036 
katG 80554.4 15609045 
fadB2 30709.3 15607609 
lpd 49208.5 15607603 
frr 20814.9 15610019 
cfp2 16624.6 15609513 
unnamed protein 7623.8 57116877 
ald 38688.9 15609917 
unnamed protein 8585.3 15609439 
eno 44933.9 15608163 
secE2 7961.1 57116727 
glnA1 53536.5 15609357 
prsA 35455.3 15608157 
icd2 82497.7 15607208 
bfrB 20429.2 15610977 
proA 43718.1 15609564 
groEL 56692.3 15607581 
gnd2 36335.1 15608262 
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Mycobacterium 
tuberculosis H37Rv MW Accession 

echA3 24339.5 15607772 
unnamed protein 9516.9 15607709 
glcB 80353 15608974 
unnamed protein 8616.5 57116783 
ndk 14498.7 15609582 
trxC 12536.6 15611050 
fumC 50110.1 15608238 
proC 30152.8 15607641 
adk 20112.6 15607873 
tuf 43566.5 15607825 
hspX 16217.2 15609168 
unnamed protein 15507.7 15609763 
mmsA 54419.8 15607893 
glnA2 49576.5 15609359 
ilvC 36511.7 3.45E+08 
glyA 46187.1 3.45E+08 
echA8 27255.8 15608210 
eis 43776.5 57116987 
arcA 43062.3 15608141 
unnamed protein 7280.6 57117069 
unnamed protein 74884.3 15609167 
sahH 54289.5 15610384 
fbpA 35663.6 15610940 
rplV 20368.3 15607846 
ahpD 18768.8 15609566 
esxJ 10986.1 15608178 
unnamed protein 26782.4 15609740 
unnamed protein 7805 15608351 
echA16 26614 15609968 
gpm2 21935.2 57117074 
unnamed protein 12791.5 15608107 
esxG 9771.8 15607428 
rpsC 30001.7 15607847 
metB 40956.8 15608219 
echA17 26521.6 15610176 
xseB 9316.5 15608247 
aceE 103375.9 3.45E+08 
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Mycobacterium 
tuberculosis H37Rv MW Accession 

unnamed protein 16519.3 15608474 
rplT 14518 15608781 
rpmC 8853.6 15607849 
unnamed protein 15382.5 15607531 
esxI 9826.6 15608177 
ilvD 59314.3 15607330 
greA 17844 15608220 
tsf 28737.2 15610026 
unnamed protein 34928.6 15607871 
unnamed protein 12536.1 15609341 
esxB 10787.2 15611010 
fadA3 42628.5 15608214 
tal 40695.9 15608586 
unnamed protein 14844.7 15610060 
mihF 20822.2 15608527 
rplL 13432.2 15607792 
infB 93983.9 15609976 
citE 28867.9 15609635 
fbpC 36748 57116693 
glgP 95456.3 15608468 
citA 40121.6 15608029 
desA2 31339.8 15608234 
fbpB 34558.8 15609023 
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Discussion/ Conclusion 
 

Given the high mortality rate of TB patients in the HIV community, it is of great 

importance to detect both diseases at an early stage. Even though HIV protein p24 and 

viral RNA are used for early detection of HIV (Tucci et al., 2014), there is still no 

accurate way of detecting TB in the same population. The developed point-of-care LAM 

test, although specific, only shows higher sensitivity in advanced HIV patients. 

Furthermore, paucibacillary tuberculosis in HIV infected sputum samples presents a great 

obstacle in establishing a better test. 

As seen in Chapter Three, CB core beads captured many M. tuberculosis secreted 

proteins in Surine. We longed to see if they could bind simultaneously to HIV antigen 

and MTB proteins. Western Blot analysis supported by proteomics analysis proved that 

the CB beads (NT225) successfully bound the HIV antigen and 79 MTB proteins (Table 

7). All of our TB biomarkers candidates are among the 79 MTB proteins.  

To solve the problem of paucibacillary tuberculosis in HIV infected sputum 

samples, biological fluids such as blood and urine can be used. Nanotrap particles have 

been successfully used in the binding of HIV antigens (Jaworski et al., 2014) and in the 

detection of Lyme disease biomarkers in urine (Douglas et al., 2011). Many MTB 

antigens have been identified in urine as well (Tucci et al., 2014). Cibacron Blue can be 

used to concentrate, sequester and harvest MTB and HIV biomarkers in urine for 

analysis.  
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CHAPTER FIVE: DISCUSSION 

One of the main challenges facing TB diagnosis research is the lack of 

appropriate biomarkers for its detection. Many scientists have extensively investigated 

the bacilli secreted proteins due to their immunogenicity and their presence in biological 

fluids such as urine and blood of infected people. Yet, no new accurate panel of TB 

biomarkers has been successfully validated because of the variability of proteins in 

clinical samples (Wallis et al., 2013). 

