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Tuberculosis (TB) is the leading cause of infectious disease-related mortality worldwide, in part due to 

limitations in rapid diagnostics. Current TB tests rely on sputum samples, which are difficult to collect from many 

patients, including people living with HIV, those who are severely ill, and children, and may not detect 

extrapulmonary TB. Rapid sputum-based tests also have reduced sensitivity in these same patient populations, 

who more often have paucibacillary TB. There is a critical need for TB diagnostics that target more easily 

accessible samples, such as urine. Transrenal urine cell-free DNA (cfDNA) is a promising biomarker for TB but is 

challenging to detect because of the short length (<100 bp) and low concentration of TB-specific fragments. We 

aimed to increase the sensitivity of TB diagnosis from urine cfDNA by improving recovery of short fragments 

during the sample preparation step. Here, I present the development of a sequence-specific purification method 

for cfDNA with <1 copy/mL sensitivity from large volume (10 mL) urine samples that improves detection of short 

cfDNA relative to silica-based urine cfDNA extraction methods. In a clinical cohort study in South Africa, our 

assay had 84% sensitivity and 100% specificity for adult pulmonary TB, the highest diagnostic accuracy for a TB 

urine cfDNA test reported to date. We also characterized urine cfDNA using next-generation sequencing, 

revealing that TB-derived cfDNA is significantly more degraded than human-derived cfDNA. Finally, I explored 

several strategies for future assay improvements, including development of a multiplexed assay. The work 

described in this dissertation offers several important contributions to the growing evidence for urine cfDNA as 

a diagnostic target for TB, as well as to the broader cfDNA field. Collectively, it motivates continued 



development of urine cfDNA-based assays for TB diagnosis and will aid informed design of improved cfDNA 

assays. Our sequence-specific purification approach for urine cfDNA has the potential to expand access to rapid 

TB diagnostics by enabling diagnosis across sputum-scarce and paucibacillary populations, addressing an urgent 

need that was identified as one of the highest priority gaps in TB diagnostics.  
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1. INTRODUCTION 

 SIGNIFICANCE OF PROBLEM 

With an estimated 10 million cases and 1.4 million deaths in 2019, tuberculosis (TB) is the leading cause 

of global mortality due to infectious disease (1). Despite widely available treatment and a high 

treatment success rate, insufficiencies in rapid, sensitive TB diagnosis delay or prevent appropriate 

treatment, contributing to increased disease transmission and mortality. Current TB diagnostics rely on 

the collection of sputum samples, which may be difficult to obtain and/or have reduced sensitivity in key 

patient populations including those with HIV-associated TB, pediatric TB, and extrapulmonary TB (EPTB). 

There is an urgent need for new TB diagnostics that target alternate sample types, such as urine, with 

high sensitivity across patient populations (2). Urine contains short (30–100 bp), dilute (<1–200 ng/mL) 

cell-free DNA (cfDNA) fragments (3), including a small number of TB-specific fragments that can be used 

to detect active TB infection (median approximately 10 copies/mL) (4–6). Unfortunately, recovery by 

conventional silica-based DNA extraction decreases with decreasing fragment length and concentration 

and is thus inadequate for urine cfDNA. Previous studies targeting urine cfDNA for TB diagnosis have 

used sample preparation and/or amplification methods not suitable for short fragments, leading to low, 

variable clinical sensitivities.  

 PROPOSED SOLUTION 

We hypothesized that we could increase the sensitivity of TB diagnosis from urine cfDNA by 1) 

improving the recovery of short, dilute urine cfDNA fragments during sample preparation and 2) 

improving designs for specific amplification of short target sequences. We identified sequence-specific 

purification as a method likely to perform well for urine cfDNA because it is agnostic to both fragment 

length and concentration. The primary goal of my thesis project was to develop a maximum sensitivity 

sequence-specific purification and short-target polymerase chain reaction (PCR) assay and demonstrate 

its ability to detect TB cfDNA in clinical urine samples. A graphic abstract is shown in Figure 1.1.  
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Figure 1.1: Graphic abstract. We hypothesized that improving recovery of short urine cfDNA using 
sequence-specific purification would increase the sensitivity of TB diagnosis from urine cfDNA. 

 SUMMARY OF DISSERTATION WORK 

 

My first objective was to develop a sequence-specific purification method that uses oligonucleotide 

capture probes immobilized on magnetic beads to improve extraction of short cfDNA from large-volume 

urine samples. The benchmark for success was sufficient sensitivity for detection of TB-specific cfDNA in 

urine. Due to the low concentrations of TB cfDNA in urine, I had to invest significant effort into 

optimizing the assay’s analytical performance to achieve this aim. Relative to previous implementations 

of sequence-specific purification for sample preparation, I increased the input sample volume (from ≤1 

mL to 10 ml) and pushed the limits of analytical sensitivity (to achieve a limit of detection of ≤1 

copy/mL). In addition, I developed strategies for PCR amplification of short targets with maximal 

specificity. As the output of this work, I presented a detailed, user-ready protocol for sequence-specific 

purification of urine cfDNA (with guidelines for designing new capture probes for applications beyond 

TB) and characterized the analytical performance of our TB urine cfDNA assay. I also broadly described 

the assay development process and key design features that led to its strong performance. 

 

My second goal was to compare the analytical performance of sequence-specific purification with 

alternate urine cfDNA extraction methods. The scope of this work was intended to go beyond TB and be 

useful to a broader audience interested in the diverse applications of urine cfDNA, although one of the 

methods tested (Wizard/GuSCN) has been used for TB urine cfDNA (4). The aim of this work was to 

better understand the current options for urine cfDNA extraction and develop a representative dataset 

that could be used to guide selection and optimization of extraction methods for urine cfDNA analysis. 

For each extraction method, I characterized the dependence on DNA fragment length, performance at 
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low DNA concentrations, tolerance to variable urine conditions, and susceptibility to PCR inhibition. This 

work will enable informed selection of sample preparation methods, which may lead to increased 

clinical sensitivity and reproducibility of urine cfDNA diagnostics. A secondary benefit of this work was 

that it confirmed improvement in recovery of short cfDNA using sequence-specific purification relative 

to other urine cfDNA extraction methods, particularly the Wizard/GuSCN method used previously for TB 

urine cfDNA, supporting our hypothesis that sequence-specific purification has the potential to increase 

the diagnostic sensitivity of urine cfDNA for TB. 

 

My next aim was to determine the diagnostic accuracy of the TB urine cfDNA assay in clinical urine 

specimens. In a clinical cohort study, we analyzed urine from 79 participants: 49 TB-positive participants 

in South Africa, 10 TB-negative participants in South Africa, and 15 healthy controls in the United States. 

In addition to calculating assay sensitivity and specificity, we compared assay performance across 

subgroups (HIV status, CD4 count, smear status, urine LAM status) and analyzed detected cfDNA 

concentrations for correlations with clinical data (CD4 count, days to culture positivity). The results of 

this study showed that our approach is promising for the diagnosis of TB from urine cfDNA and 

contributed to the growing body of evidence for urine cfDNA as a biomarker for TB.    

 

Urine cfDNA has not been well characterized as a biomarker for TB. We aimed to investigate the size and 

composition of TB-derived urine cfDNA using next-generation-sequencing (NGS). To minimize bias 

during analysis of highly fragmented urine cfDNA, we selected a combination of DNA extraction (Q 

Sepharose) and single-stranded library preparation (SRSLY) methods demonstrated to recover short 

cfDNA fragments. We sequenced cfDNA from 12 urine samples, compared the distributions of TB-

derived and human-derived cfDNA, and examined cfDNA coverage of the TB genome for over-

represented regions that could serve as new diagnostic targets. This work provides critical validation 

needed for urine cfDNA as a biomarker for TB and will inform future design of TB urine cfDNA assays.  

 

In the final portion of my dissertation work, I sought to explore several strategies for future assay 

development. Although both the analytical and clinical performance of the TB urine cfDNA were 

promising, the low concentrations of TB-specific cfDNA detected in urine presented an opportunity to 

increase sensitivity by improving the detection of low concentration samples. I designed two approaches 
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to expand the fraction of detectable cfDNA molecules – multiplexing and ultrashort PCR. I also 

investigated two additional strategies that may improve reliability of detection of the current cfDNA 

target sequence – increasing the input sample volume and adding a proteinase K digestion step to 

mitigate the effects of sample variability. I aimed to take the first steps towards implementation of each 

strategy, identify which strategies were most promising, and outline the recommended next steps for 

future assay development.  

 

The results of my dissertation work illustrate the advantages of our sequence-specific approach and 

demonstrate that, with improved sample preparation, urine cfDNA is a viable diagnostic target for TB. In 

addition to the development of a sensitive TB urine cfDNA assay, this work also offers several important 

contributions to the cfDNA field. Specifically, it substantially adds to the growing evidence for urine 

cfDNA as an approach to TB diagnostics and will help inform design of better urine cfDNA assays, 

including those for applications besides TB. Future work, beyond the scope of this project, will aim to 

simplify our TB urine cfDNA assay into a format more suitable for use in resource-limited settings.  

2. BACKGROUND 

Detailed background about TB, urine cfDNA, and sequence-specific purification is given in this chapter, 

with relevant background summarized again at the beginning of each chapter to follow. Note that 

several chapters are adapted from published papers. For completeness, I left the introductions from 

published papers relatively unmodified, so there may be some minor repetition with the background 

information presented here.  

 NEED FOR IMPROVED TB DIAGNOSTICS  

 

Tuberculosis (TB) is the leading cause of global mortality due to infectious disease, with an estimated 10 

million cases and 1.4 million deaths in 2019 (1). The TB disease burden is carried disproportionately by 

developing countries, with 87% of cases located in just 30 high-burden countries (1). With proper 

treatment, TB is largely curable (85% treatment success rate), yet an estimated 30% of TB cases remain 

undiagnosed or unreported, in part due to limitations in rapid diagnostics (1). Insufficient access to 

rapid, sensitive TB diagnostics delays or prevents appropriate treatment, contributing to increased 

mortality, increased disease transmission, and development of drug resistance. Current TB tests rely on 
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sputum samples, which are difficult to collect from people living with HIV, severely ill patients, and 

children, and may not detect extrapulmonary TB (EPTB). Rapid sputum-based tests (e.g., smear 

microscopy, Xpert MTB/RIF) also have lower sensitivity in these same underserved patient populations, 

who more often have paucibacillary TB (7–9). A World Health Organization (WHO) consensus meeting 

identified a rapid, non-sputum-based test as one of the highest priority target products for TB 

diagnostics (2), emphasizing the critical need for new TB diagnostics targeting alternate sample types 

with high sensitivity across patient populations.   

 

The gold standard for TB diagnosis, sputum culture, is not available in most resource-limited settings 

and requires several weeks for growth. Sputum smear microscopy, where a sputum sample is spread on 

a microscope slide, stained, and counted for bacteria, is more common in resource-limited settings. 

Smear microscopy is highly user-dependent, has variable and limited sensitivity (20 – 80%) (10), and 

often requires sputum collection across multiple days. There are now several rapid nucleic acid 

amplification tests (NAAT) recommended by the WHO, the most commonly used of which are the 

Cepheid Xpert MTB/RIF and Xpert MTB/RIF Ultra. These are both cartridge-based tests run on Cepheid’s 

GeneXpert system that simultaneously detect TB and screen for resistance to rifampin, one of the first 

line TB drugs, within two hours. Xpert MTB/RIF was widely implemented starting in 2010. With an 

overall pooled sensitivity of 85% (7), it offers a substantial increase in sensitivity over smear microscopy 

but still has suboptimal sensitivity compared to culture. In 2017, the next-generation Xpert MTB/RIF 

Ultra cartridges were recommended as a replacement with higher sensitivity than Xpert MTB/RIF 

cartridges. In a head to head comparison of Xpert MTB/RIF Ultra and Xpert MTB/RIF in the same panel 

of sputum specimens, they had sensitivities of 88% and 83% and specificities of 96% and 98%, 

respectively (11). Because both tests rely on an expensive external instrument, they are not suitable for 

use outside centralized settings. Cepheid has a portable near-patient device, the GeneXpert Omni 

system, in development, but it has not yet been endorsed by the WHO.  

The limitations of current sputum-based diagnostics are most readily apparent for smear-negative or 

paucibacillary TB, where there is a lower bacterial load in the lungs. This is more common in patients 

with HIV-associated TB, pediatric TB, and extrapulmonary TB. HIV-TB co-infection accounts for 8% of TB 

cases and contributes disproportionately to TB mortality (208,000 deaths annually) (1). HIV infection 

increases the risk of developing active TB disease, and HIV-TB co-infection is one of the leading causes of 

death in people living with HIV (32% of HIV-related deaths) (12). Pediatric TB and EPTB make up an 
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estimated 12% and 16% of TB cases, respectively (1). In addition to limited sputum sample availability in 

some of these key underserved patient populations, Xpert MTB/RIF has reduced sensitivity. For smear-

negative TB, the pooled sensitivity of Xpert MTB/RIF drops to 67%, compared to 98% for smear-positive 

TB (7). For HIV-positive patients compared to HIV-negative patients, Xpert MTB/RIF pooled sensitivity 

decreases from 89% to 77% (7). In pediatric patients with pulmonary TB, Xpert MTB/RIF pooled 

sensitivity is 62% (8). Xpert MTB/RIF Ultra helps lessen the reduction in sensitivity in these populations, 

but still does not rival culture. In a direct comparison on a panel of smear-negative specimens, Xpert 

MTB/RIF Ultra had sensitivity of 63% compared to 46% for Xpert MTB/RIF (11). In the same study, 

sensitivity was 90% for Xpert MTB/RIF Ultra versus 77% for Xpert MTB/RIF in people living with HIV (11). 

In children, Xpert MTB/RIF Ultra had 74% sensitivity (13). Sensitivity for EPTB diagnosis using both Xpert 

MTB/RIF and Xpert MTB/RIF Ultra varies, and is generally higher if the sample tested corresponds to the 

site of infection rather than sputum (9, 14). 

Availability of sputum samples is also a limitation for existing rapid tests. Over a third of hospitalized 

patients with HIV are estimated to be sputum-scarce, or have difficulty providing a sputum sample (15). 

Collecting adequate respiratory samples from children is challenging, frequently requiring invasive 

sputum induction or collection of gastric aspirates, which cannot be readily obtained in low resource 

settings and often require hospitalization of the child (16). Finally, extrapulmonary TB often requires 

collection of a sample from the site of infection, rather than a sputum sample.   

 

The WHO has published a target product profile highlighting the need for “a point-of-care non-sputum-

based test capable of detecting all forms of TB” and outlining the optimal requirements for pulmonary 

TB in adults as ≥98% sensitivity for smear-positive TB, ≥68% sensitivity for smear-negative TB, and ≥80% 

sensitivity for HIV-associated TB (2). Moving away from the reliance on sputum samples will not only 

increase sample availability but will ideally also increase diagnostic sensitivity for HIV-associated TB, 

pediatric TB, and EPTB. Urine is an attractive alternate sample for TB diagnosis because it is easy to 

collect and poses minimal risk of TB disease transmission. Xpert MTB/RIF has low sensitivity in urine for 

pulmonary TB diagnosis (4–48%) (17–19). The Alere Determine TB LAM is a commercially available 

lateral flow test targeting lipoarabinomannan (LAM), a lipopolysaccharide in mycobacterial cell walls 

that is excreted in the urine of individuals with active TB. Sensitivity of urine LAM detection is limited, 

especially in HIV-negative individuals. Sensitivity is inversely proportional to CD4 cell count, with a 

pooled sensitivity in HIV-positive individuals of 42% for Alere Determine TB LAM (20). The WHO only 
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recommends the use of Determine TB LAM for people living with HIV and does not recommend it as a 

general screening test for TB (21). Ongoing development of several next-generation urine LAM assays 

aims to improve sensitivity through concentration and/or signal amplification steps. One such test 

furthest along in development is the Fujifilm SILVAMP TB LAM, which improves sensitivity relative to 

Alere Determine TB LAM in both HIV-positive (70% vs. 42%) and HIV-negative (53% vs. 11%) individuals 

(22, 23). While these advances are encouraging, as antigen-based tests, LAM assays may not be able to 

achieve the same sensitivity as NAATs. Conversely, they may be advantageous over NAATs due to their 

simplicity and ease of use afforded by the lack of an amplification step.  

Urine from patients with active TB also contains cell-free DNA (cfDNA) fragments specific to TB (4). Urine 

cfDNA has not yet been well-characterized as a diagnostic target for TB, but has been previously 

detected with similar sensitivities in both HIV-negative and HIV-positive patients (4–6). As NAATs, urine 

cfDNA assays enable amplification and the possibly of increased sensitivity across patient populations. 

The focus of my dissertation research was to develop improved sample preparation and amplification 

methods for TB diagnosis from urine cfDNA. Additional background information for urine cfDNA is given 

in the following section.  

In addition to urine, oral swabs and stool have been investigated as alternative samples to sputum. In 

South Africa, oral swab analysis had 83% sensitivity and 92% specificity in adults (24) and 43% sensitivity 

and 93% specificity in children (25). In Peru, an oral swab assay from a different research group had 51% 

sensitivity and 97% specificity in adults (26) and 21% sensitivity and 99% specificity in children (27). In a 

pilot study combining oral swab samples with Xpert MTB/RIF Ultra, the sensitivity and specificity were 

45% and 100%, respectively (28). Stool PCR has been most commonly applied for diagnosis of pediatric 

TB, with pooled sensitivity and specificity of 57% and 98%, respectively (29). While stool PCR has been 

applied less frequently for adults, a recent study showed 97% sensitivity for smear-positive TB, 77% 

sensitivity for smear-negative TB, 69% sensitivity for EPTB, and 95% overall specificity (30).  

 URINE CELL-FREE DNA AS A BIOMARKER FOR TB 

 

Circulating cfDNA was first described in 1948 by Mandel and Metais, with approximately 4.7 ng/mL of 

DNA extracted from plasma of 10 healthy patients (31). In the same study, an additional 15 patients with 

conditions including pregnancy, autoimmune disorder, and tuberculosis were investigated, with 

elevated levels of cfDNA observed in some cases (31). Further observations of elevated plasma cfDNA 
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concentrations in cancer patients later spurred interest in the potential of cfDNA as a diagnostic target 

(32). In 1994, two separate groups reported the presence of specific oncogene mutations in the plasma 

cfDNA of patients with acute myelogenous leukemia (33) and pancreatic cancer (34). Additional studies 

demonstrating the diverse origins of circulating cfDNA soon followed. Y chromosome cfDNA was 

detected in plasma of 80% (24/30) of women pregnant with male fetuses, but not in plasma of women 

pregnant with female fetuses (0/13) (35). Y chromosome DNA was observed in only 17% of samples 

from nucleated blood cells, confirming the cell-free nature of the detected DNA. Y chromosome cfDNA 

was also detected in the plasma of 100% (6/6) and 82% (14/17) of women who had received liver and 

kidney transplants, respectively, from a male donors (36). Circulating cfDNA arises through a variety of 

mechanisms. The bulk of cfDNA is generated by breakdown of dying cells (via apoptosis, necrosis, 

pyroptosis, phagocytosis, etc.), but cfDNA can also be generated by active release mechanisms (37). 

Aucamp et al. provide a thorough review of the diverse mechanisms by which cfDNA is generated (37).  

In 2000, Botezatu et al. discovered that a fraction of circulating cfDNA, composed of short fragments, 

crosses the kidney barrier and is excreted in urine (3). To demonstrate the circulatory origins of this 

urine cfDNA, they subcutaneously injected human DNA into mice and were able to amplify human-

specific sequences from urine. They were able to detect male-specific sequences in the cell-free urine of 

56% (5/9) of women transfused with male blood and 80% (8/10) of women pregnant with male fetuses. 

They also detected K-RAS mutations in the cell-free urine of 80% (4/5) of patients with corresponding 

tumor mutations. Urine cfDNA is now an established or emerging noninvasive biomarker for cancer 

mutation detection (3, 38, 39), infectious disease diagnosis (4, 40–42), organ transplant monitoring (43, 

44), and prenatal genetic screening (3, 45, 46). The subfraction of urine cfDNA derived exclusively from 

circulating cfDNA is known as transrenal DNA (trDNA), but cfDNA can also be generated directly in urine 

from cells shed along the urinary tract.  

The concentration range reported for total urine cfDNA is <1 ng/mL to 200 ng/mL, similar to that for 

plasma DNA (3, 47, 48). While plasma cfDNA of human origin has a peak length of 160–167 bp, reflecting 

protection of histone-associated DNA within nucleosomes (45, 49–51), urine cfDNA is more fragmented 

(Figure 2.1A). The upper limit of the transrenal fraction of urine cfDNA is defined by glomerular filtration 

(~70 kDa, approximately 100 bp) (52) and cfDNA fragments are rapidly degraded further in urine (53, 

54). The transrenal fraction of urine cfDNA is expected to be largely unassociated with proteins, which 

are typically unable to cross the kidney barrier. Faster degradation kinetics for naked DNA compared to 

protein-associated DNA, combined with faster degradation kinetics of DNA in urine compared to blood, 
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result in highly fragmented urine cfDNA (53, 54). Determining the true fragment length distribution of 

urine cfDNA is challenging because both DNA extraction and sequencing library preparation methods 

may underestimate the prevalence of shorter fragments (49, 51), but the majority of fragments are 

expected to be <100 bp  (45, 54–56), with a wider distribution of fragments around the peak fragment 

length compared to plasma cfDNA (56). cfDNA fragment length distribution varies across patients, with 

specific diseases and physiological conditions (e.g., infectious disease, immunosuppression, cancer, 

pregnancy), and depending on the origin of the cfDNA. Non-nucleosomal urine cfDNA, including 

bacterial, viral, and mitochondrial cfDNA, are more fragmented than human chromosomal cfDNA 

because they are less protected by DNA-associated proteins while in circulation (Figure 2.1B-C) (45, 49, 

53, 55). For these particularly short forms of urine cfDNA, the peak fragment length may be as short as 

30–60 bp (45, 49, 55). Fetal- (45) and tumor-derived (57) cfDNA are also more degraded than maternal 

and non-tumor cfDNA, respectively. Recently, new single-stranded library preparation methods for next-

generation sequencing have revealed that very short, formerly undetectable fragments make up a larger 

fraction of both plasma (49, 51, 58) and urine (55) cfDNA than previously recognized. In plasma, single-

stranded library preparation showed that nearly half of cfDNA was <120 bp (mean 62–91 bp) and was 

undetectable by conventional library preparation (58). The fragment length distribution of TB-derived 

urine cfDNA has not yet been determined but is assumed to consist largely of short fragments.  

 

Figure 2.1: Examples of urine cfDNA fragment length distribution. (A) Urine cfDNA is shorter than 
plasma cfDNA. Image adapted from Markus et al. (2021) (56) with permission from AAAS. (B & C) Single-
stranded library preparation reveals that urine cfDNA derived from non-nucleosomal sources (bacteria, 
mitochondria, viruses) is more fragmented than chromosomal urine cfDNA. Image reprinted from 
Burnham et al. (2018) (55) under a CC BY 4.0 license. 

 

As TB bacteria in the lungs or elsewhere throughout the body die, they generate circulating cfDNA 

specific to TB. A fraction of this circulating TB cfDNA crosses the kidney barrier and can potentially be 

https://creativecommons.org/licenses/by/4.0/
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used to diagnose active TB infection (Figure 2.2). Previous studies targeting urine cfDNA for pulmonary 

TB diagnosis are summarized in Table 2.1. Cannas et al. were the first to definitively show the presence 

of cell-free TB DNA in urine (4). Up until that point, and in some studies since, the cell-free nature and/or 

extremely short length of the target were not widely recognized, and methods were not designed 

appropriately for short, dilute cfDNA fragments. See Section 2.2.3 for an in-depth discussion of these 

limitations. Briefly, these studies performed a centrifugation step, discarded the soluble fraction, 

extracted DNA from the sediment, and amplified long DNA targets (≥192 bp, many >400 bp), thus likely 

detecting high molecular weight cell-associated DNA rather than cfDNA. Included in these studies were 

three that applied the Xpert MTB/RIF assay (192 bp target) to urine, with low sensitivity (4–48%) (17–

19). We identified only six studies that retained the soluble urine fraction for at least some of the 

samples tested. One of these studies (Bordelon et al.) used a DNA extraction method shown to have low 

recovery of short fragments (59). Another (Peter et al.) used the Xpert MTB/RIF assay, which has a 

relatively long amplicon length of 192 bp (17). Yet another (Fortún et al.) used the Hologic Amplified 

Mycobacterium Direct Test (MDT), with unspecified amplicon length (60). The three remaining studies 

(Cannas et al., Labugger et al., and Patel et al.) are the only ones to confidently detect cell-free TB DNA 

in urine with methods most appropriate for short fragments (4–6). 

When considering all studies, the overall sensitivity of TB cfDNA detection is low and variable, likely due 

to nonoptimal and inconsistent sample preparation and amplification methods. Limiting to the three 

studies definitively detecting cfDNA with the most appropriate methods for short fragments, the 

sensitivity is still limited (40–79%) (4–6). In addition to the urine cfDNA studies listed here, Click et al., 

Ushio et al., and Lyu et al. also detected TB-specific cfDNA in the plasma of patients diagnosed with 

pulmonary TB with sensitivities of 45%, 65%, and 41%, respectively (61, 62). 

 
Figure 2.2: Origins of TB urine cfDNA. Original image modeled after Green et al. (52). 
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Table 2.1: Previous studies targeting urine cfDNA for pulmonary TB diagnosis. Studies with sample 
preparation and amplification methods designed most appropriately for short, dilute urine cfDNA are 
bolded. For a simplified table highlighting more details about these particular studies, see Table 5.5 in 
Chapter 4.8. This literature review builds upon a Global WACh capstone project by Nuttada Panpradist 
and Dr. Diana Marangu, which led to the initiaion of the TB urine cfDNA project described here.  

First author 
(year) 

Sample preparation PCR detection Sensitivity 

Specificity 
Appropriate 

for short 
urine 

cfDNA? 

Retention of 
urine 

supernatant? 

Extraction 
method 

Designed 
for short 

urine 
cfDNA? 

(amplicon 
length)a 

Genomic 
target 

HIV-
negative HIV-positive 

Sechi  
(1997) (63) No No Lysis only (no 

purification) 

No 
(567/108 

bp) 
IS6110 6.3% 

(12/190) 15.7% (65/412) Not 
tested 

Aceti  
(1999) (64) No No Lysis only (no 

purification) 

No 
(567/310 

bp) 
IS6110 Not 

tested 100% (13/13) 99.3% 
(142/143) 

Kafwabulula 
(2002) (65) No No Phenol-

chloroform 

No 
(567/166 bp 
or 567/108 

bp) 

IS6110 23% 
(3/13) 64% (32/50) 98% 

(62/63) 

Torrea. 
(2005) (66) No No Phenol-

chloroform 

No 
(567/310 

bp) 
IS6110 32% 

(42/131) 53% (46/86) 98% 
(54/55) 

Rebollo 
(2006) (67) No No Lysis only (no 

purification) 
Moderately 

(123 bp) IS6110 8% 
(2/24) 37% (7/19) 100% 

(26/26) 
Cannas 

(2008) (4) 
Yes 

(claimed) Yes Wizard silica 
resin/GuSCN 

Moderately 
(129/67 bp) IS6110 79% 

(34/43) Not tested 100% 
(23/23) 

Gopinath 
(2008) (68) No No Phenol-

chloroform 
No 

(786 bp) Cfp32 52% (24/46, HIV status not 
specified) 

100% 
(121/121) 

da Cruz 
(2011) (69) No No Glass matrix 

No 
(409/316 

bp) 
IS6110 30% 

(10/33) Not tested 91% 
(89/98) 

Amin  
(2011) (70) No No Ethanol 

precipitation kit 
Moderately 

(123 bp) IS6110 47% (105/225, HIV status 
not specified) 

Not 
tested 

Peter  
(2012) (17) No 

Mostly no; 
yes for a 
smaller 

number of 
samples 

Xpert cartridge No 
(192 bp) rpoB Not 

tested 

48% 
concentrated 

urine (54/113); 
8% 

unconcentrated 
urine (3/38) 

98% 
(61/62) 

Shenai 
(2013) (18) No No Xpert cartridge No 

(192 bp) rpoB 4% 
(1/26) Not tested Not 

tested 
Lawn  

(2013) (19) No No Xpert cartridge No 
(192 bp) rpoB Not 

tested 19% (16/84) Not 
tested 

Fortún  
(2014) (60) Maybe Yes Lysis only (no 

purification) 

Unspecified 
(Hologic 

Amplified 
MDT Test) 

16S 
rRNA 

18% (5/28, HIV status not 
specified) 

Not 
tested 

da Costa 
Lima  

(2015) (71) 
No No Glass matrix 

No 
(409/316 

bp) 
IS6110 35% 

(14/40) Not tested 100% 
(15/15) 

Labugger 
(2016) (5) 

Yes 
(claimed) Yes 

Unspecified 
silica resin 
(protocol 
similar to 

Wizard/GuSCN) 

Yes 
(38 bp) IS6110 64% 

(7/11) Not tested 100% 
(8/8) 

Bordelon 
(2017) (59) No  Yes 

Dynabeads 
MyOne Silane 
(low recovery) 

Yes 
(67 bp) IS6110 0% 

(0/33) 0% (0/18) 0% (0/31) 
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Patel. 
(2018) (6) 

Yes 
(claimed) Yes 

Unspecified 
silica resin 
(protocol 
similar to 

Wizard/GuSCN) 

Yes 
(38 bp) 

Direct 
repeat 

(DR) 
region 

40% 
(36/90) 45% (38/84) 89% 

(210/237) 

a Amplicon length for studies that used nested PCR are given as (outer amplicon length/inner amplicon length). Note that while nested PCR can 
increase sensitivity compared to unnested PCR, all four primer sites must be located on a single DNA fragment for successful amplification.  

 

The low and variable sensitivities reported in previous TB urine cfDNA studies are likely due to a 

combination of sample preparation methods that are inefficient at capturing short urine cfDNA 

fragments and PCR detection methods inappropriately designed for short, dilute urine cfDNA fragments. 

For high sensitivity detection of TB urine cfDNA, there are three critical methodological requirements, as 

illustrated in Figure 2.3: (1) retention of the urine supernatant, (2) DNA extraction with high recovery of 

short fragments, and (3) PCR amplification targeting short fragments.  

 

Figure 2.3: Key criteria for sample preparation and amplification methods targeting urine cfDNA. (A) 
Cell-free DNA is contained in the soluble fraction. If urine is centrifuged prior to extraction, cfDNA will be 
in the supernatant, which should be retained. Discarding urine supernatant and analyzing the cell pellet 
will miss most cfDNA. (B) DNA extraction method must have high recovery of short fragments, which 
make up most urine cfDNA. (C) PCR must target a short amplicon. Urine cfDNA is randomly fragmented 
across the genome. Both primer sites must be contained on an intact fragment for successful 
amplification. Short PCR will successfully amplify a larger fraction of degraded urine cfDNA fragments.  
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The soluble fraction (supernatant) of the urine sample, which contains cfDNA, must be retained and 

analyzed (Figure 2.3A). Because the cell-free nature of TB DNA in urine was not initially recognized, 

many studies included a centrifugation step to concentrate larger volumes of urine prior to extraction 

(18, 19, 72, 63, 64, 66–71). By discarding the supernatant and analyzing only the cell pellet, these studies 

lost most, if not all, cfDNA. Comparison of matched supernatants and pellets revealed detection of TB 

DNA in 7/8 supernatants compared to 2/8 pellets (4). An appropriately designed method for urine 

cfDNA would centrifuge and analyze the cell-free supernatant, or analyze whole urine. Only six TB urine 

cfDNA studies that analyzed whole urine or the cell-free supernatant were identified (4–6, 17, 59, 60). 

 

The second key aspect for sample preparation of urine cfDNA is the selection of a DNA extraction 

method capable of recovering short, dilute cfDNA fragments (Figure 2.3B). Unfortunately, conventional 

silica-based extraction methods for cell-associated DNA or even plasma cfDNA are not suitable for urine 

cfDNA because recovery decreases with decreasing fragment length and concentration. The “Boom” 

method, common in both commercially-available kits and lab-based protocols, adsorbs DNA to silica 

under chaotropic conditions (73). The driving forces of silica adsorption are hydrophobic interactions 

due to dehydration of silica and DNA surfaces and hydrogen bonding between silica and the DNA 

backbone, both of which depend on DNA length (74–76). As a result, silica adsorption is less effective at 

purifying short fragments. The lower length limit of silica-based methods varies across binding matrices 

and buffer conditions, but recovery generally decreased below 50–100 bp (Figure 2.4). Silica adsorption 

also requires relatively high DNA concentrations for optimal performance since a fraction of DNA may 

remain irretrievably bound to the silica surface (75, 76). This loss is trivial in most samples, but for low 

concentration samples, like urine cfDNA, may make up a significant portion of the input (75). 
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Figure 2.4: Silica adsorption is dependent on DNA fragment length. Silica adsorption has poor recovery 
of short DNA fragments. As an example, results of purification of 105 copies/mL of spiked DNA using the 
Thermo Fisher MagMAX Cell-free DNA Isolation Kit are given (mean ± SD, n=3).  

Cannas et al. used a silica resin-based extraction method designed specifically for urine cfDNA, which 

they claim improves recovery of short fragments (4). The method adsorbs cfDNA to Wizard silica resin in 

the presence of an especially high concentration of guanidinium chaotropic salt (>3M), and is the same 

as the method used by Botezatu et al. to originally demonstrate the presence of cfDNA in urine (3). 

Labugger et al. and Patel et al. both used a similar silica resin-based method, but did not specify the type 

of resin or the binding conditions (5, 6). Bordelon et al. observed no difference in TB cfDNA 

concentration in patients with and without TB, likely due to choice of extraction method (59). Previous 

work by the same group showed that their extraction method (Dynabeads MyOne Silane magnetic 

beads within a surface tension valve device) had lower recovery of shorter 75 bp fragments (10%) than 

longer 140 bp fragments (58%) (77). In their TB study, they reported 46% recovery of a 140 bp spiked 

synthetic TB target, but their extraction method is likely to fail for shorter TB cfDNA fragments expected 

in urine. Minimal recovery from TB-positive samples paired with what they hypothesize to be 

nonspecific amplification in TB-negative samples would explain their inability to detect TB-specific urine 

cfDNA.  

The primary focus of my thesis project was to improve recovery of short urine cfDNA during the DNA 

extraction step by using sequence-specific purification, as discussed in Section 2.3.  

 

The final requirement for detection of urine cfDNA is PCR designed to target short fragments. For 

successful amplification, a single, intact fragment must contain both PCR primer sites. PCR primers 

designed to amplify a shorter target will successfully amplify a larger fraction of fragments than PCR 
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primers spaced further apart (Figure 2.3C). At a minimum, the fragment length must be equal to the 

target amplicon length; however, this assumes that the primer sites are located precisely at the ends of 

the target fragment. In reality, cfDNA is randomly fragmented, and primer sites may fall anywhere along 

the length of the fragment. To ensure that as many fragments as possible are amplifiable, the PCR target 

length should be minimized. The clinical sensitivity of urine cfDNA detection increases with decreasing 

target length. Maximizing sensitivity by targeting shorter fragments is especially critical since urine 

cfDNA is also dilute, with total concentrations ranging from <1 ng/mL to 200 ng/mL (3, 47, 48) and copy 

numbers of specific targets much lower. In a study detecting K-RAS mutations in urine cfDNA, decreasing 

the PCR amplicon length from 157 bp to 87 bp increased clinical detection sensitivity from 20% to 67% 

(n=15) (78). This effect may be even more pronounced for fetal cfDNA, which is typically more 

fragmented than maternal cfDNA (45), and bacterial, viral, and mitochondrial cfDNA, which are not 

protected by histones and are therefore significantly more degraded than human genomic cfDNA (49, 

53, 55). In a study detecting fetal cfDNA in maternal urine, decreasing PCR amplicon length from 65 bp 

to 39 bp increased clinical sensitivity from 25% to 75%. A further decrease to 25 bp was required before 

achieving 100% detection (n=10) (79). The sensitivity of Epstein-Barr virus detection similarly increased 

from 28% to 56% as the amplicon length decreased from 76 bp to 59 bp, and was accompanied by an 

increase in median detected cfDNA concentration from 290 copies/mmol creatinine to 7,040 

copies/mmol creatinine (n=74) (80).  

Most relevant to our application here, a modest 10 bp decrease in amplicon length (49 bp to 39 bp) for 

TB urine cfDNA led to more than 10-fold improvement in detected concentration (4 genome 

equivalents/mL to 50 genome equivalents/mL, n=1) (81). Minimizing PCR target length is critical to 

maximize detection sensitivity for TB urine cfDNA. Some previous TB urine cfDNA studies have targeted 

fragments as short as 38 bp (5, 6), but the majority used more conventional PCR designs targeting longer 

fragments (>150 bp) (17–19, 63–66, 68, 69, 71) or intermediate fragments (50–150 bp) (4, 59, 67, 70). 

 

Several review articles have identified and emphasized the impact of the methodological limitations of 

previous TB urine cfDNA detection (42, 52, 82), agreeing that low, variable sensitivity for urine cfDNA 

detection is in part due to sample preparation methods that discarded short fragments and/or 

amplification methods not designed to detect short fragments. Even for the limited number of studies 

more appropriately targeting short urine cfDNA, the methods used are generally not well described and 

their analytical performance (i.e., percent recovery, limit of detection) is not clearly characterized (4–6). 
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The lack of standardization in pre-analytical methodology, including the DNA extraction step, is a key 

limitation of urine cfDNA assays and has contributed to the lack of consensus on the value of urine 

cfDNA as a diagnostic target for TB.  

In addition to methodological limitations, previous TB urine cfDNA studies have been, for the most part, 

limited in sample size and diversity in patient populations. One exception is Patel et al., who directly 

compared sensitivity in populations with and without HIV co-infection with a total sample size of >400 

(including controls). They observed slightly higher sensitivity in HIV-infected patients (45%, n=84) 

compared to HIV-uninfected patients (40%, n=90) (6). A critical question regarding urine cfDNA is 

whether it can be detected regardless of HIV status and CD4 count, unlike urine LAM. Past studies also 

included a majority of participants with smear-positive TB (95%, 60%, and 74% for Cannas et al., 

Labugger et al., and Patel et al., respectively (4–6)), even though patients with smear-negative TB should 

be prioritized as a target population for whom non-sputum-based tests are urgently needed. Finally, 

urine cfDNA is a promising analyte for EPTB and pediatric TB, but these populations have not been 

included in many studies.  