Seeking to find an easy, cheap and effective way to carry out biomarker research, 

we used Nanotrap particles to capture Mycobacterium tuberculosis secreted proteins 

followed by proteomics analysis. These particles were functionalized with Cibacron Blue 

affinity bait. In recent years, the Nanotrap particle technology has been used in diverse 

biological fluids biomarker research to capture whole viruses (Jaworski et al., 2014 & 

Shafagati et al., 2013), viral proteins (Jaworski et al., 2014 & Shafagati et al., 2015) and 

bacterial proteins (Castro-Sesquen et al., 2014 & Douglas et al., 2011). Their ability to 

capture a wide range of molecules depends greatly on the affinity of the bait that is 

incorporated in them (Luchini et al., 2008, 2009). This technology is highly reproducible, 

simple to use and can be readily applied on collected urine samples on the spot (Luchini 

et al., 2008, 2009). The incubation allows the beads to concentrate low amount of 

proteins in urine and harvest them while protecting them from enzymatic degradation 
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(Luchini et al., 2008, 2009 & Fredolini et al., 2008). Captured proteins can then be easily 

eluted for study or coupled to other downstream analysis (Shafagati et al., 2015). 

In this study, we concurrently captured many potential TB biomarkers in M. 

tuberculosis CFP with a long-term goal of capturing these biomarkers in infected urine 

samples. We demonstrated that out of 5 different beads, Cibacron Blue particles were the 

most effective in binding either individual or combination of proteins contained in the 

bacterial culture filtrate (Table 4). Furthermore, CB core beads (NT225) enhanced the 

detection of several proteins (Table 5) previously undetectable by mass spectrometry. 

Since secreted proteins in the culture filtrate depend on the culture media and cultivation 

time (Sonnenberg et al., 1997). Malen et al. in 2007 found 257 proteins using 2-DE 

combined with MALDI-TOF MS and LC coupled MS/MS. We found 412 proteins in the 

CFP using Nanotrap particles and LTQ-Orbitrap mass spectrometry. By combining our 

data with Malen et al., the total number of proteins identified in CFP increases to 537. 

128 proteins were found in both studies, 127 were found in Malen et al. study and 281 

additional proteins were found in this study. A complete MTB CFP database can be 

elaborated with the help of Nanotrap particles. This would help determine all potential 

TB biomarkers and may help improve our understanding of MTB pathogenesis. The CB 

beads also permitted the detection of few proteins in the CFP that were previously 

thought to only be in the whole cell lysate such as Rv3196A, Rv0685 and Rv0967 

(http://Tuberculist.epfl.ch).  

The CB core beads captured well-studied proteins that have been detected in other 

studies that used different techniques to identify proteins in infected samples. For 
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example Ag85 complex was detected in sputum and serum, GclB in the cerebrospinal 

fluid (CSF), Mpt64, Apa in serum and sputum, EsxA in CSF (Tucci et al., 2014). In 

2010, Kunnath-Velayudhan et al. studied 500 patients’ sera and found 13 

proteins/antigens that were highly secreted during active TB. Among them, EspB 

(Rv3881c), Ag85A (Rv3804c), EsxB (Rv3874) also called Cfp10, Apa/MPT32 

(Rv1860), LprG (Rv1411c), HspX (Rv2031c), echA3 Enoyl-CoA (Rv0632c) and Mpt64 

(Rv1980c) were captured by the beads from the CFP in this study. In addition, PstS1 

(Rv0934), EspA (Rv3616), EspE (Rv3864) were captured by the beads from the whole 

cell lysate (mass spectrometry data not shown). Neither our CFP nor whole cell lysate 

samples contained Cfp21 (Rv1984c) and Mpt82 (Rv2873), which were observed in 

clinical samples.  

Since antibody based tests have not been successful, antigen based tests have been 

gaining attention (Bekmurzayeva et al., 2013). Esat-6 was reported in other studies and 

the beads captured it in the whole cell lysate sample. The ESX-1 secretion system is very 

important for virulence, and it secretes Esat-6, Cfp10, EspA and EspE (Delogu et al., 

2013 & Kunnath-Velayudhan et al., 2010). However, this system is absent in attenuated 

vaccine strain BCG (Delogu et al., 2013 & Kunnath-Velayudhan et al., 2010) and 

therefore was incorporated in our quest for useful panel of biomarkers.  