Another limitation is a lack of reliable quantification of the clinical range of TB urine cfDNA 

concentrations. Previous studies focused primarily on measuring diagnostic sensitivity and mostly 

neglected to report concentration ranges for TB urine cfDNA. Labugger et al. provided concentrations 

for a limited sample size, which ranged from 1–40.7 copies/ mL (median 6.8 copies/mL) for treatment 

naïve patients with detectable TB cfDNA (n=7) (5). For plasma cfDNA, Ushio et al. reported a median of 

110 copies/mL (mean ± SD 7240 ± 26,916 copies/mL) (62). Without characterization of the sample 

preparation methods (i.e., percent recovery, variability across urine samples), however, the reported 

concentration ranges may not accurately reflect the actual urine cfDNA concentration.  

 

Urine cfDNA has been suggested as a potential treatment monitoring tool for TB. Labugger et al. 

observed a spike in urine cfDNA levels within one week after treatment initiation and reduction in 

concentration over time to undetectable levels by week 12 in most patients (9/11) (5). They 

hypothesized that upon initiation of a successful treatment regimen, cfDNA concentration temporarily 

increases due to bactericidal activity, followed by a slow decline as the infection is cleared. More study 

of the dynamics of urine cfDNA over the course of active TB infection and treatment is needed.  
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Urine cfDNA may be particularly advantageous for diagnosis of EPTB, in which sputum is not always the 

appropriate or optimal sample type for testing. EPTB diagnosis typically requires a sample collected from 

the site of infection, which may be difficult to determine due to the varied clinical presentation of EPTB. 

The current evidence for EPTB diagnosis from urine cfDNA is limited but promising, suggesting possibly 

higher sensitivity than for pulmonary TB (PTB). Petrucci et al. reported a case study where TB cfDNA was 

detected in the urine of a pediatric patient with TB otitis media (83). They used the same methods 

described by Cannas et al. (no centrifugation, Wizard silica resin extraction, and moderate length 129 bp 

PCR target), which are moderately appropriate for short urine cfDNA (4). Torrea et al., Rebollo et al., da 

Cruz et al., and da Costa Lima et al. tested the urine of both PTB and EPTB patients, albeit with non-

optimal methods (i.e., discarded urine supernatant, long PCR amplicon). They all observed slightly higher 

detection sensitivities for EPTB compared to PTB (57.1% vs. 40.6%, 23% vs. 7%, 52% vs. 30%, and 40.6% 

vs. 35%, respectively) (66, 67, 69, 71). Fortún et al. also detected TB 16s RNA using the Gen Probe MTD 

assay in 70% (n=82) of EPTB patients but only 18% (n=28) of PTB patients (60). As expected, the 

sensitivity for genitourinary TB was high (89%), but the test was also able to detect lymphadentis TB 

(72%), miliary TB (67%), and multifocal TB (90%). The sample preparation methods were not well 

described.  

Circulating TB cfDNA (in blood, not urine) has been detected in EPTB patients using digital PCR (dPCR). 

Yamamoto et al. described a case study where IS6110 TB cfDNA (65.5 copies/mL) was detected in the 

plasma of a patient with disseminated TB after a hematopoietic stem cell transplantation (84). Culture, 

smear, and NAAT testing of sputum, blood, and urine samples were all negative, confirming the cell-free 

nature of the detected TB DNA and suggesting that cfDNA testing may offer diagnostic value for EPTB 

when other methods fail. Yang et al. compared detection of circulating TB cfDNA from patients with PTB 

and EPTB (including tubercular meningitis, abdominal TB, tuberculosis pleurisy, tuberculosis 

lymphadenitis of the neck, bone TB, and pelvic TB) (85). The concentration of detected DNA was similar 

for PTB and EPTB (201.80 ± 40.94 copies/µL vs. 167.40 ± 40.82 copies/µL). There was no difference in 

copy number between different types of EPTB. This study analyzed whole blood and used phenol-

chloroform extraction, so it is not guaranteed that exclusively cfDNA was detected. The reported 

concentrations are noticeably higher than expected for circulating cfDNA, although it is not clear 

whether they are given per microliter of blood, purified DNA, or dPCR reaction. Both studies used 

amplicons short enough to detect plasma cfDNA (71 bp and 83 bp, respectively), which is less degraded 
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than urine cfDNA. Although these studies did not test for urine cfDNA, a fraction of the detected 

circulating cfDNA would be expected to be excreted in the urine.  

 

Although children are a key underserved population who especially stand to benefit from a sensitive 

non-sputum-based TB test, the study of TB urine cfDNA in pediatric patients has been limited. As 

mentioned above, a single case study detected TB urine cfDNA in a pediatric patient with TB otitis media 

who had negative smear microscopy and Xpert MTB/RIF from sputum, gastric aspirates, and 

nasopharyngeal aspirates (83). Another cohort study detected TB DNA in the urine of pediatric patients 

with 39% sensitivity for pulmonary TB and 20% sensitivity for extrapulmonary TB, but did not use 

methods capable of detecting short fragments (86). Specifically, they used a nested PCR design (409/316 

bp) targeting longer fragments, so it is more likely that they detected cell-associated DNA rather than 

cfDNA. 

 

The optimal storage conditions to preserve urine cfDNA are unclear, with mixed results from a limited 

number of studies. One study measuring the degradation of human genomic cfDNA during storage 

reported that stability was dependent on the patient population and/or collection site (87). For one 

population (in Italy), addition of 40 mM EDTA prevented degradation (mean 1.6% loss) for 28 days 

storage at room temperature, 4°C, and -80°C, but not -20°C (94.7% loss). For another population (in 

Zambia), addition of 10 mM EDTA had no effect on stability regardless of storage temperature (99.3% 

loss after 28 days, the majority of which was during the first 7 days). Another study found that addition 

of preservatives was critical for preventing degradation of pathogen cfDNA, including TB cfDNA (88). 

They found that 25 mM EDTA was superior to Streck urine preservative for a processing delay of up to 

24 hours at room temperature. For long term storage (24 weeks at –80°C), choice of preservative had no 

effect. A third study found that the effect of EDTA was superior to that of cold storage for preserving 

urine cfDNA (89). Over the course of 72 days storage, cfDNA concentration declined for all conditions 

tested (no EDTA vs. 40 mM EDTA, room temperature vs. -20°C) but least so for urine stored with 40 mM 

EDTA at -20°C. Yet another study found that 40 mM EDTA reduced degradation at room temperature, 

but that cfDNA was preserved regardless of whether or not EDTA was added when stored at 4°C, -20°C, 

or -80°C for 28 days (90). Yet another study found that samples stored for 3 months at −70°C with 10 

mM EDTA resulted in the highest cfDNA (compared to no EDTA or -20°C storage) (91). A final study 

found that Streck urine preservative performed best for 1 week storage at room temperature, and that 
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4°C storage was superior to room temperature (92). EDTA was not included in the comparison. 

Collectively, these studies suggest that cold storage with the addition of EDTA is ideal for urine cfDNA 

preservation, but cold storage alone may be sufficient. The required EDTA concentration and differences 

(if any) between 4°C, -20°C, and -80°C storage remain unclear. Variability in results suggest likely 

heterogeneity in cfDNA stability across urine samples.   

A few studies have compared clinical detection rates (79, 81) and total cfDNA recovery (48, 91, 93) using 

a limited set of cfDNA extraction methods. For lab-based protocols, a study determined that Q 

Sepharose resin improves extraction of short cfDNA compared to Wizard silica resin (79, 81). For 

commercially-available kits, one study identified the Qiagen QIAamp Viral RNA Mini Kit as the best 

performing kit overall (93), another identified the Applied Biosystems MagMAX Cell-Free DNA Isolation 

and Norgen Urine Cell-Free Circulating DNA Purification Midi kits as having the highest yields of 50–100 

bp cfDNA (91), and a third identified the Perkin Elmer NEXTprep-Mag Urine cfDNA Isolation Kit as similar 

but slightly superior to the Norgen Urine Cell-Free Circulating DNA Purification Midi Kit (48). 

Two studies compared additional pre-analytical variables, including timing of urine collection and 

centrifugation protocol for isolation of cfDNA from cell-associated sediment (88, 92). The most notable 

finding was that the first 50 mL urine void contained, on average, the most cfDNA (92). Continued 

optimization of pre-analytical variables is needed to ensure best results from urine cfDNA analysis. 

Development of a well-characterized, quantifiable assay will contribute to the continued investigation of 

these unanswered questions.  

 SEQUENCE-SPECIFIC PURIFICATION  

This section is adapted from 

Oreskovic A, Lutz BR. Ultrasensitive hybridization capture: reliable detection of <1 copy/mL short cell-

free DNA from large-volume urine samples. PLOS ONE 16(2): e0247851 (2021). 

https://doi.org/10.1371/journal.pone.0247851. 

We identified sequence-specific purification (interchangeably referred to here as hybridization capture) 

as a method likely to perform well for dilute, fragmented urine cfDNA. Sequence-specific purification 

uses oligonucleotide probes that are complementary to the sequence(s) of interest to capture target-

specific nucleic acids via hybridization. The capture probes are immobilized on a substrate (commonly 

magnetic beads) to allow for isolation, washing, and concentration of target-specific nucleic acid. 

Generally, there are two hybridization capture formats distinguished by the order of the target-probe 

https://doi.org/10.1371/journal.pone.0247851
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hybridization and probe immobilization steps. The first, referred to here as solution-based hybridization, 

involves hybridization of biotinylated probes to target in solution, followed by capture of target-probe 

duplexes on streptavidin-coated magnetic beads (Figure 2.5A). The second, referred to here as surface-

based hybridization, pre-immobilizes probes on magnetic beads via biotin-streptavidin binding or 

covalent coupling. The probe-bead complexes are then added to the sample, where target hybridizes 

directly to the immobilized probes (Figure 2.5B).  

 

Figure 2.5: Solution-based versus surface-based hybridization capture. (A) Solution-based hybridization 
hybridizes probes to target in solution, followed by capture of probe-target complexes on magnetic 
beads. (B) Surface-based hybridization hybridizes target to probes that are pre-immobilized on magnetic 
beads.  

 

Sequence-specific purification has been previously used for capture of nucleic acids directly from a 

variety of sample types, as summarized in Table 2.2. In these studies, sequence-specific purification was 

used as the primary sample preparation method to enrich target nucleic acid directly from raw samples 

or crude lysates with minimal processing (such as lysis and/or centrifugation, but no precipitation or 

column purification). We excluded studies that enriched bacterial samples by culture (94–97), pre-

purified nucleic acids (98–104), or pre-amplified nucleic acids before hybridization (e.g., targeted 

enrichment of sequencing libraries (105)). From this survey of previous applications of sequence-specific 

purification for sample preparation, the versatility and potential high sensitivity and specificity of the 

technique are clear. Sequence-specific purification is tolerant to a wide variety of clinical sample 

matrices and even performs well in the presence of lysis buffers. It may be especially advantageous for 

samples with high concentrations of amplification inhibitors (including but not limited to non-target 

genomic DNA) or targets that require harsh denaturants for lysis. Addition of chaotropic salt such as 

guanidinium thiocyanate can simultaneously lyse cells and viruses and preserve fragile nucleic acids, 

enabling targeting of RNA as well as DNA (106, 107). While manual, magnetic bead protocols have been 
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most commonly used, sequence-specific purification has also been carried out in microfluidic (108) and 

lateral flow (109) formats.  

The best reported analytical sensitivities are in the range of 5–100 copies, genome equivalents, or 

colony forming units, with a maximum sample input of 1 mL. Purification efficiencies, when reported, 

were variable (<10% to 97%) but suggest the potential for high recovery if conditions are optimized. 

Unfortunately, many previous studies did not report detailed protocols or characterization of their 

methods (limit of detection, percent recovery, etc.), making direct comparison difficult. Non-optimal 

probe concentrations, bead volumes, and probe:bead ratios may have resulted in differences in 

performance across protocols. Reports on the performance of solution-based versus surface-based 

hybridization are inconsistent, with no consensus on when one approach may be preferred to the other. 

Table 2.2: Previous uses of sequence-specific hybridization capture for sample preparation without 
bacterial culture, pre-purification, or pre-amplification.  

Study Hybridization 
formata Target Sample type(s) 

Sample 
input 

volumeb 

Percent 
recovery 

Analytical 
sensitivity 

Albretsen et al. 
(1990) (106) Surface Measles 

morbillivirus RNA Crude cell lysate Not 
reported 40 – 45% 630 amol 

(3.8 x 108 copies) 

Muir et al.  
(1993) (110) Surface Enterovirus RNA 

CSF, stool, saliva, 
blood, pericardial 
fluid, urine, solid 

tissue 

100 µL Not reported Not reported 

Heermann et al.  
(1994) (111) Solution Hepatitis B DNA Serum 50 µL Not reported 10 – 100 GE/mL 

Jacobsen (1995) 
(112) Surface Psuedomonas 

fluorescens DNA Rhizosphere soil 0.5 mg Not reported 50 CFU 

Mangiapan et al.  
(1996) (113) Solution Mycobacterium 

tuberculosis DNA Pleural fluid 550 µL Not reported 5 – 10 GE 

Beaulieux et al. 
(1997) (107) Surface Enterovirus RNA Virus supernatant 100 µL Not reported 300 GE/mL 

Brugiere et al. 
(1997) (114) Solution Mycobacterium 

tuberculosis DNA 
Bronchoalveolar 

lavage fluid 550 µL Not reported Not reported 

Arnal et al. 
(1999) (115) Surface Hepatitis A RNA Stool and shellfish 200 µL Not reported Not reported 

Amagliani et al. 
(2006) (116) Surface 

Listeria 
monocytogenes 

DNA 
Milk Not 

reported Not reported 10 CFU/mL 

Thompson et al. 
(2006) (117) Solution Salmonella DNA Water 20 µL 47% 5 cells 

Yeung et al. 
(2006) (108) 

Solution and 
surface 

(separately; 
microfluidic 

device) 

Escherichia coli 
DNA Cell lysates 2 µL 

75% 
(solution); 

30% (surface) 

100 – 1000 
cells/mL (solution) 

Parham et al. 
(2007) (118) Surface Group B 

Streptococci DNA 
Vaginal and anal 

swabs <30 µL 

<10% 
(≥10,000 

copies) – 60% 
(100 copies) 

1250 CFU/mL 

Vansnick et al. 
(2007) (119) Solution 

Mycobacterium 
avium subspecies 
paratuberculosis 

DNA 

Stool and tissue 500 µL Not reported 100 bacilli 
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Peeters et al. 
(2012) (120) 

Solution and 
surface 

(separately) 

Human 
papillomavirus 

DNA 
Vaginal swabs 

Not 
specified 
(<200 µL) 

4% (solution), 
25% (surface) Not reported 

Rodriguez et al. 
(2012) (121) Solution 

Batrachochytrium 
dendrobatidis 

DNA 

Amphibian skin 
swabs 10 µL Not reported Not reported 

Adams et al. 
(2015) (122)  

Surface 
Respiratory 

syncytial virus 
RNA 

N/A 25 µL 20 (30 min) – 
77% (3 hr) Not reported 

Rohrman et al. 
(2015) (109) 

Surface (lateral 
flow) 

Human 
immunodeficiency 

virus DNA 
Blood 20 µL Not reported 10,000 copies 

Guo et al. (2015) 
(123) Surface Hepatitis B DNA Serum 10 µL 

74% (100 
copies) – 97% 
(106 copies) 

90 IU/mL 

Reed et al. (2016) 
(124) Solution Mycobacterium 

tuberculosis DNA Sputum 950 µL Not reported 20 CFU/mL 
(340 copies/mL) 

Reed et al. (2017) 
(125) Solution Mycobacterium 

tuberculosis DNA Sputum 950 µL Not reported 5 CFU/mL 
(85 copies/mL) 

GE = genome equivalents; CFU = colony forming units; IU = international unit 
a All studies used magnetic beads unless otherwise noted.  
b Sample input volume is given as volume after any concentration or centrifugation steps, if relevant.  

 

Sequence-specific purification has previously been used to improve detection of TB DNA in 

paucibacillary respiratory samples, first by Mangiapan et al. and Brugière et al. in 1996–1997. 

Mangiapan et al. detected TB DNA purified by sequence-specific purification targeting IS6110 and the 

direct repeat (DR) region in the pleural fluid of 13 of 17 patients with tuberculosis pleurisy, including 3/3 

culture-positive samples and 10/14 culture-negative samples (113). When DNA was purified by silica 

adsorption instead, only the 3 culture-positive samples were detectable. The authors were able to 

reliably detect 5–10 genome equivalents, and occasionally detect down to 1 genome equivalent, of TB 

DNA in samples with up to 750 µg total DNA, a 10- to 100-fold increase in sensitivity compared to 

amplification of total DNA purified by silica adsorption. Brugière et al. detected TB DNA in all 

bronchoalveolar lavage samples from smear-negative pulmonary TB patients (n=9) (114). More recently, 

Reed et al. have published two consecutive studies using sequence-specific purification to improve 

detection of TB DNA in sputum samples. In the first study, they identified human genomic DNA as a 

significant qPCR inhibitor in DNA purified from sputum samples (124). The inhibitory effect was 

eliminated by DNase treatment of samples prior to spiking in target DNA. To overcome this problem, 

they developed a hybridization capture method targeting IS6110 and senX3-regX3, that, combined with 

a new sputum thinning procedure, had an estimated limit of detection of 20 CFU/mL from 1 mL sputum. 

The H37Ra strain they used had 17 copies of IS6110 per genome, so the limit of detection corresponds 

to 340 copies/mL of IS6110. In a clinical pilot study, the sensitivity and specificity of the assay were 96% 

and 100%, respectively, compared to Xpert MTB/RIF (n=60). In the subsequent study, they improved 

upon the sequence-specific purification method and reported the results of an expanded clinical study 
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(125). The limit of detection of their test was 5 CFU/mL sputum (corresponding to 85 copies/mL IS6110), 

approaching that of culture (10–100 CFU/mL). The clinical sensitivity and specificity were 94.9% and 

100%, respectively, compared to culture (n=142). The test had slightly lower sensitivity in smear-

negative (88.6%) compared to smear-positive (98.4%) samples. 

 

In previous implementations, sequence-specific purification was used primarily to isolate target DNA 

from an excess of non-target DNA, which can inhibit downstream amplification and reduce sensitivity, 

particularly for dilute targets in an excess of non-target DNA (109, 113, 124). For this reason, sequence-

specific purification has been commonly used for environmental samples and pathogen detection in 

samples with large amounts of human gDNA (e.g., stool, sputum, whole blood). For urine cfDNA, 

however, the total nucleic acid concentration is low and unlikely to inhibit downstream amplification. In 

this case, we instead aimed to leverage hybridization’s ability to sensitively capture and retain short 

fragments regardless of length and concentration. We hypothesized that sequence-specific purification 

would increase recovery of short, dilute cfDNA relative to silica-based extraction methods, which would 

in turn increase the diagnostic sensitivity for detection of TB urine cfDNA. Removal of non-target DNA 

(for example, cell-associated human gDNA in urine samples that are not clean catch) may be a 

secondary benefit of sequence-specific purification by helping to minimize the likelihood of nonspecific 

amplification. To our knowledge, sequence-specific purification has not been employed previously to 

target urine cfDNA. 

 GAPS IN THE LITERATURE AND PROJECT MOTIVATION  

There is clearly a need for rapid TB diagnostics that do not rely on sputum samples. Urine cfDNA is an 

attractive target for TB diagnosis, but research regarding its implementation remains in the early stages. 

More clinical evidence, molecular characterization, and the determination of optimal methodology are 

needed to establish urine cfDNA as a viable diagnostic target for TB. There are several areas where this 

dissertation seeks to contribute both broadly to the field of urine cfDNA, and more specifically to 

improve TB diagnosis from urine cfDNA: 

• Determination of optimal sample preparation methods for urine cfDNA  

• Development of a sequence-specific purification method suitable for TB urine cfDNA by 

improving upon sensitivity and sample volume of previous sequence-specific purification 

methods  



24 
 

• Design of PCR assays for specific amplification of short cfDNA 

• Assessment of the impact of improved methods on sensitivity of TB diagnosis from urine cfDNA  

• Application of a sensitive, well-characterized, and quantifiable method to study TB urine cfDNA 

in new clinical populations 

• Characterization of the concentration, composition, and fragment length distribution of TB urine 

cfDNA to inform continued development of diagnostic assays  

3. DEVELOPMENT OF SEQUENCE-SPECIFIC PURIFICATION METHOD FOR URINE 

CELL-FREE DNA 

Portions of this chapter are adapted from  

Oreskovic A, Lutz BR. Ultrasensitive hybridization capture: reliable detection of <1 copy/mL short cell-

free DNA from large-volume urine samples. PLOS ONE 16(2): e0247851 (2021). 

https://doi.org/10.1371/journal.pone.0247851. 

This paper was written to target a broader audience interested in sequence-specific purification of 

cfDNA for applications beyond TB. Here, the text has been modified and sections have been added to 

focus specifically on the development of an assay to diagnose TB from urine cfDNA.  

 ABSTRACT 

Urine cell-free DNA (cfDNA) is a promising biomarker for non-sputum-based tuberculosis (TB) diagnosis, 

but there is no consensus on its optimal pre-analytical methodology, including the DNA extraction step. 

Due to its short length (majority of fragments <100 bp) and low concentration (ng/mL), urine cfDNA is 

not efficiently recovered by conventional silica-based extraction methods. To maximize sensitivity of TB 

urine cfDNA detection, we developed an ultrasensitive hybridization method that uses sequence-specific 

oligonucleotide capture probes immobilized on magnetic beads to improve extraction of short cfDNA 

from large-volume urine samples. Our sequence-specific purification method recovers near 100% (95% 

CI: 82.5–105.8%) of TB target-specific DNA from 10 mL urine, independent of fragment length (25–150 

bp), and has a limit of detection of ≤5 copies of double-stranded DNA (0.5 copies/mL). Pairing sequence-

specific purification with an ultrashort qPCR design, we can efficiently capture and amplify fragments as 

short as 25 bp. Our method enables amplification of TB cfDNA from 10 mL urine in a single qPCR well, 

tolerates variation in sample composition, and effectively removes non-target DNA. Our sequence-

https://doi.org/10.1371/journal.pone.0247851
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specific purification protocol improves upon both existing silica-based urine cfDNA extraction methods 

and previous hybridization-based sample preparation protocols. Two key innovations contribute to the 

strong performance of our method: a two-probe system enabling recovery of both strands of double-

stranded DNA and dual biotinylated capture probes, which ensure consistent, high recovery by 

facilitating optimal probe density on the bead surface, improving thermostability of the probe-bead 

linkage, and eliminating interference by endogenous biotin. While we developed the sequence-specific 

purification method specifically to improve TB diagnosis from urine cfDNA, we expect that it will be 

versatile across urine cfDNA targets and may be useful for other cfDNA sample types and applications 

beyond cfDNA. To make our sequence-specific purification method accessible to new users, we present 

a detailed protocol and straightforward guidelines for designing new capture probes. 

 INTRODUCTION  

Urine cell-free DNA (cfDNA) is generated from transrenal excretion of circulating cfDNA, as well as from 

local degradation of cells shed along the urogenital tract (3). It is a versatile noninvasive biomarker with 

applications in cancer detection (3, 38, 126), infectious disease diagnosis (4, 42), organ transplant 

monitoring (43, 44), and prenatal genetic screening (3, 45). To ensure reliable outcomes of urine cfDNA 

assays, optimal pre-analytical methodology is essential. Several studies have compared collection 

procedures, storage conditions, and sample preparation methods for urine cfDNA (48, 79, 88, 91, 92), 

but there remains no consensus on best practices, and the conclusions for more well-studied plasma 

cfDNA may not apply to urine cfDNA. Here, we aimed to address deficiencies in one of many critical pre-

analytical variables that may impact the performance of urine cfDNA tests: the DNA extraction step. 

Conventional silica-based DNA extraction methods are not suitable for urine cfDNA, which is dilute and 

extensively fragmented. While plasma cfDNA has a peak fragment length of approximately 167 bp, 

reflecting protection of histone-associated DNA within nucleosomes (51), urine cfDNA is more 

fragmented due to glomerular filtration of the transrenal fraction and fast degradation kinetics of all 

cfDNA in urine. The distribution of fragment lengths varies across samples, but the majority of urine 

cfDNA fragments are expected to be <100 bp (45, 54–56), with a wider distribution of fragments around 

the peak fragment length compared to plasma cfDNA (56). Some forms of urine cfDNA, including fetal 

(45), tumor (57), mitochondrial (45, 55), microbial (55), and viral (55) cfDNA, are even more fragmented 

than human nuclear cfDNA. For these particularly short forms of urine cfDNA, the peak fragment length 

may be as short as 30 to 60 bp (45, 55). Both DNA extraction and sequencing library preparation 

methods may underestimate the prevalence of short fragments, making it difficult to determine the true 
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fragment length distribution of urine cfDNA. Recently, new single-stranded library preparation methods 

for next-generation sequencing have revealed that very short, formerly undetectable fragments make 

up a larger fraction of both plasma (49, 51, 58) and urine (55) cfDNA than previously recognized. 

Although thorough characterization of the full diversity of urine cfDNA using extraction and library 

preparation methods sensitive to the shortest fragments remains incomplete, it is increasingly clear that 

targeting short fragments is critical to maximizing the sensitivity of urine cfDNA assays.  

As further evidence of the importance of targeting short fragments, decreasing PCR amplicon length has 

been shown to increase both clinical sensitivity and the detected concentration of urine cfDNA (79–81). 

Detection sensitivity for fetal cfDNA in maternal urine was 25%, 75%, and 100% for PCR amplicon 

lengths of 65 bp, 39 bp, and 25 bp, respectively (79). The sensitivity of Epstein-Barr virus detection 

similarly increased from 28% to 56% as the amplicon length decreased from 76 bp to 59 bp, and was 

accompanied by a 24-fold increase in median detected urine cfDNA concentration (80). In another 

study, a modest 10 bp decrease in PCR amplicon length from 49 bp to 39 bp resulted in more than 10-

fold increase in the detected concentration of tuberculosis (TB) cfDNA in urine (81). 

The ability to detect short fragments is particularly important given the low total concentration of cfDNA 

in urine (<1–200 ng/mL) (3, 47, 48) and potential for very low copy numbers of target-specific cfDNA. To 

ensure maximum sensitivity for detection of low-concentration, fragmented cfDNA, it is critical not only 

to amplify short targets, but also to use a DNA extraction method capable of retaining short fragments 

with high efficiency. Conventional DNA extraction methods based on adsorption of DNA to silica under 

chaotropic conditions (73) are inadequate for urine cfDNA because recovery decreases with decreasing 

fragment length and concentration. The driving forces of DNA adsorption to silica – namely hydrophobic 

interactions as a result of dehydration of silica and DNA surfaces and hydrogen bonding between silica 

and the DNA backbone – are proportional to DNA fragment length (74). The lower length limit of silica-

based methods varies across binding matrices and buffer conditions, but recovery generally decreases 

for fragments less than 50–100 bp. Silica-based methods may also perform poorly for dilute samples like 

urine cfDNA because a non-trivial fraction of DNA may remain irretrievably bound to the silica surface 

(75, 76). We previously compared several silica-based methods for urine cfDNA extraction, both 

commercially-available kits and lab-based protocols, and discovered that none maintained high recovery 

across all fragment lengths from 25–150 bp (see Chapter 4) (127). Many had low or undetectable 

recovery of 25–40 bp fragments (127), which are expected to make up a significant fraction of urine 
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cfDNA. Even if all other pre-analytical variables are optimized, low recovery of short fragments during 

the DNA extraction step risks compromising clinical results.  

We aimed to develop an improved method for extraction of short cfDNA from urine. Our goal was to 

improve purification and detection of known target sequences for diagnostic applications, specifically 

TB, rather than to extract total urine cfDNA. We identified sequence-specific hybridization capture as a 

technique likely to perform well for short, dilute urine cfDNA because it should be agnostic to DNA 

fragment length and concentration. 

A sequence-specific purification method for short, dilute urine cfDNA must meet two design criteria not 

achieved with previous sequence-specific purification methods. Due to the very low concentration of TB 

cfDNA in urine (median 15 copies/mL in our clinical study), I needed to push the limits of sequence-

specific purification to 1) achieve <1 copy/mL copy sensitivity and 2) increase the input sample volume 

to 10 mL. In contrast, previous sequence-specific purification methods (Table 2.2) had, at best, limits of 

detection of 5–100 copies/mL and were limited to a sample volume of ≤1 mL.  

Here, we report the development and optimization of an ultrasensitive hybridization method that uses 

dual biotinylated sequence-specific probes immobilized on streptavidin-coated magnetic beads to 

capture, concentrate, and purify target-specific cfDNA fragments from 10 mL urine samples. Our 

sequence-specific purification method is intended for sample preparation prior to qPCR-based detection 

of known target sequences, such as in the case of pathogen detection; it is not suitable for applications 

requiring purification of total cfDNA prior to sequencing. We have identified key parameters affecting 

hybridization efficiency and implemented designs to ensure consistent, high percent recovery. We 

report full characterization of the analytical performance of our sequence-specific purification method 

and describe two key innovations that contribute to its unprecedented sensitivity: dual biotinylated 

capture probes and a two-probe system for recovery of both strands of double-stranded DNA (dsDNA). 

Our sequence-specific purification method improves upon the analytical performance of both existing 

silica-based urine cfDNA extraction methods and sequence-specific purification protocols, including our 

own previously-reported 1 mL solution-based hybridization assay (127). Although we developed the 

sequence-specific purification method for TB diagnosis and focused our design criteria on the needs of 

urine cfDNA (i.e., short, dilute fragments), we anticipate that our method will be versatile across urine 

cfDNA applications and may also be useful for other sample types. With the aim of making our method 

readily accessible to new users and applicable to broader potential applications of sequence-specific 
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purification, we give a detailed, optimized protocol and outline guidelines for straightforward design of 

capture probes for new targets.  

 DEVELOPMENT OF SEQUENCE-SPECIFIC ASSAY FOR TB URINE CFDNA   

 

Our TB urine cfDNA assay targets the Mycobacterium tuberculosis (MTB) insertion sequence IS6110 

(GenBank Accession #X17348), which is a well-studied target for TB diagnosis (128, 129). It is present at 

variable copy number (1–28 inserts) in ~99% of MTB complex strains (Figure 3.1, unpublished data 

courtesy of Dr. Norman D. Brault), providing an opportunity for enhanced sensitivity compared to single-

copy genomic elements. I designed capture probes and PCR primers to target a 40 bp amplicon within a 

conserved and specific region of IS6110 (130).  

 
Figure 3.1: Copy number of IS6110 genomic target across TB strains. Genomes of ~1900 MTB complex 
strains obtained from NCBI GenBank and analyzed for IS6110 presence and prevalence. IS6110 was 
present in approximately 99% of MTB complex strains. Data courtesy of Dr. Norman D. Brault. 

 

The hybridization capture probe design is shown in Figure 3.2A. Two unique capture probes are used to 

hybridize to both strands of the dsDNA target region. Each probe contains a short sequence-specific 

binding region (15–20 bp) complementary to the target of interest and a 5’ dual biotin modification for 

immobilization on streptavidin magnetic beads. The probes also contain a 20 bp poly(A) spacer between 

the dual biotin modification and target-specific binding sequence to reduce steric hindrance during 

hybridization and a 3’ C3 blocker to prevent extension of any residual probes during qPCR. As discussed 

in later sections, both the dual biotin modification of probes and the two-probe system for recovery of 

both strands of dsDNA are critical design elements for the strong analytical performance of our method. 
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An overview of the sequence-specific purification procedure is given in Figure 3.2B. Dual biotinylated 

capture probes complementary to the target of interest are immobilized on streptavidin-coated 

magnetic beads prior to hybridization. The functionalized beads are added to a 10 mL urine sample, 

along with NaCl (1M) to thermodynamically encourage target-probe hybridization and Tween-20 (0.1%) 

to improve probe accessibility near the bead surface. A relatively high effective probe concentration (2 

nM of each probe) helps drive rapid hybridization. Urine is denatured at >90°C for 15 minutes before the 

DNA target sequence is captured via hybridization to probes at room temperature for 30 minutes. The 

beads are concentrated by centrifugation, then washed on a magnetic rack, twice with a high salt buffer 

and once with a low salt stringency buffer, to remove urine and non-target DNA. The purified target-

specific DNA is eluted under basic conditions, neutralized, and detected by short-target qPCR. The entire 

purified output (20 µL) from 10 mL urine can be analyzed in a single qPCR well, resulting in 500X 

concentration from the original sample volume and minimizing dilution to enable detection of low 

concentration targets.  

 
Figure 3.2: Hybridization capture probe design and sequence-specific purification procedure. (A) 
Schematic illustrating capture probe design. Two short, sequence-specific probes, one complementary to 
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each strand of the double-stranded target region, are immobilized on streptavidin-coated magnetic 
beads via dual biotin linkers. The target-specific capture regions are based on truncated versions of the 
PCR primers. In addition to the 5’ dual biotin modification, each probe has a 20 bp poly(A) spacer to 
reduce steric hindrance near the bead surface and a 3’ C3 spacer to prevent extension. (B) Overview of 
hybridization capture procedure. Beads with pre-immobilized capture probes are added to 10 mL urine 
(along with 1 M NaCl and 0.1% Tween-20), heat denatured (15 minutes at >90°C), hybridized to target 
DNA (30 minutes at room temperature), and washed to remove non-target DNA (2X high-salt wash, 1X 
low-salt wash). Purified target-specific DNA is eluted under basic conditions, neutralized, and amplified 
by short-target qPCR. 

 SEQUENCE-SPECIFIC PURIFICATION PROTOCOL  

A full step-by-step sequence-specific purification protocol is posted on protocols.io 

(http://dx.doi.org/10.17504/protocols.io.bep4jdqw). The protocol below was used for analytical 

characterization of the hybridization capture method, with experimental details and any modifications 

for individual experiments noted in the following Methods section. 

I. Collect, store, and prepare urine cfDNA 

1. Before urine collection, prepare 15 mL DNA LoBind tubes (Eppendorf, Hamburg, 

Germany) with 500 μL 0.5 M EDTA and 100 μL 1M Tris-HCl pH 8.  

2. Collect urine sample in a sterile container. 

3. Immediately after urine collection, add 10 mL of urine to each prepared 15 mL tube and 

mix by inversion. The final concentration will be 25 mM EDTA and 10 mM Tris-HCl.  

4. Freeze at -80°C until analysis.  

5. Immediately before analysis, thaw urine at 37°C and mix by inversion. 

6. Optionally, test with Fisherbrand 10-SG Urine Reagent Strips (Thermo Fisher Scientific, 

Waltham, MA, USA). 

7. Centrifuge urine for 5 minutes at 8000g to pellet cell debris.  

8. Transfer cell-free urine supernatant to new 15 mL DNA LoBind tube (Eppendorf).  

II. Immobilize capture probes on magnetic beads 

1. Vortex Dynabeads MyOne Streptavidin C1 (Thermo Fisher) for 30 seconds to ensure that 

beads are evenly dispersed in solution.  

2. Pipette beads into a 1.5 mL DNA LoBind tube (Eppendorf). Prepare 50 μL (0.5 mg) beads 

per 10 mL urine sample to be analyzed.   

3. Wash beads three times with an equal volume of high salt wash buffer (1M NaCl, 10 mM 

Tris-HCl pH 8, 0.05% Tween-20).  

i.  Place beads on magnetic rack for 1 minute; remove and discard supernatant. 

http://dx.doi.org/10.17504/protocols.io.bep4jdqw
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ii.  Add an equal volume of high salt wash buffer (1M NaCl, 10 mM Tris-HCl pH 8, 

0.05% Tween-20), vortex for 5 seconds, and briefly spin down. 

iii.  Repeat twice for a total of three washes. 

4. Resuspend beads in an equal volume of high salt wash buffer (1M NaCl, 10 mM Tris-HCl 

pH 8, 0.05% Tween-20). 

5. Pre-mix dual biotinylated capture probes BP1 and BP2 (Table 3.1) in TLE to a final 

concentration of 50 μM BP1 and 50 μM BP2.  

6. Add pre-mixed dual biotinylated capture probes BP1 and BP2 to beads and immediately 

vortex for 5 seconds. Use 25 pmol of each probe per 50 μL beads (0.5 μL of pre-mixed 

stock with 50 μM of each probe). If using only a single probe, use 50 pmol per 50 µL 

beads.  

7. Rotate for 15 minutes at room temperature to immobilize probes on beads.  

8. Briefly spin down.  

9. Wash beads three times with an equal volume of high salt wash buffer (1M NaCl, 10 mM 

Tris-HCl pH 8, 0.05% Tween-20).  

i.  Place beads on magnetic rack for 1 minute; remove and discard supernatant. 

ii.  Add an equal volume of high salt wash buffer (1M NaCl, 10 mM Tris-HCl pH 8, 

0.05% Tween-20), vortex for 5 seconds, and briefly spin down.  

iii.  Repeat twice for a total of three washes.  

10. Resuspend beads in an equal volume high salt wash buffer. 

III. Capture TB-specific urine cfDNA by hybridization   

1. Add 2.5 mL 5 M NaCl (final concentration 1 M), 127 μL 10% Tween-20 (final 

concentration 0.1%) and 50 μL prepared beads to each 10 mL urine sample. If spiking in 

positive control (Table 2), add it now.  

2. Mix well by inversion.  

3. Denature for 15 minutes in dry bath with 15 mL tube block preheated to 120°C (urine 

temperature should reach >90°C). Alternatively, a 95°C water bath can be used.  

4. Rotate for 30 minutes at room temperature to hybridize target cfDNA to capture 

probes.  

IV. Wash to remove urine inhibitors and non-target DNA 

1. Centrifuge for 5 minutes at 5000g to pellet beads.  

2. Remove and discard all but ~1 mL supernatant using 10 mL serological pipette.  
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3. Resuspend beads in remaining supernatant and transfer to 1.5 mL DNA LoBind tube 

(Eppendorf).  

4. Place on magnetic rack for 1 minute. Remove and discard supernatant, then remove 

tube from magnetic rack. 