Like the LAM test, the beads would bind circulating pulmonary or 

extrapulmonary proteins/antigens from any biological fluid (McNerney et al., 2011), 

which solves the problem of antigen scarcity in children and immunocompromised 

patients’ sputum samples (Molicotti et al., 2014). Urine is our fluid of choice since it is 
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more stable than blood, non-invasive, available in large quantities and is a rich source of 

biomarkers (Coon et. al., 2008 & Mischak et. al., 2009).  

Despite being unreliable in either TB or HIV+TB patients, some serological tests 

for the detection of extrapulmonary TB such as the Anda TB test against GroEL 

produced antibodies and the AMRAD ICT TB against PstS1 antibodies are still on the 

market, due in part to their affordability and rapid results (Steingart et al., 2007). GroEL 

and PstS1 antigens bind significantly to the CB beads. These beads can clearly be used as 

first step towards accurate harvest of antigens in clinical samples. Moreover, GlcB and 

MPT51 were identified in HIV+ TB+ and in HIV- TB+ patients’ sera (Singh et al., 2004). 

Nevertheless, MPT51 is thought to be abundant in HIV patients (Singh et al., 2004). In 

2013, Bekmurzayeva et al. found that Mpt64 accounts for about 8% of the total CFP and 

is secreted early in the infection. We propose the use of CB beads on urine to detect 

GlcB, Ag85 complex, Esat-6, Cfp10, PstS1, HspX, GroEL, PstS1, katG, Dnak, Cfp2, 

EspA, EspE, Mpt64, Rv3196A (hypothetical) and TrxC (Sartain et al., 2006) biomarkers. 

These proteins were picked according to importance, affinity to the beads, relative 

abundance and whether they are conserved across the Mycobacterium strains.  

Unlike in the 2014 Jaworski et al. paper, which found that CB core shell beads 

(NT082) were unable to capture p24, our research showed that CB core beads (NT225) 

bound HIV p24 proteins. Experiments done throughout this study showed that particles 

with the same bait but different batches behaved differently (Table 1). HIV p24 detection 

proves that the CB beads NT225 can help detect simultaneously TB and HIV.  
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Although our focus was to determine a potential panel of biomarkers for active 

TB, the promiscuity of the beads in binding different proteins represent an asset 

(Shafagati et al., 2015) in latent TB biomarker research as well. About a third of the 

world’s population has latent TB, which represents a huge reservoir of potential 

reactivation of TB (Lin et al., 2010). The accurate diagnosis of both latent and active TB 

would help eliminate TB. 

Limitations and suggestions 
 

We used the antibodies that were available from BEI Resources for our Western 

Blot experiments. We did not have an infected urine sample, so we used the CFP as a 

positive control. In depth analysis of the proteomics data is required and application of 

the beads on TB infected urine from patients is needed to validate a panel of accurate 

biomarkers.  

One of the problems encountered with the beads is the possibility to lose the 

beads while pipetting up and down and they can get stuck in the tips as well. The white 

and red beads can be easily lost after washes. The CB beads except for NT225 were quite 

difficult to work with.  

Complete elution is a concern because many proteins can still be bound to the 

beads as shown in Figure 13. Nevertheless, the use of more elution buffer is sufficient for 

a complete elution as shown in Figure 14. Also, when a high amount of protein is 

suspected in a sample, the amount of beads should be increased accordingly.  
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Future research 
 

Both core and core shell beads can be used for biomarker discovery in MTB 

research. Infected urine from TB and TB/HIV patients should be used with the bead of 

choice. Then the harvested proteins should be analyzed by mass spectrometry. This 

would allow the detection of active TB biomarkers. Validated biomarkers would help 

monitor disease and treatment progression (Pai et al., 2015). 

Conclusion: 
 

In this study, we have demonstrated that Cibacron Blue particles bind a wide 

variety of highly immunogenic TB proteins. Combination of Nanotrap particles with 

mass spectrometry represents a powerful tool in the MTB biomarker research. Once a set 

of TB biomarkers is validated, CB beads can then be used as the first line in the screening 

of the tuberculosis. Nanotrap particles are adaptable to many environments, non-invasive, 

easy to use, quick and affordable in resource-limited countries where TB incidence rate is 

high. Since different affinity baits can be incorporated in them, the beads can be directed 

to specific target such as anionic, hydrophobic proteins, lipids, DNA and more (Luchini 

et al., 2008). In 2013, Bekmurzayeva et al. discussed many limitations encountered by 

antigen-based tests. Nanotrap particles, unlike LAM test, bind to not one, but multiple 

proteins. Regardless of a gene mutation, the particles will still bind to other proteins. 

Albeit immunochromatographic assays (ICA) detect different antigens and antibodies, 

they cannot be used directly on clinical samples unlike the Nanotrap particles. 

Furthermore, while these ICAs are unable to concentrate low amount of proteins in 

samples, Nanotrap particles are designed for this purpose. 
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