Note: Infrequently, clinical urine samples with blood and/or proteinuria may 

cause beads to aggregate poorly on the magnet. If this is the case, using a 

minicentrifuge to help pellet the beads before removing the supernatant or 

leaving the tube on the magnet for >1 minute here and in subsequent wash 

steps may be helpful. It is okay to leave more residual volume to avoid bead loss 

(see Section 7.6 for more information and suggested addition of proteinase K 

digestion step).  

5. Add 1 mL high salt wash buffer (1 M NaCl, 10 mM Tris-HCl pH 8, 0.05% Tween-20) and 

wash by inverting 10-20 times, or until no bead aggregate is left on tube wall. Do not 

vortex. Spin down briefly.  

6. Place on magnetic rack for 1 minute. Remove and discard supernatant, then remove 

tube from magnetic rack. 

7. Add 1 mL high salt wash buffer (1 M NaCl, 10 mM Tris-HCl pH 8, 0.05% Tween-20) and 

wash by inverting 10-20 times, or until no bead aggregate is left on tube wall. Do not 

vortex. Spin down briefly.  

8. Place on magnetic rack for 1 minute. Remove and discard supernatant, then remove 

tube from magnetic rack. 

9. Add 1 mL low salt wash buffer (15 mM NaCl, 10 mM Tris-HCl pH 8, no Tween-20) and 

wash by inverting 10-20 times, or until no bead aggregate is left on tube wall. Do not 

vortex. Spin down briefly.  

10. Place on magnetic rack for 1 minute. Remove and discard supernatant. 

11. Spin down again, place on magnetic rack, and remove as much liquid as possible using 

P20 pipette.  

V. Elute purified TB cfDNA 

1. Add 20 μL freshly prepared 20 mM NaOH, vortex for 5 seconds, and spin down briefly. 

2. Place on magnetic rack. Transfer as much supernatant as possible (usually 20–21 μL) 

directly to qPCR well or to new DNA LoBind tube (Eppendorf). This contains purified 

target cfDNA. Avoid transferring any beads to qPCR. 
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Note: Infrequently, clinical urine samples with blood and/or proteinuria may 

make it difficult to avoid bead transfer to PCR. If this is the case, using a 

minicentrifuge to help pellet the beads before eluting or leaving the tube on the 

magnet for longer may be helpful. It is okay if the eluted volume is <20 μL or if a 

small amount of beads are transferred to PCR, although this will lead to PCR 

inhibition (see Section 7.6 for more information and suggested addition of 

proteinase K digestion step). 

3. Partially neutralize with 3.5 μL 100 mM HCl. The qPCR buffer will adjust to final pH and 

tolerates slightly basic pH better than acidic pH.  

4. Proceed directly to qPCR. 

 

VI. Quantify by qPCR  

1. Analyze the entire hybridization output (approximately 24 μL) from each 10 mL urine 

sample in a single qPCR well. Each 50 μL reaction should contain 1.25 U OneTaq Hot 

Start DNA Polymerase (New England Biolabs [NEB], Ipswitch, MA, USA), 1X NEB OneTaq 

GC Reaction Buffer (NEB; 80 mM Tris-SO4, 20 mM (NH4)2SO4, 2 mM MgSO4, 5% glycerol, 

5% DMSO, 0.06% IGEPAL CA-630, 0.05% Tween-20, pH 9.2), 0.8 mM dNTPs (NEB), 0.4X 

EvaGreen (Biotium, Fremont, CA, USA), 200 nM forward primer (Table 3.1), and 200 nM 

reverse primer (Table 3.1). 

2. Amplify in CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, 

Hercules, CA, USA) using an initial denaturation of 94°C for 3 min followed by 45 

amplification cycles (94°C for 30s, 64°C for 30s, and 68°C for 1 min).  

3. Conduct post-amplification melt analysis from 65°C to 95°C in 0.5°C increments every 5 

seconds. 

4. Determine Cq values at a threshold of 500 RFU, calculate recovered copies using a 

standard curve (0, 10, 102, 103, 104, and 105 copies positive control) run for each 

experiment, and verify that melting temperature (Tm) matches that of expected 

amplicon. 
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Table 3.1. Probe, primer, and target sequences. 

Oligo Sequence  
Positive control    
(50 bp) 

5’-CGAACCCTGCCCAGGTCGACACCATTCAACACATAGGTGAGGTCTGCTAC-3’ 

Reverse 
complement of 
positive control  
(50 bp) 

5’-GTAGCAGACCTCACCTATGTGTTGAATGGTGTCGACCTGGGCAGGGTTCG-3’ 
 

Biotinylated probe 
#1 (BP1, targets 
positive control) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAACAGACCTCACCTATGTGT/3SpC3/-3’ 

Biotinylated probe 
#2 (BP2, targets 
reverse 
complement) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAACCCTGCCCAGGTCGA/3SpC3/-3’  
 

Forward primer 5’-CGAACCCTGCCCAGGTCGA-3’ 
Reverse primera 5’- GTA+GCAGA+CCTCACCTATGTGT-3’ 
Length dependence experiment  
150 bp target  5’-

CGAACCCTGCCCAGGTCGACACCATTCAACACATAGGTGAGGTCTGCTACACACCAT
TCAATTTCATCACTGCCAATACTCCACTCTCATCTACACAACCCATTAGTACCTTACCTC
GCTTCCTATCCCAATTCACTTAATCTTAAACCG-3’ 

80 bp target 5’-
CGAACCCTGCCCAGGTCGACACCATTCAACACATAGGTGAGGTCTGCTACACACCAT
TCAATTTCATCACTGCCAATACT-3’ 

25 bp target 5’-CCGGCTGTGGGTAGCAGACCTCACC-3’ 
Biotinylated probe 
for 25 bp target 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAAGGTGAGGTCTGCTAC/3SpC3/-3’ 

Primers for 
ultrashort qPCR of 
25 bp target 

See Appendix A, Section 9.3.2 or Oreskovic et al. (2019) (127)  

Comparison of single and dual biotinylated probes 
Single biotin analog 
of BP1 

5’-/5Biosg/AAAAAAAAAAAAAAAAAAAACAGACCTCACCTATGTGT/3SpC3/-3’ 

/52-Bio/ indicates dual biotin modification; /5Biosg/ indicates single biotin modification; /3SpC3/ indicates carbon spacer; “+G” 
and “+=C” indicate locked nucleic acid (LNA) bases. Target-specific probe binding sequences are underlined. A synthetic spacer 
region introduced to differentiate the positive control from the endogenous Mycobacterium tuberculosis complex-specific target 
sequence (IS6110) is bolded (see Section 3.7.4). All DNA sequences were ordered from Integrated DNA Technologies (IDT; 
Coralville, IA, USA) with HPLC purification. 

 a For some early experiments, an older version of the reverse primer without LNA bases was used with a PCR annealing 
temperature of 58°C. We later added two LNA modifications and increased the annealing temperature to 64°C to improve 
specificity (see Section 3.7.4). 

 METHODS 

Experiments were carried out in urine pooled from healthy volunteers (approved by the University of 

Washington Human Subjects Division, IRB #48840). For all experiments, the total capture probe 
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concentration was kept constant at 50 pmol probe per 50 µL beads. For experiments targeting dsDNA 

(positive control and reverse complement), both probes BP1 and BP2 were used (25 pmol BP1 and 25 

pmol BP2 per 50 µL beads) unless otherwise specified. For experiments targeting single-stranded DNA 

(ssDNA) (positive control only), only probe BP1 was used (50 pmol per 50 µL beads) unless otherwise 

specified. Some experiments used an older version of the reverse primer without LNA modifications and 

a lower qPCR annealing temperature of 58°C. Using these conditions, we occasionally observed late, 

probe-independent nonspecific amplification of residual human genomic DNA (see Figure 3.7). We 

updated the reverse primer design to include LNA substitutions to increase its melting temperature (Tm) 

to match that of the forward primer and increased the qPCR annealing temperature to 64°C (see Section 

3.7.4). We found that this change minimized nonspecific amplification while maintaining high qPCR 

efficiency. Unless otherwise noted, we used the LNA-modified reverse primer and an annealing 

temperature of 64°C. For all experiments, we maintained laboratory practices intended to limit 

contamination, including separating pre- and post-PCR rooms, regularly decontaminating work surfaces 

and pipettes, using sterile filtered pipette tips, and aliquoting reagents into single-use volumes. 

Percent recovery, representative calibration curves, and limit of detection. To determine the 

purification efficiency, 103 copies of 50 bp dsDNA (Table 3.1) were spiked into 10 mL urine, extracted by 

hybridization, and amplified by qPCR (n=6 independent experiments processed on separate days). 

Purification efficiency was calculated as the percent of DNA spiked into urine that was recovered and 

detected by qPCR. Representative calibration curves for DNA recovered by hybridization were generated 

by spiking 0, 5, 10, 102, 103, 104, or 105 copies (0, 0.5, 1, 10, 102, 103, or 104 copies/mL) of 50 bp dsDNA 

into 10 mL urine, extracting by hybridization, and amplifying by qPCR (n=3). Representative calibration 

curves for the qPCR standards were generated by adding 0, 5, 10, 102, 103, 104, or 105 copies of 50 bp 

dsDNA directly into qPCR. The limit of detection was verified by spiking 0 or 5 copies (0.5 copies/mL) of 

50 bp dsDNA into 10 mL urine, extracting by hybridization, and amplifying by qPCR (n=6 technical 

replicates from the same experiment).  

Length dependence. To measure the recovery across fragments of different lengths, 103 copies of 25, 

50, 80, or 150 bp ssDNA (Table 2) were spiked into 10 mL urine and extracted by hybridization using BP1 

(50, 80, 150 bp targets) or the 25 bp capture probe (25 bp target) listed in Table 3.1 (n=3 independent 

experiments with 3 technical replicates per experiment). The 80 bp and 150 bp fragments were 

amplified using the same primers and qPCR conditions as the 50 bp fragment. For this experiment, the 
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reverse primer without LNA modifications was used. The 25 bp fragment was amplified using ultrashort 

qPCR as described previously (127) and in Appendix A, Section 9.3.2. 

Tolerance to varied urine conditions. To test the effects of variations expected in clinical urine samples, 

103 copies of 50 bp ssDNA were spiked into 10 mL PBS with varied pH (5, 6, 7, 8), non-target DNA (0, 1, 

10 µg sheared salmon sperm DNA), and salt (13.7, 137, 500 mM NaCl) conditions, extracted by 

hybridization, and amplified by qPCR using the reverse primer without LNA modifications (n=1). 

Resistance to qPCR inhibition. To test for qPCR inhibition, eluate extracted from 10 mL urine (no added 

target) was spiked into qPCR containing 103 copies of 50 bp ssDNA (0, 1, 5, 10, or 20 µL eluate in 50 µL 

qPCR, for final 0%, 2%, 10%, 20%, or 40% eluate, respectively) (n=3 technical replicates from the same 

experiment). Amplification was carried out using the reverse primer without LNA modifications. An 

increase in quantification cycle (Cq) was used to indicate qPCR inhibition. 

Comparison of single and dual biotinylated capture probes. To determine the dependence on probe 

concentration during immobilization, beads were functionalized with 5, 25, 50, 125, 250, or 500 pmol 

dual biotinylated BP1 or the analogous single biotinylated probe (Table 2) per 50 µL beads. 103 copies of 

50 bp ssDNA were spiked into 10 mL urine, extracted by hybridization, and amplified by qPCR (n=3 

independent experiments processed on separate days). To test thermostability, beads were 

functionalized with 50 pmol dual biotinylated BP1 or the analogous single biotinylated probe per 50 µL 

beads and used to extract 103 copies of 50 bp ssDNA spiked into 10 mL urine. Beads were either added 

to the sample prior to denaturation at >90°C for 15 minutes, or after the sample was denatured and 

cooled to room temperature (n=3 independent experiments processed on separate days). To test 

tolerance to free biotin, beads were functionalized with 50 pmol dual biotinylated BP1 or the analogous 

single biotinylated probe per 50 µL beads. Before hybridization, functionalized beads were incubated for 

15 minutes at room temperature with or without 1 µM free D-biotin and washed three times with high 

salt wash buffer (1 M NaCl, 10 mM Tris-HCl pH 8, 0.05% Tween-20). Beads were then used to extract 103 

copies of 50 bp ssDNA spiked into 10 mL urine (n=3 independent experiments processed on separate 

days). For these experiments, the reverse primer without LNA modifications was used. 

Comparison of one and two probe systems. To compare recovery of dsDNA using the one and two 

probe systems, 1000 copies of 50 bp dsDNA were spiked into 10 mL urine, extracted by hybridization, 

and amplified by qPCR. For the single probe system, 50 pmol of capture probe (BP1 or BP2) was used 

per 50 µL beads (n=3 technical replicates from the same experiment). For the two-probe system, 25 

pmol of each probe (BP1 and BP2) was used per 50 µL beads (n=3 technical replicates from the same 
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experiment). To confirm that introduction of a second probe had no effect on the recovery of the 

opposite probe, 1000 copies of 50 bp ssDNA (positive control or reverse complement) were spiked into 

10 mL urine, extracted by hybridization (50 pmol BP1 or BP2 or 25 pmol each of BP1 and BP2), and 

amplified by qPCR (n=3 technical replicates from the same experiment). To determine if re-hybridization 

of complementary target strands affected recovery, 1000 copies of 50 bp ssDNA or 50 bp dsDNA were 

spiked into 10 mL urine, extracted by hybridization (50 pmol BP1 or 50 pmol BP2), and amplified by 

qPCR (n=3 technical replicates from the same experiment). For these experiments, the reverse primer 

without LNA modifications was used. 

Statistical methods. When appropriate (i.e., when replicates were carried out across multiple, 

independent experiments), conditions were compared using one-way ANOVA with Tukey's honestly 

significant difference post hoc test. Statistical analysis was conducted using GraphPad Prism v8.1.2 (San 

Diego, CA, USA) with a significance level of 0.05. 

 ANALYTICAL CHARACTERIZATION OF SEQUENCE-SPECIFIC PURIFICATION METHOD  

Our sequence-specific capture method recovers 94.1% (95% CI: 82.5–105.8%) of DNA spiked into 10 mL 

urine (Figure 3.3A). The calculated percent recovery is occasionally >100% due to variability in qPCR 

quantification when using a unique standard curve for each experiment (Figure 3.4), but centers near 

100% across multiple independent experiments. Figure 3.3B shows that representative calibration 

curves for DNA spiked into 10 mL urine and recovered by hybridization and DNA spiked directly into 

qPCR are visually indistinguishable, illustrating near complete recovery of DNA from urine across a range 

of concentrations. Using our sequence-specific capture method, we can reliably distinguish 5 copies of 

dsDNA spiked into 10 mL urine from negative controls (Figure 3.3C). Our protocol improves the limit of 

detection (≤0.5 copies/mL dsDNA, or 1 copy/mL ssDNA, approaching the detection limit of qPCR) 

compared to previous sequence-specific purification protocols, which had, at best, analytical 

sensitivities in the range of 5–100 copies/mL (Table 2.2). Our protocol also increases the input sample 

volume to 10 mL from a previous maximum of 1 mL (Table 2.2). Testing in our lab indicates that the 

increase in sample volume was crucial for detection of TB-specific cfDNA in urine from patients with 

pulmonary TB (Chapter 4.8).  
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Figure 3.3: Analytical performance of the sequence-specific capture method. (A) The sequence-specific 
capture method recovers nearly all TB-specific dsDNA (103 copies of 50 bp positive control) spiked into 10 
mL urine (mean ± SD, n=21 independent experiments processed on different days). (B) Representative 
calibration curves for DNA recovered by hybridization and qPCR standards overlap across concentrations 
from 0.5–104 copies/mL 50 bp dsDNA in urine (mean ± SD, n=3). (C) The sequence-specific capture 
method reliably distinguishes 5 copies of 50 bp dsDNA spiked into 10 mL urine (0.5 copies/mL) from 
negative controls (mean ± SD, n=6). (D) Sequence-specific capture has high recovery across fragment 
lengths from 25–150 bp (mean, n=3 independent experiments processed on different days, 103 copies 
ssDNA input). Each dot represents the mean of 3 technical replicates performed for each independent 
experiment. One experiment was excluded for the 80 bp fragment length due to a calculated recovery of 
>200% caused by delay in amplification of the PCR standards. ns indicates not significant (one-way 
ANOVA with post-hoc Tukey test). (E) Hybridization is tolerant to variations expected in clinical urine 
samples, including pH (5–8), non-target DNA (0–10 µg), and salt (0–500 mM) (n=1, 103 copies 50 bp 
ssDNA input). (F) Sequence-specific capture enables amplification of entire output from 10 mL urine (20 
µL) in a single qPCR well (50 µL) without inhibition. Eluate extracted from pooled urine (no added target) 
was spiked into qPCR containing a constant target concentration (103 copies 50 bp ssDNA). Resistance to 
qPCR inhibition is indicated by the lack of increase in quantification cycle (Cq) despite increasing fraction 
of eluate up to 40% (mean, n=3).  
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Figure 3.4: Justification for occasional >100% recovery. In some cases, the calculated percent recovery 
of our assay may be >100% due to expected variations when quantifying by a qPCR standard curve. The 
relationship between qPCR threshold cycle and calculated starting quantity is exponential, so a small 
change in threshold cycle (for either the experimental sample or the qPCR standards used to generate 
the standard curve) can result in a large change in calculated starting quantity, and therefore percent 
recovery. Given here are the qPCR amplification curves for three example experiments with 70%, 99%, 
and 127% calculated recovery. The experimental samples (1000 copies extracted by hybridization) are 
shown as green curves with hollow circles. The qPCR standards (10, 102, 103, 104, 105 copies) are shown 
in grey and the NTCs (0 copies) are shown in red. The line at 500 RFU indicates the baseline threshold at 
which the threshold cycles were determined. Despite the variation in calculated percent recovery caused 
by minor differences in the standard curves, the 1000 copy hybridization output visually overlaps with the 
1000 copy PCR standard across all three experiments, indicating near complete recovery of DNA by 
sequence-specific capture. We run a new qPCR standard curve for every experiment, so while calculated 
percent recovery may diverge from 100% for technical replicates from an individual experiment, we 
expect the calculated percent recovery across multiple independent experiments to center around 100%, 
as seen in Figure 3.3A. Minor differences in calculated percent recovery for experiments with only 
technical replicates from the same experiment and/or quantified based on different standard curves are 
not necessarily meaningful and should be interpreted with this in mind. 

Critically for urine cfDNA, which is made up primarily of short fragments (majority <100 bp) (45, 54–56), 

our sequence-specific capture method is not dependent on DNA fragment length and maintains high 

recovery across fragments from 25–150 bp (Figure 3.3D). Combined with an ultrashort stem-loop qPCR 

design that I developed (127), we can capture and amplify fragments as short as 25 bp with high 

efficiency (84% recovery). In contrast, conventional DNA extraction based on adsorption of DNA to silica 

under chaotropic conditions is dependent on DNA fragment length, with reduced recovery of shorter 

fragments. DNA adsorption to silica is driven by hydrophobic interactions between dehydrated silica and 

DNA surfaces and hydrogen bonding between silica and the DNA backbone (74), both of which are 

dependent on DNA fragment length. We previously reported that several silica-based methods for urine 

cfDNA extraction, both published lab-based protocols and commercially-available kits, have reduced 

recovery of short DNA fragments (127). We determined that the frequently-used Wizard silica resin 

method, which was used in the first study demonstrating the presence of cfDNA in urine (3), had low 

recovery (<35%) of 40–150 bp fragments, with a further drop in recovery for 25 bp fragments (<2%) 



40 
 

(127). Even the best-performing method that we identified (Q Sepharose anion exchange resin (79)), 

which had moderate recovery (63–75%) of 40–150 bp fragments, had low recovery of the shortest 25 bp 

fragment (9%) (127). For the full comparison of the analytical performance of urine cfDNA extraction 

methods, see Chapter 4.  

Sequence-specific capture is expected to perform well across varied clinical urine samples due to the 

insensitivity of DNA hybridization to properties that vary in urine samples. Specifically, we have 

demonstrated tolerance to a wide range of pH (5–8), non-target DNA (0–10 µg), and salt (0–500 mM) 

conditions (Figure 3.3E). We expect clinical urine samples to be highly variable, with pH from 5–8 (mean 

5.99–6.43) (131), background DNA from <1–200 ng/mL (3, 47, 48), and salinity from 11–416 mM (mean 

97–148 mM) (132). Particularly notable is sequence-specific capture’s robust performance for low 

concentrations of non-target background DNA, as total urine cfDNA concentrations are expected to be 

low (ng/mL) (3, 47, 48). In contrast, silica-based DNA extraction may perform poorly for low DNA 

concentrations, which is why many silica-based kits require the addition of carrier nucleic acids to 

maintain high yields for low-concentration samples. In the presence of high chaotrope concentrations, a 

fraction of DNA may bind irreversibly to the silica surface due to strong hydrophobic interactions (75, 

76). For high-concentration samples, this loss may be trivial, but for low-concentration samples like 

urine cfDNA the unrecoverable DNA may make up a significant fraction of the input (75, 76). In our 

previous comparison of urine cfDNA extraction methods (Chapter 4), we found that the Wizard silica 

resin method was highly dependent on sample composition, and was thus likely to fail in a subset of 

clinical urine samples with high pH and/or low non-target DNA concentrations (127).  

Our sequence-specific capture protocol also efficiently removes qPCR inhibitors in urine (urea, 

creatinine, etc.) that may affect downstream amplification, enabling amplification of cfDNA from 10 mL 

healthy control urine in a single qPCR well without inhibition (500X concentration, Figure 3.3F). Avoiding 

dilution of eluate during PCR will help maximize sensitivity for detection of low concentration samples. 

Unfortunately, I found that PCR inhibition did occasionally occur when testing urine samples from 

hospital inpatients, likely in part due to transfer of small amounts of magnetic beads to PCR, often in 

samples with blood and/or proteinuria (see Section 7.6 for more details and suggested addition of a 

Proteinase K digestion step to mitigate effects of sample variability).   

Although not a necessity for dilute urine cfDNA, sequence-specific capture is also beneficial for samples 

where high concentrations of co-extracted non-target DNA can act as an inhibitor of downstream 

amplification (e.g., stool, sputum, whole blood) (109, 113, 124). Non-target DNA amounts of 2–10 µg or 
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higher have been reported to inhibit amplification (109, 113, 133), but can be effectively removed by 

hybridization (Figure 3.3E).  While we have not tested sample types besides urine here, we anticipate 

that our approach could also be broadly useful for samples with a high background of non-target DNA. 

 KEY DESIGN FEATURES FOR MAXIMUM SENSITIVITY SEQUENCE-SPECIFIC CAPTURE  

During the assay development process, I iterated through several variations of the sequence-specific 

capture method. In this section I describe the most important design features that ultimately led to the 

strong analytical and clinical performance of the resulting TB urine cfDNA assay. More details regarding 

optimization efforts and other variables that had a minor (or no) effect are given in Appendix B.   

 

 

I initially used a solution-based hybridization approach (capture probes hybridized to target prior to 

immobilization on magnetic beads) due to the potential for faster hybridization kinetics in solution 

compared to on a bead surface (134). When I first began work on this project, the capture protocol had 

low sensitivity, limited sample volume, high hands-on time, and high cost (Table 3.2). My first objectives 

were to decrease the cost and assay time sufficiently to enable higher throughput of assay development 

experiments and to increase the sample volume to at least 1 mL. I achieved these goals primarily by 

reducing the required amount of magnetic beads, which are by far the most expensive component of 

the assay. I also reduced the target footprint from 129 bp to 40 bp and reduced the elution volume from 

80 µL to 20 µL. The improved solution-based capture method had high recovery (73–84% of 25–150 bp 

DNA) and was reliably capable of detecting down to 10 copies of spiked TB DNA in 1 mL urine (see 

Chapter 4 for full analytical characterization). The protocol is given in Appendix A, Section 9.2.1. Despite 

rigorous optimization efforts and the strong analytical performance of the solution-based capture assay, 

I was not able to detect any TB cfDNA in a subset of 1 mL clinical urine samples from the TB Control 

Program (Public Health – Seattle & King Co.) using this protocol. Because capture probes were 

hybridized to target cfDNA prior to immobilization on beads, an excess of beads was required for the 

solution-based method to avoid competition of probes with endogenous biotin in urine. The beads 

make up much of the cost of the assay (~$15/sample for beads vs. ~$0.50/sample for remaining 

reagents), so simply scaling up solution-based hybridization from 1 mL to a larger 10 mL urine sample 

was cost prohibitive. I attempted to further reduce the amount of beads used or switch to alternate, 

cheaper beads, but both caused recovery to drop (see Appendix B, Figure 10.2 and Figure 10.3).  
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Table 3.2: Summary of improvements made to sequence-specific capture method 

 

 

Switching to a surface-based hybridization approach enabled me to avoid competition with endogenous 

biotin by pre-immobilizing probes on beads prior to hybridization, reduce bead consumption and cost 

per milliliter of sample analyzed ($0.95/mL), and scale up the reaction volume to 10 mL. Without 

increasing the amount of beads used (keeping the cost per sample the same), the sample volume can be 

further scaled up to 20 mL with minimal to no loss in performance (80–100% recovery) and to 30–40 mL 

with only moderate loss in performance (50–60% recovery) (see Section 7.5). While the kinetics of 

surface-based hybridization are slower than the kinetics of solution-based hybridization, using 

microparticles rather than planar surfaces helps to mitigate the effect on reaction rate. The rate 

constant for surface-based hybridization on microparticles with optimal probe density has been 

reported as only 5-fold lower than for solution-based hybridization (135). With my optimized protocol, 

surface-based hybridization remains rapid, with near complete hybridization in ≤30 minutes at room 

temperature. Increasing the hybridization temperature or time does not lead to an improvement in 

performance (Appendix B, Figure 10.4).  

Increasing the sample volume from 1 mL to 10 mL was critical for successful detection of TB cfDNA in 

clinical urine samples. The percent recovery of spiked DNA from 10 mL urine using surface-based 

hybridization was not initially as high as that from 1 mL urine using solution-based hybridization, but I 

 
Solution-based 
hybridization 

(original protocol) 

Solution-based 
hybridization 

(optimized protocol) 

Surface-based 
hybridization 

(final protocol) 

Urine volume 75 µL 1 mL 10 mL 

Cost per sample $100 $15 $9 

Cost per mL $100 $15 $0.90 

Minimum reliably detected 
concentration 100 copies/mL ≤10 copies/mL ≤0.5 copies/mL 

% Recovery (approximate) <10% 70–90% >90% 

Minimum target footprint 129 bp 25–50 bp 25–50 bp 

Total purification time 8+ hr 2–3 hr 2–3 hr 

Output 80 µL 20 µL 
(into single PCR well) 

20 µL 
(into single PCR well) 

Concentration factor 0.9375X 50X 500X 

Success in clinical samples? No No Yes 
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identified several key parameters, particularly capture probe density on the bead surface (Section 3.7.2), 

that were critical for efficient hybridization when probes are pre-immobilized on beads. After 

optimization of the surface-based hybridization method, its recovery is as high as that of solution-based 

hybridization, and it improves the limit of detection by 10-fold compared to solution-based hybridization 

(Table 3.2). The protocol is given in Section 3.4. 

 

Based on my experience, I generally recommend surface-based hybridization over solution-based 

hybridization, particularly when large sample volumes are required. Surface-based hybridization with 

dual biotinylated capture probes (Section 3.7.2) eliminates the risk of biotin interference while 

remaining cost-effective for large sample volumes, while solution-based hybridization may be 

compromised by high endogenous biotin concentrations and is more expensive. Assay time and percent 

recovery using the two approaches are comparable, as long as conditions are optimized. Specifically, 

optimal probe density is critical for success with surface-based hybridization, as discussed below.  

 

To reduce cost (approximately $9/sample for surface-based hybridization using a biotin/streptavidin 

system), I investigated using a covalently coupled bead/probe system instead (approximately 

$4/sample). It is also possible that using beads without a protein coating may improve bead behavior in 

variable clinical samples (particularly those with blood and/or proteinuria, see Section 7.6). I chose 

Dynabeads MyOne Carboxylic Acid due to their similarity (size and hydrophilicity) to the current 

streptavidin beads. I designed an amine-modified probe 

(/5AmMC6/AAAAAAAAAAAAAAAAAAAACAGACCTCACCTATGTGT/3SpC3/) that can be covalently coupled 

to the bead surface through a one- or two-step carbodiimide crosslinking reaction. I had more success 

with one-step EDC coupling than with two step EDC-NHS coupling. The protocol I used for bead 

functionalization using one-step EDC coupling is given in Appendix A, Section 9.2.4.  

Unfortunately, recovery using covalently functionalized beads was at most 30–50% in my preliminary 

testing. Due to the instability of the activated ester intermediate during carbodiimide crosslinking, a high 

concentration of amine probe must be used to ensure high coupling efficiency, making it difficult to 

finely control probe density and distribution on the bead surface. If the probe concentration is too low, 

the coupling efficiency will be low and not enough probes will be immobilized for efficient hybridization. 

If the probe concentration is high, coupling efficiency will be high but the probe density will be too high, 

leading to steric hindrance and low hybridization recovery. I deprioritized this work and instead focused 
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on clinical testing using the better-performing biotin/streptavidin system. If a covalently coupled system 

is desired, future work could include addition of a sacrificial amine molecule such as amine-PEG during 

coupling to decrease the probe density while keeping total amine concentration and coupling efficiency 

high. PEGylation would also help to passivate the bead surface and reduce nonspecific, potentially 

irreversible binding of DNA. Alternate coupling chemistries with more stable intermediates, such as 

tosylactivated beads, could also enable use of lower probe concentrations during coupling. Finally, a 

method to directly measure probe coupling efficiency rather than using hybridization recovery as a 

surrogate measure would greatly ease optimization of coupling conditions.    

 

Dual biotinylated probes, which have two biotin molecules in series at the 5’ end of the probes, are a 

key design element of the sequence-specific purification protocol that help ensure its high sensitivity 

and robust performance. Switching from single to dual biotinylated probes was one of the most critical 

turning points that led to an increase from 50–60% recovery (early version of protocol) to near 100% 

recovery when using a surface-based hybridization format. As shown in Figure 3.5A, dual biotinylated 

probes increase recovery and reduce reliance on the probe concentration used during probe 

immobilization compared to single biotinylated probes. When I varied the amount of probes added to 

beads during the probe immobilization step, single biotinylated probes had only a narrow peak in probe 

concentration (25–50 pmol probe per 50 µL beads) that led to maximum recovery. Higher probe 

concentrations resulted in reduced recovery, with 50% or less recovery for probe concentrations at or 

above that expected to saturate beads (estimated as 250 pmol per 50 µL beads for single biotinylated 

probes). Dual biotinylated probes, on the other hand, had high recovery across a broad range of probe 

concentrations (25–500 pmol probe per 50 µL beads). Even when dual biotinylated probes were added 

at concentrations beyond that expected to saturate beads (estimated as 125 pmol per 50 µL beads for 

dual biotinylated probes), recovery remained near 100%.  
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Figure 3.5: Dual biotinylated capture probes improve hybridization compared to single biotinylated 
capture probes. (A) Dual biotinylated probes (in orange) facilitate optimal spacing and density of probes 
on the bead surface, increasing recovery and reducing reliance on the probe concentration used during 
bead functionalization compared to single biotinylated probes (in black) (n=3 independent experiments 
on different days; 103 copies 50 bp ssDNA input). (B) Beads functionalized with dual biotinylated probes 
are thermostable up to at least 90°C, while beads functionalized with single biotinylated probes lose 
function after heating to 90°C. Grey columns labeled as “+” were heated to >90°C for 15 minutes prior to 
hybridization; white columns labeled as “-“ were unheated controls (mean, n=3 independent experiments 
on different days; 103 copies 50 bp ssDNA input). (C) Beads functionalized with dual biotinylated probes 
tolerate incubation with free biotin, while beads functionalized with single biotinylated probes have 
reduced recovery after incubation with free biotin. Grey columns labeled as “+” were incubated for 15 
minutes with 1 µM free biotin; white columns labeled as “-“ were controls not incubated with free biotin 
(mean, n=3 independent experiments on different days; 103 copies 50 bp ssDNA input). ** indicates P 
value of 0.001 to 0.01, **** indicates P value of <0.0001, ns indicates not significant (one-way ANOVA 
with post-hoc Tukey test).  

Probe density has a significant, well-documented impact on the extent of DNA hybridization on surfaces, 

due to both thermodynamic and kinetic effects (136, 137). If the probe density is too low, the kinetics of 

hybridization will be slow, resulting in low recovery, as is likely the case in Figure 3.5A for both single 

and dual biotinylated probes at 5 pmol per 50 µL beads. If the probe density is too high, steric hindrance 

and electrostatic repulsion near the bead surface can reduce both the rate of hybridization and the final 

hybridization efficiency (136, 137), as is likely the case in Figure 3.5A for single biotinylated probes at 

≥125 pmol probe per 50 µL beads. Several studies have observed a similar density-dependent peak in 

hybridization efficiency for immobilized probes (136, 138–140), including on magnetic beads (135), with 

hybridization efficiency reported to drop at probe densities greater than 4–5 x 1012 probes/cm2 (136, 
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138). I selected 50 pmol dual biotinylated probe per 50 µL beads as the concentration to use during 

coupling, which corresponds to a probe density of 1.9–2.7 x 1012 probes/cm2 (370 – 526 Å2/probe) on 

the bead surface, within the optimal range for rapid, efficient hybridization. Importantly, heterogeneity 

of probe distribution across the surface can also lead to sub-optimal recovery (141). Dual biotin 

modification of capture probes likely helps avoid steric hindrance both by limiting overall maximum 

probe density (by saturating streptavidin at a lower probe density) and facilitating optimal spatial 

distribution of probes on the bead surface (by limiting to only one or two probes per tetrameric 

streptavidin molecule). The practical implication of this phenomenon is that non-optimal bead:probe 

ratios during probe immobilization are unlikely to compromise assay performance if dual biotinylated 

probes are used, eliminating the need for careful tuning of probe density and reducing variability 

between bead batches.  

I found only a single instance of dual biotinylated probes used previously for hybridization-based sample 

preparation, which, although overall recoveries were lower (<30%), reported a similar effect for reduced 

dependence on probe concentration relative to single biotinylated probes (120). The authors measured 

dual biotinylated probe density at saturation and confirmed that it was half of that of single biotinylated 

probe density at saturation, as expected (120).  

In addition to moderating probe density, the dual biotin modification is advantageous because it 

increases thermostability of the bead-probe linkage. Beads functionalized with dual biotinylated probes 

maintained recovery after heating at >90°C for 15 minutes, while beads functionalized with single 

biotinylated probes lost all function after heating (Figure 3.5B). Dual biotinylated probes likely increase 

biotin-streptavidin thermostability by more fully saturating streptavidin with biotin while still 

maintaining an optimal probe density. Saturation with biotin increases the Tm  of thermally-induced 

denaturation of streptavidin from 75°C to 112°C (142). The increase in thermostability is incremental, 

with streptavidin 50% saturated with biotin showing two distinct thermogram peaks (142). Dual 

biotinylated probes have been used previously to improve biotin-streptavidin thermostability during 

heat elution (120, 143) and enable PCR thermocycling without leeching of biotinylated DNA from 

streptavidin beads (120, 144). For our purposes, enhanced streptavidin thermostability means that 

beads can be added to urine before the denaturation step without loss in performance. Denaturation of 

beads functionalized with single biotinylated probes, or adding beads functionalized with single 

biotinylated probes to heated samples immediately after denaturation prior to cooling, results in 

reduced recovery due to loss in function as streptavidin denatures. Cold shock, which is commonly used 
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to cool denatured samples while minimizing DNA renaturation, could avoid this problem for single 

biotinylated probes but is not effective for large volume samples. Allowing for pre-heating of beads may 

also improve availability of surface-immobilized probes, leading to an increase in hybridization recovery 

(136).  

Saturating unbound streptavidin with biotin after probe immobilization may achieve a similar 

improvement in thermostability, but single biotinylated probes are negatively affected by the presence 

of high biotin concentrations. Although the streptavidin-biotin association is strong, some dissociation 

does occur (145). In the presence of high concentrations of free biotin, competitive dissociation may 

displace bound biotinylated probes over time. I observed reduced recovery after incubating beads 

functionalized with single biotinylated probes with 1 µM free biotin for 15 minutes, but when using dual 

biotinylated probes, the difference in recovery with and without biotin incubation disappeared (Figure 

3.5C). Endogenous biotin is a known interferent in streptavidin-based diagnostic assays (146), so the 

tolerance of dual biotinylated probes to high concentrations of free biotin also eliminates the risk of 

compromised results in urine samples with high endogenous biotin concentrations. Covalently 

immobilized probes may also improve thermostability and tolerance to endogenous biotin, but it is 

difficult to tailor the probe density and spacing during the conjugation reaction. Using dual biotinylated 

probes with streptavidin-coated magnetic beads retains the ability to carefully control probe density, 

one of the key advantages of biotin-streptavidin immobilization over covalent conjugation, while also 

maintaining thermostability and tolerance to endogenous biotin, characteristics which are lacking for 

single biotinylated probes.   

 

Because hybridization targets single-stranded DNA, it typically only captures half of available target 

molecules (i.e., DNA strands) compared to non-specific extraction methods such as silica adsorption that 

capture both strands of double-stranded DNA. To overcome this limitation, I designed two capture 

probes, one complementary to each strand of the dsDNA target (Figure 3.6A-B). As shown in Figure 

3.6C, the two-probe system increases detected copies by approximately two-fold compared to either 

single probe alone by enabling recovery of both strands of dsDNA. This design element is especially 

important for low-concentration targets where the number of purified target copies may be near the 

limit of detection of qPCR. By recovering both strands of the dsDNA target, sensitivity improves by 

doubling the number of potential amplicons for qPCR and increasing the likelihood of successful 

detection in low-concentration clinical samples. The addition of a second capture probe does not affect 
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recovery of the first probe when the total probe concentration is held constant (Figure 3.6D). Re-

hybridization of dsDNA target stands is thermodynamically favored over hybridization to capture 

probes, but the high concentration of capture probes kinetically favors probe-target hybridization. Re-

hybridization of dsDNA is negligible and does not affect target recovery after 30 minutes of hybridization 

at room temperature (Figure 3.6E).  

 
Figure 3.6: Two probe system enables recovery of both strands of double-stranded DNA. (A) Rationale 
for two-probe system. When using a single capture probe (left column), only one strand of the dsDNA 
target is recovered by hybridization; the other strand is discarded. When a second capture probe is 
added to target the complementary strand (right column), both strands of dsDNA are recovered, 
doubling the concentration of detectable DNA. (B) Schematic of two-probe system design. To minimize 
target footprint, probes are truncated versions of the forward and reverse qPCR primers (15 – 20 bp). 
Probes hybridize to different sub-regions of the target sequence so that opposite probes do not hybridize 
to each other. (C) Using both capture probes results in an approximate 2-fold increase in detected dsDNA 
compared to either single probe (mean, n=3 technical replicates from the same experiment; 103 copies 50 
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bp dsDNA input). Each target strand was quantified by a different standard curve, so the minor 
difference observed in calculated percent recovery for BP1 and BP2 is unlikely to be meaningful (see 
Figure 3.4; same applies for panels D-E).  (D) Addition of a second probe does not affect recovery of 
ssDNA by the opposite probe (mean, n=3 technical replicates from the same experiment; 103 copies 50 bp 
ssDNA input). (E) Re-hybridization of complementary dsDNA target strands is negligible compared to 
probe-target hybridization and does not affect recovery (mean, n=3 technical replicates from the same 
experiment; 103 copies 50 bp ssDNA dsDNA input). Because plots in this figure show technical replicates 
from the same experiment, the data are not independent and statistical analysis was not conducted.  

 

There are two primary sources of false positives in diagnostic tests: nonspecific amplification and 

contamination. To distinguish true positives from false positives due to nonspecific amplification (either 

off-target amplification or primer dimer amplification), sequence-specific fluorescent probes such as 

molecular beacons or TaqMan probes are often used during qPCR. These probes are designed to bind to 

a region between the primers that is specific to the target of interest. Amplicon length must be 

minimized to the combined length of the two primers when targeting short urine cfDNA, leaving no 

room for a sequence-specific detection probe (Figure 3.7A). Furthermore, the amplicon length is similar 

to that which could arise from nonspecific amplification of a primer dimer. Post-amplification analysis 

methods that examine amplicon length including melt curve analysis and gel electrophoresis would not 

be capable of distinguishing between target and primer dimer amplification.  

To keep the amplicon length as short as possible while avoiding false positives due to nonspecific 

amplification, I relied on careful primer design and in silico analysis. I screened candidate primers using 

NCBI Primer BLAST to ensure that there were no amplifiable products from the human genome or other 

organisms other than the MTB complex. I tested the candidate primers and selected the pair with the 

most resistance to no template control (NTC) amplification, which resulted in no NTC amplification up to 

at least 45 cycles. In clinical samples, however, the selected primer pair occasionally amplified a 

nonspecific product with high Tm (78–80°C). I discovered that spiking 10 ng of human genomic DNA 

(Promega) into PCR replicated the occasional high-Tm product observed in clinical urine samples. 

Although sequence-specific purification removes most non-target DNA, minor non-specific adsorption of 

non-target DNA to the bead surface (found to be independent of whether or not beads were 

functionalized with capture probes) results in some residual non-target DNA, so well-designed primers 

remain essential. I was unable to completely eliminate nonspecific adsorption by blocking beads with 

BSA, Denhardt’s solution, or sheared salmon sperm DNA, or by switching to beads with a different 

surface chemistry (Dynabeads MyOne Streptavidin T1). For most applications, late, infrequent 

nonspecific amplification would not be much of a concern, especially when it can be distinguished from 
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target-specific amplification by post-amplification melt curve analysis. However, when attempting to 

detect such low concentrations of cfDNA, with the ultimate goal of single copy sensitivity, there is a 

possibility that nonspecific amplification could compete with target-specific amplification and reduce 

sensitivity.  

To improve primer specificity, I used locked nucleic acids (LNA). LNA nucleotides are a modified version 

of RNA nucleotides with a methylene bridge between the 2’ oxygen and 4’ carbon to fix the ribose 

monomer in the 3’-endo conformation, encouraging formation of an A-form helix rather than a B-form 

helix (147). LNA substitutions within DNA oligonucleotides increase duplex stability and improve 

specificity (147). They have previously been demonstrated to improve the mismatch discrimination of 

hybridization probes (148) and the yield and maximum annealing temperature of PCR primers (149, 

150). To discourage nonspecific amplification, I used LNA substitutions to better match the forward and 

reverse primer Tms (Figure 3.7B) and increased the PCR annealing temperature to slightly above the 

empirically-measured primer Tm (from 58°C to 64°C), which improved specificity (no amplification of 10 

ng human genomic DNA up to 45 cycles) and PCR efficiency (from low 90s to >97%) (Figure 3.7C). When 

testing clinical samples (Chapter 4.8), this optimized primer set and PCR cycling conditions resulted in 

almost no high-Tm nonspecific amplification (4/222 [1.8%] of samples) and 100% specificity.   

 

Figure 3.7: Designs to ensure specificity of short PCR. (A) Short PCR design has no footprint between 
primer sites for binding of a sequence-specific probe. Amplicon is limited to the combined length of the 
two primers, so nonspecific amplification of a primer dimer would have a similar length and may be 
indistinguishable by melt analysis. (B) LNA substitutions can be used to carefully match primer melt 
temperatures. (C) LNA-substituted primers and an elevated PCR annealing temperature reduce 
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nonspecific amplification of 10 ng human genomic DNA (Promega, red) without reducing PCR efficiency. 
Melt analysis can distinguish between endogenous TB amplicon (blue) and synthetic positive control 
(green), preventing false positives due to contamination with positive control sequence.  

Using LNA-substituted primers may be a valuable tool for improving the performance (efficiency and/or 

specificity) of existing primer sets, particularly when primer design space is limited, target sequence is 

non-optimal for primer design (e.g., AT-rich regions), or other oligos such as probes would be 

cumbersome or expensive to redesign. For cfDNA in particular, designing optimal primers can be 

challenging because the amplicon length is fixed, with primers directly adjacent to one another, limiting 

permutations during the generation of initial primer candidates. LNA substitutions may help improve 

non-optimal primer candidates. LNA substitutions could also be a useful tool for better matching primer 

Tms during the design of multiplexed PCR or reducing primer length to amplify shorter targets (149, 150).  

Guidelines for designing LNA-substituted primers: 

1. Empirically measure the Tm of original primers to their reverse complement sequences under 

PCR conditions.  

• Anneal from 95°C to 45°C, decreasing by 1°C every 5 seconds.  

• Melt from 45°C to 80°C, increasing by 0.5°C and reading the plate every 5 seconds.  

2. Design LNA-substituted versions of the primer with lower Tm so that it matches the primer with 

higher Tm.  

• Estimates for Tm of LNA-substituted primers can be calculated using IDT OligoAnalyzer 

(LNA bases indicated as “+X”). While the calculated Tms may not match the empirically 

measured Tms, you can determine a target calculated Tm for the LNA-substituted primer 

by adding the difference of the two empirically-measured primer Tms to the calculated 

Tm of the original (lower Tm) primer.  

• Based on my experience, I recommend substituting 1-3 non-consecutive bases within 

the central to 5’ half of the primer. LNA substitutions at the 3’ end inhibited 

amplification. Both of these observations are consistent with previous reports (149, 

150).  

3. Re-measure the Tm of the LNA-substituted primer using its reverse complement, as above. 

4. Conduct an annealing temperature gradient covering temperatures just at or slightly above the 

new empirically measured Tm to find the maximum annealing temperature that does not result 

in a drop in PCR efficiency. In my experience, PCR annealing temperatures of 0–2°C above the 

lowest primer Tm are optimal.   
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The second possible cause of false positives is contamination of samples with the template sequence. 

This problem is not specific to the short target used here but is of particular importance due to the low 

concentrations of TB cfDNA we need to detect (possibly down to a single copy). By minimizing the 

likelihood of false positives due to contamination, we can more confidently detect true positives even 

with very low amounts of TB cfDNA. In addition to the typical engineering controls to prevent 

contamination (e.g., separate pre- and post-PCR spaces, single-use reagent aliquots, filtered pipette tips, 

regular decontamination of surfaces and pipettes), I designed synthetic positive controls that are 

distinguishable from the native TB target sequence by post-amplification melt analysis. The synthetic 

positive controls are amplified by the same primers but contain a 10 bp spacer region between the 

primer binding sites, increasing the total amplicon length to 50 bp and raising the melting temperature 

by approximately 1°C compared to the native 40 bp TB amplicon. In the PCR buffer used here, the 

endogenous TB target sequence melts at 75–76°C, while the synthetic positive control melts at 76.5°C 

(Figure 3.7C). This synthetic positive control can be used for PCR standard curves and as a spike-in target 

for assay development experiments and clinical testing to reduce the risk of false positives due to 

contamination. False positives not distinguishable by melt analysis could still potentially arise from 

cross-contamination of clinical samples (from a true positive sample to a negative sample) or from 

amplification of primer dimers (rare and infrequent using the optimized PCR primers and cycling). 

 DESIGNING CAPTURE PROBES FOR APPLICATION TO NEW TARGETS 

Designing capture probes for new targets is straightforward. To reduce target footprint and minimize 

design effort, I recommend using truncated versions of the qPCR primers (see Figure 3.6B). This 

approach will also automatically limit secondary structure, which should be minimal in well-designed 

primers. Nucleotides should be removed from the 5’ end of the primers until a length of 15–20 bp is 

reached and the melting temperatures of the two probes are similar (as a rule of thumb, ~60°C as 

calculated in hybridization conditions of 1 M NaCl and 2 nM probe). In addition to the target-specific 

binding region, probes should contain a 5’ dual biotin modification, a 20 bp poly(A) spacer between the 

biotin modification and the target-specific binding region, and a 3’ carbon spacer, as described in Table 

3.1 and Figure 3.2A. Capture probes should be ordered with HPLC purification to ensure full-length 

probes. The sequence-specific capture method should have high, robust recovery independent of probe 

sequence. In our experience, implementation of new capture probes does not require design iterations 

or assay optimization. For example, by following the above design rules, I designed capture probes for 

three additional multicopy elements within the TB genome that had 66–109% recovery (see Section 7.3). 
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In general, existing qPCR assays should work in combination with hybridization capture. For urine cfDNA, 

it is important to keep the qPCR amplicon as short as possible (ideally ≤50 bp) to maximize the fraction 

of cfDNA fragments that contain both primer sites and can be successfully amplified. Because the exact 

eluate volume varies slightly across samples, I found that partial neutralization leaving the eluate slightly 

basic had the least effect on downstream amplification. In optimization experiments where I controlled 

the eluate pH, the qPCR tolerated slightly basic eluate better than slightly acidic eluate. For new targets, 

I recommend using qPCR conditions with high buffering capacity (for example, 80 mM Tris-SO4 used 

here). If amplification inhibition is observed, I suggest supplementing the qPCR buffer with additional 

Tris-HCl. To easily identify contamination and prevent false positives during clinical testing, I also 

recommend adding a 10–20 bp spacer region between the primer binding sites on your target of 

interest to design a synthetic positive control that can be distinguished from the native target of interest 

by post-amplification melt analysis (see Section 3.7.4).  

To summarize, the suggested selection criteria for target, primer, and probe sequences are as follows: 

• The target sequence should be selected for specificity to the target of interest. Targeting multi-

copy genomic elements may help improve clinical detection sensitivity. 

• The primers should be designed to amplify as short as possible (40–50 bp maximum for urine 

cfDNA) of a region within the target sequence while maintaining specificity.  

• The capture probe sequences should be truncated versions of the primer sequences, with bases 

removed from the 5’ end to reach lengths of 15–20 bp long and melting temperatures of ~60°C 

at a concentration of 2 nM probe in 1 mM NaCl. A dual biotin modification and 20 bp poly(A) 

spacer should be added to the 5’ ends, and a C3 spacer should be added to the 3’ ends.  

 POTENTIAL APPLICATIONS, LIMITATIONS, AND FUTURE WORK 

I developed this sequence-specific capture protocol with the goal of improving the sensitivity of TB 

diagnosis from urine cfDNA, but we expect that it will be versatile across urine cfDNA applications such 

as infectious disease diagnosis (4, 42), cancer detection (3, 38, 126), organ transplant monitoring (43, 

44), and fetal genetic screening (3, 45). It may also be broadly useful for targeting cfDNA in other sample 

types (e.g., plasma, cerebral spinal fluid, saliva) or for applications beyond cfDNA. Sequence-specific 

capture is likely to be especially beneficial for removing high concentrations of non-target background 

DNA, which can inhibit downstream amplification and contribute to non-specific amplification (109, 113, 

124), and for concentrating and detecting dilute targets from large volume samples. Potential 
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applications that may benefit from the sequence-specific nature of hybridization include infectious 

disease diagnosis from whole blood, sputum, and stool, all of which contain high concentrations of 

amplification inhibitors, including host DNA, and environmental monitoring, which faces similar 

challenges of dilute targets in large sample volumes with an excess of non-target DNA. Sequence-

specific hybridization capture has been previously demonstrated to increase the analytical sensitivity of 

PCR-based detection of TB in pleural fluid (by 10- to 100-fold) (113) and in sputum (124, 125), and to 

increase the amount of background DNA tolerated for isothermal recombinase polymerase amplification 

(RPA) of HIV DNA in whole blood (109). Other forms of degraded DNA, such as formalin-fixed paraffin-

embedded (FFPE) tissue or ancient DNA samples, may benefit from hybridization’s ability to recover 

fragmented DNA. Hybridization is also compatible with the addition of chaotropic salts, such as 

guanidinium thiocyanate, which can simultaneously lyse cells and viruses and preserve fragile nucleic 

acids and may be particularly useful for capture of RNA (106, 151).  

I have tested our sequence-specific capture method across a range of conditions but have not yet tested 

it in sample types other than urine. I have also not yet applied it to capture of longer DNA (>150 bp) or 

RNA, although we have begun early work to apply it to capture of HIV RNA. The results of previous 

studies (Table 2.2), however, suggest that hybridization is tolerant to a wide variety of complex sample 

matrices, supporting the possibility that our protocol may improve performance in other sample types. I 

have verified robust performance for DNA fragments from 25–150 bp, target concentrations from 0.5–

104 copies/mL, and non-target DNA background from 0–10 µg.  

One area where our protocol may require modification is for sample types with high protein 

concentrations, such as plasma or sputum. If the magnetic beads are added prior to denaturation, 

according to the current protocol, it is likely that as proteins denature, they will adsorb to the bead 

surface and impact bead behavior. I have observed that beads become more likely to aggregate after 

heating in urine samples with proteinuria or blood present, resulting in less effective collection of beads 

on the magnet during wash steps and a tendency for beads to transfer to qPCR during the elution step. 

The addition of a Proteinase K digestion step appears promising for mitigating bead loss in this situation 

(see Section 7.6). Another limitation resulting from the sequence-specific nature of hybridization is that 

it is designed for isolation and detection of specific target sequences, which will be most relevant for 

pathogen detection. Our sequence-specific capture method cannot be used to purify total DNA and is 

thus not appropriate for next-generation sequencing applications. Sequence-specific capture can, 

however, be multiplexed and ongoing work in our lab aims to develop a multiplexed system by adding 
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capture probes to target multiple genomic regions. I have demonstrated feasibility of including multiple 

capture probes, showing capacity for up to 10 probes with only a minor reduction in recovery (see 

Figure 7.3). Additional optimization specifically for multiplexed capture may enable higher-scale 

multiplexing.  

 CONCLUSIONS  

To increase the diagnostic sensitivity of TB cfDNA detection in urine, we aimed to develop an improved 

sample preparation method for short DNA fragments. We selected sequence-specific purification as a 

DNA extraction technique likely to perform well for short, dilute cfDNA. To enable successful detection 

of low concentrations of TB-specific cfDNA in clinical urine samples, we pushed the limits of sequence-

specific capture to achieve maximum analytical sensitivity and accommodate large-volume samples. Our 

final protocol improves upon both alternate urine cfDNA extraction methods (127) and previous 

sequence-specific capture protocols for sample preparation of targets other than urine cfDNA (Table 

2.2). It reliably detects 5 copies of dsDNA spiked into 10 mL urine (0.5 copies/mL), recovers nearly 100% 

of short fragments independent of fragment length (25–150 bp), and enables amplification of cfDNA 

from variable 10 mL urine samples in a single qPCR well (500X concentration). Combining sequence-

specific purification with an ultrashort qPCR design, we demonstrate detection of TB-specific DNA 

fragments as short as 25 bp with high efficiency. Our method meets several design criteria for short 

urine cfDNA not satisfied by previous urine cfDNA extraction methods and sequence-specific capture 

protocols: (1) high recovery of short fragments, (2) large input sample volume, and (3) <1 copy/mL 

sensitivity. Two key design features ensure its robust performance and unprecedented sensitivity: a 

two-probe system for recovery of both strands of dsDNA and dual biotinylated capture probes to 

facilitate optimal probe density, increase thermostability of the bead-probe linkage, and eliminate 

interference from endogenous biotin. The strong analytical performance of our sequence-specific 

capture method described here suggests that the approach will increase recovery of short, dilute urine 

cfDNA and contribute to increased sensitivity of TB cfDNA detection in urine. Design of capture probes 

for new targets is straightforward, and, in our experience, does not require design iterations or assay 

optimization to achieve high recovery. We believe our hybridization method will be versatile and useful 

for broad applications in the urine cfDNA field and may also have utility for other targets and sample 

types. We hope that the detailed, user-ready protocol and probe design guidelines included here will 

enable reproduction of our results, transfer of the assay to new users, and improved sample preparation 

for wide-ranging applications benefiting from sequence-specific purification.  
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4. ANALYTICAL COMPARISON OF URINE CELL-FREE DNA EXTRACTION METHODS      

This chapter is adapted from an article published in Journal of Molecular Diagnostics, 21(6): Oreskovic A, 

Brault ND, Panpradist N, Lai JJ, Lutz BR. Analytical comparison of methods for extraction of short cell-

free DNA from urine. Pg 1067-78. Copyright Elsevier (2019). 

https://doi.org/10.1016/j.jmoldx.2019.07.002. 

This article was written to target a broader audience interested in urine cfDNA for applications beyond 

TB. Here, the data from this article have been updated to include the 10 mL surface-based hybridization 

capture method, which had not yet been developed at the time of publication.  

 ABSTRACT  

Urine cell-free DNA (cfDNA) is a valuable noninvasive biomarker for cancer mutation detection, 

infectious disease diagnosis (e.g., TB), organ transplantation monitoring, and prenatal screening. 

Conventional silica DNA extraction does not efficiently capture urine cfDNA, which is dilute (ng/mL) and 

highly fragmented (30–100 bp). The clinical sensitivity of urine cfDNA detection increases with 

decreasing target length, motivating use of sample preparation methods designed for short fragments. 

We compared the analytical performance of two published protocols (Wizard/GuSCN, Q Sepharose), 

three commercial kits (Norgen, QIAamp, MagMAX), and two in-house sequence-specific hybridization 

capture techniques (solution-based and surface-based). We characterized dependence on fragment 

length (25–150 bp), performance at low concentrations (10 copies/mL), tolerance to variable urine 

conditions, and susceptibility to PCR inhibition. Hybridization capture and Q Sepharose performed best 

overall (60–90% recovery), although Q Sepharose had reduced recovery (<10%) of the shortest 25 bp 

fragment. Wizard/GuSCN recovery was dependent on pH and background DNA concentration and was 

limited to <35% even under optimal conditions. The Norgen kit suffered from consistent PCR inhibition 

but had high recovery of short fragments. The QIAamp and MagMAX kits had minimal recovery of 

fragments <150 bp and <80 bp, respectively. Our results reveal that urine cfDNA extraction methods 

https://doi.org/10.1016/j.jmoldx.2019.07.002
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differ widely in ability to capture short, dilute cfDNA in urine and suggest that employing sub-optimal 

methods may profoundly impair clinical results. 

 INTRODUCTION  

Urine cell-free DNA (cfDNA) is an emerging noninvasive biomarker for cancer mutation detection (3, 38, 

39, 126), infectious disease diagnosis (4–6, 52), organ transplant monitoring (43, 44), and prenatal 

screening (3, 45, 79). As cells die throughout the body, cfDNA is released into the bloodstream. A 

fraction of circulating cfDNA, composed largely of short fragments, crosses the kidney barrier, is 

excreted in urine, and can be analyzed by PCR or sequencing (3). This subset of urine cfDNA derived 

from circulating cfDNA is known as transrenal DNA (trDNA), but cfDNA can also be generated directly in 

urine from cells shed along the urinary tract.   

To maximize the clinical sensitivity and reproducibility of urine cfDNA analysis, extraction methods 

capable of efficiently capturing short, dilute DNA fragments are essential. While plasma cfDNA is 

primarily nucleosomal with a peak length of 160–167 bp (46, 49, 50), urine cfDNA is more fragmented. 

The upper length limit of the transrenal fraction of urine cfDNA is defined by glomerular filtration, and 

all urine cfDNA fragments are quickly degraded further in urine (53). Determining the true length 

distribution of urine cfDNA is challenging because both extraction and library preparation methods may 

underestimate the presence of shorter fragments, but the majority of fragments are expected to be 

under 100 bp (45, 46, 55). Peak fragment length varies across patients, but may be as low as 30–60 bp 

(45, 46, 55). 

In this chapter, I present an analytical comparison of two published urine cfDNA extraction protocols 

(Wizard/GuSCN and Q Sepharose), three commercial kits (Norgen, QIAamp, and MagMAX), and two 

versions of an in-house hybridization capture protocol (surface-based and solution-based).  Due to the 

extensive fragmentation of urine cfDNA, the diagnostic clinical sensitivity of urine cfDNA detection 

increases with decreasing target length. Maximizing sensitivity by targeting shorter fragments is 

especially critical since urine cfDNA is also dilute, with total concentrations ranging from <1 ng/mL to 

200 ng/mL (3, 47, 48) and copy numbers of specific targets much lower. In a study detecting fetal cfDNA 

in maternal urine, decreasing PCR amplicon length from 65 bp to 39 bp increased clinical sensitivity from 

25% to 75%. A further decrease to 25 bp was required before achieving 100% detection (79). This effect 

may be even more pronounced for bacterial, viral, and mitochondrial cfDNA, which are not protected by 

histones and are therefore more degraded than human genomic cfDNA (49, 53, 55). For TB urine cfDNA, 

a modest 10 bp decrease in amplicon length (49 bp to 39 bp) led to 5- to 10-fold improvement in 
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detected concentration (81). Critically, the ability to target shorter cfDNA fragments lies not only in 

decreasing amplicon length, but also in design and selection of sample preparation methods capable of 

capturing and concentrating the short, dilute fragments that constitute the bulk of urine cfDNA.  

Unfortunately, conventional extraction methods for cell-associated DNA or even plasma cfDNA are not 

suitable for urine cfDNA since they are not designed for short fragments. The “Boom” method, 

commonly used for both research and clinical work, adsorbs DNA to silica under chaotropic conditions 

(73). The key driving forces of silica adsorption are hydrophobic interactions due to dehydration of silica 

and DNA surfaces and hydrogen bonding between silica and the DNA backbone, both of which depend 

on DNA length (74). Consequently, silica adsorption is less effective at purifying short fragments, with 

recovery generally decreasing below 50–100 bp. Silica adsorption also requires relatively high DNA 

concentrations for optimal performance since a fraction of DNA may remain irretrievably bound to the 

silica surface (75, 76). This loss is trivial in most samples, but for low concentration samples like urine 

cfDNA it may make up a significant portion of the input.   

With these limitations in mind, an ideal urine cfDNA extraction method would enable high recovery of 

short DNA from dilute solutions. Despite the great clinical promise of urine cfDNA as an easy-to-access 

sample, there has been little quantitative comparison of approaches taken to improve recovery of urine 

cfDNA. A recent review emphasized the lack of standardization in sample preparation methodology, 

including DNA extraction, as a key limitation in the development of urine cfDNA assays for TB (42). 

Previous studies have compared clinical detection rates (79, 81) and total cfDNA recovery (48, 91, 93) of 

a limited set of extraction methods, but none have investigated analytical performance using spiked 

samples. Other studies have compared additional pre-analytical variables (e.g., collection method, 

storage conditions, centrifugation speed) but did not include the extraction method in their comparisons 

(88, 92). For each extraction method compared here, I characterized the dependence on DNA fragment 

length, performance at low DNA concentrations, tolerance to variable urine conditions, and 

susceptibility to PCR inhibition.  

This work was intended to go beyond the scope of TB and appeal to broader clinical audiences 

interested in urine cfDNA. The aim of this work was to gain a better understanding of the current 

landscape of urine cfDNA extraction methods and develop a representative dataset to help guide 

selection and optimization of DNA extraction methods for urine cfDNA analysis. Careful design of sample 

preparation methods should lead to increased clinical sensitivity and reproducibility of urine cfDNA 

diagnostics. The strong performance of hybridization capture in relation to other urine cfDNA extraction 
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methods also motivated continued development of an assay using this approach for diagnosis of TB 

from urine cfDNA.  

 OVERVIEW OF URINE CELL-FREE DNA EXTRACTION METHODS  

The Wizard Resin/Guanidinium Thiocyanate (Wizard/GuSCN) method uses high concentrations (>3M) of 

chaotropic guanidinium thiocyanate (GuSCN) to adsorb DNA to Wizard silica resin. This approach was 

used to originally demonstrate the presence of cfDNA in urine (3) and has since been widely applied, 

most frequently for detecting TB (4) and fetal (45) cfDNA. The Q Sepharose method uses a quaternary 

ammonium anion exchange resin to pre-concentrate DNA prior to desalting on a silica spin column. It 

improves recovery of short urine cfDNA fragments compared to Wizard/GuSCN (79) and has often been 

used to detect tumor cfDNA mutations for cancer diagnosis, monitoring, and prognosis (38, 39). The 

Norgen Biotek (Ontario, Canada) Urine Cell-Free Circulating DNA Purification Kit uses a hybrid 

silica/silicon carbide spin column, where addition of silicon carbide reportedly improves yield of short 

DNA compared to silica alone (US Patent 9,422,596). The Qiagen (Hilden, Germany) QIAamp Circulating 

Nucleic Acid Kit uses a silica vacuum column and reportedly improves recovery of fragmented DNA 

compared to other Qiagen kits. It is one of the most widely used commercial kits for plasma cfDNA 

extraction (152) but is not commonly used for urine cfDNA. The Thermo Fisher Scientific (Waltham, MA) 

MagMAX Cell-Free DNA Isolation Kit uses Dynabeads MyOne Silane to maximize binding kinetics and 

capacity but is intended primarily for plasma cfDNA. It was included as a reference method to represent 

best-case silica adsorption without modifications specifically for urine cfDNA, although it has been used 

previously in urine (56, 153). The two hybridization capture approaches developed in house and 

described in Chapter 3 (surface-based hybridization and solution-based hybridization) were also 

included in the comparison.  

 METHODS  

Synthetic DNA target design. To study the analytical performance of the urine cfDNA extraction 

methods, I spiked synthetic single-stranded DNA (ssDNA) targets into pooled urine prior to extraction 

and analysis by quantitative PCR (qPCR). The targets were selected from a conserved and specific region 

of the insertion sequence IS6110 of the Mycobacterium tuberculosis complex (GenBank Accession  

#X17348) (130). The targets were 25, 40, 80, and 150 bp in length, as listed in Table 4.1. The 40, 80, and 

150 bp targets were designed to be amplified by a shared primer set, with additional bases outside of 

the primer amplification region added to the 3’ end of the 40 bp target to create the 80 bp and 150 bp 
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targets. The 25 bp target was designed to be amplified by a separate set of primers in a two-stage, single 

tube PCR for ultrashort targets (79). 

Table 4.1: Probe, primer, and target sequences. Single-stranded synthetic oligonucleotides were used as 
spike-in targets to study the analytical performance of urine cfDNA extraction methods. Shared sequence 
between the 40, 80, and 150 bp targets is bolded. Binding regions for the biotinylated capture probes are 
underlined. 

Assay Oligonucleotide Sequence  

PCR of 40, 80, 150 
bp targets 

Forward primer 5’ – CGAACCCTGCCCAGGTCGA – 3’  
Reverse primer 5’ – GTAGCAGACCTCACCTATGTGT – 3’ 
40 bp target 5’ – CGAACCCTGCCCAGGTCGACACATAGGTGAGGTCTGCTAC – 3’ 
80 bp target 5’ – 

CGAACCCTGCCCAGGTCGACACATAGGTGAGGTCTGCTACACACCATTCA
ATTTCATCACTGCCAATACTCCACTCTCAT – 3’ 

150 bp target 5’ – 
CGAACCCTGCCCAGGTCGACACATAGGTGAGGTCTGCTACACACCATTCA
ATTTCATCACTGCCAATACTCCACTCTCATCTACACAACCCATTAGTACCTTA
CCTCGCTTCCTATCCCAATTCACTTAATCTTAAACCGGTCAGGGAAG – 3’ 

PCR of 25 bp target 25 bp target 5’ – CCGGCTGTGGGTAGCAGACCTCACC – 3’ 
1st stage hairpin 
forward primer 

5’ – GCGTAAGAAT/iMe-isodC/AAACGTCGCTCAACTTCCATT 
CTTACGCCCGGCTGTGG – 3’ 

2nd stage universal 
forward primer 

5’ – AACGTCGCTCAACTTCCATT – 3’ 

Reverse primer 5’ – TTAGAGAAGGTGAGGTCTGC – 3’ 
MGB TaqMan probe 5’ – 6FAM/CCGGCTGTGGGTA/MGBNFQ – 3’ 

Surface-based 
hybridization 
capture (10 mL) 

Biotinylated capture 
probe for 40, 80, 150 
bp targets 

5’ - /52-
Bio/AAAAAAAAAAAAAAAAAAAACAGACCTCACCTATGTGT/3SpC3/ - 3’   

Biotinylated capture 
probe for 25 bp target 

5’ - /52-Bio/AAAAAAAAAAAAAAAAAAAAGGTGAGGTCTGCTAC/3SpC3/ - 
3’   

Solution-based 
hybridization 
capture (1 mL) 

Biotinylated capture 
probe for 40, 80, 150 
bp targets 

5’ – /5BiosG/AGACCTCACCTATGTGTC/3SpC3/ – 3’  

Biotinylated capture 
probe for 25 bp target 

5’ – /5BiotinTEG/GAGGTCTGCTACCCA/3SpC3/ – 3’ 

All oligonucleotides were ordered from Integrated DNA Technologies (Coralville, IA), except for the MGB TaqMan probe, which 
was from Thermo Fisher Scientific (Waltham, MA). 

DNA extraction from pooled human urine. Urine from five healthy volunteers was pooled into a 

representative sample, supplemented with 10 mM EDTA, and stored at -80°C until analysis.   

Wizard resin/guanidinium thiocyanate: 5 mL urine was mixed with 7.5 mL 6 M GuSCN and 1 mL Wizard 

Minipreps DNA Purification Resin (Promega, Madison, WI), rotated at room temperature for 2 hours, 

and vacuum filtered through a syringe fitted with a Wizard minicolumn. The resin was washed twice 

with 5 mL wash buffer (80 mM KOAc, 8.3 mM Tris-HCl pH 7.5, 40 µM EDTA, 55% ethanol). The 
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minicolumn was removed and dried (10,000g, 2 min). DNA was eluted with 100 µL 60°C nuclease-free 

water (1 min incubation, 1 min 16,000g). 

Q Sepharose anion exchange resin: 10 mL urine was mixed with 300 µL Q Sepharose Fast Flow (GE 

Healthcare, Waukesha, WI) and rotated at room temperature for 30 min. The resin was pelleted (1,800g, 

5 min), resuspended in 1 mL low salt buffer (0.3 M LiCl, 10 mM NaOAc pH 5.5), transferred to a Mini Bio-

Spin Column (Bio-Rad Laboratories, Hercules, CA), and filtered (800g, 1 min). The resin was washed with 

4 x 0.5 mL low salt buffer (800g, 30s). DNA was eluted (800g, 3 min) using 670 µL high salt buffer (2 M 

LiCl, 10 mM NaOAc pH 5.5). The eluate was mixed with 2 mL 95% ethanol and applied incrementally to a 

QIAquick column (Qiagen) (800g, 30s). The column was washed twice with 0.5 mL 2 M LiCl in 70% 

ethanol and twice with 0.5 mL 75 mM KOAc pH 5.5 in 80% ethanol (800g, 30s). The column was dried 

(20,000g, 3 min) and DNA eluted (20,000g, 2 min) in 106 µL elution buffer (Qiagen). 

Norgen Urine Cell-Free Circulating DNA Purification Mini Kit: DNA was extracted from 2 mL urine using 

the manufacturer’s protocol and eluted into 50 µL. 

Qiagen QIAamp Circulating Nucleic Acid Kit: DNA was extracted from 4 mL urine using the 

manufacturer’s protocol for purification of circulating nucleic acids from urine and eluted into 50 µL. The 

QIAamp experiments were carried out later than those for other methods, so a different urine sample 

was used. 

Thermo Fisher MagMAX Cell-Free DNA Isolation Kit: DNA was extracted from 1 mL urine using the 

manufacturer’s protocol for manual isolation of cfDNA from urine and eluted into 20 µL. 

Solution-based hybridization capture: 1 mL urine was mixed with 15 nM biotinylated capture probe 

(Table 4.1), 1 M NaCl, and 10 mM Tris-HCl pH 7.5, denatured (95°C, 10 min), and hybridized (45°C, 15 

min). Hybridized complexes were immobilized on 83.2 µL Dynabeads MyOne Streptavidin C1 (Thermo 

Fisher) by 15 min rotation at room temperature. Beads were washed twice with 1 mL high salt wash (1 

M NaCl, 10 mM Tris-HCl pH 7.5) and once with 1 mL low salt wash (15 mM NaCl, 10 mM Tris-HCl pH 7.5). 

DNA was eluted (20 µL 20 mM NaOH) and partially neutralized (3.5 µL 100 mM HCl). A detailed protocol 

is also given in Appendix A, Section 9.2.1. 

Surface-based hybridization capture: 50 µL Dynabeads MyOne Streptavidin C1 (Thermo Fisher) were 

washed three times with an equal volume bead wash buffer (1M NaCl, 10 mM Tris-HCl pH 7.5, 0.05% 

Tween-20). 50 pmol of biotinylated capture probe (Table 4.1) was immobilized on the beads by 15 min 

rotation at room temperature. Note that for the experiments in this chapter, only a single biotinylated 
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probe was used (to target ssDNA) rather than two probes used in the final protocol (to capture both 

strands of dsDNA). Unbound streptavidin was blocked by the addition of 12.5 nmol free D-biotin (VWR) 

and 15 min rotation at room temperature. The beads were again washed three times with an equal 

volume bead wash buffer (1M NaCl, 10 mM Tris-HCl pH 7.5, 0.05% Tween-20). 10 mL urine was mixed 

with 50 µL functionalized beads, 1 M NaCl, 10 mM Tris-HCl pH 7.5, and 0.05% Tween-20, denatured 

(>90°C, 15 min), and hybridized (room temperature, 30 min). The beads were pelleted (5000g, 5 min) 

and all but 1 mL of supernatant was discarded. The beads were resuspended in the remaining 

supernatant and washed twice with 1 mL high salt wash (1 M NaCl, 10 mM Tris-HCl pH 7.5, 0.05% 

Tween-20) and once with 1 mL low salt wash (15 mM NaCl, 10 mM Tris-HCl pH 7.5). DNA was eluted (20 

µL 20 mM NaOH) and partially neutralized (3.5 µL 100 mM HCl).  

Quantitative PCR. qPCR of experimental samples was performed in triplicate in a 50 µL volume 

containing 5 µL of DNA output except for hybridization capture experiments, where the entire output 

(~23 µL) was analyzed in a single PCR well. To control for contamination, no template controls (NTCs) 

were run not only for PCR (n=3) but also through the entire DNA extraction procedure for all 

experiments (n≥3).  

qPCR of the 40, 80, and 150 bp targets was carried out in a CFX96 Touch Real-Time PCR Detection 

System (Bio-Rad) with an initial incubation of 94°C for 5 min followed by 45 amplification cycles (94°C for 

30s, 58°C for 30s, and 68°C for 1 min). Each reaction contained 1.25 U OneTaq Hot Start DNA 

Polymerase (New England Biolabs, Ipswich, MA), 1X OneTaq GC Reaction Buffer (NEB; 80 mM Tris-SO4, 

20 mM (NH4)2SO4, 2 mM MgSO4, 5% glycerol, 5% DMSO, 0.06% IGEPAL CA-630, 0.05% Tween 20, pH 

9.2), 0.8 mM dNTPs (NEB), 0.4X EvaGreen (Biotium, Fremont, CA), 200 nM forward primer, and 200 nM 

reverse primer (Table 1). Cq values were determined using the CFX Manager Software Version 3.1 at a 

threshold of 500 RFU and recovered copies were calculated by a standard curve. Note that at the time of 

this study, I had not yet improved PCR specificity using LNA-substituted primers, so an earlier version of 

the PCR primers and cycling protocol was used.  

Ultrashort qPCR of the 25 bp target was carried out in a CFX96 Touch Real-Time PCR Detection System 

(Bio-Rad) with an initial denaturation phase (94°C for 5 min), 10 pre-amplification cycles to extend the 

first stage loop primer (94°C for 30s and 45°C for 1 min), and 40 amplification cycles (94°C for 30s and 

59°C for 1 min). Each reaction contained 1.25 U Hot Start Taq DNA Polymerase (NEB), 1X Standard Taq 

Buffer (NEB; 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, pH 8.3) supplemented with an additional 0.5 

mM MgCl2 and 70 mM Tris-HCl, 0.8 mM dNTPs (NEB), 50 nM first stage hairpin forward primer, 700 nM 
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second stage universal forward primer, 700 nM reverse primer, and 100 nM MGB TaqMan probe (Table 

1). Quantification cycle (Cq) values were determined using the CFX Manager Software Version 3.1 at a 

threshold of 100 RFU and recovered copies were calculated by a standard curve.  

 RESULTS OF ANALYTICAL CHARACTERIZATION  

Table 4.2 summarizes the urine cfDNA extraction methods, including processing time, cost, and volume 

of urine analyzed. 

Table 4.2: Overview of urine cfDNA extraction methods. 

Urine cfDNA 
extraction method 

Key purification 
chemistry Rationale for selection 

Processing 
time (hands 

on time)a 

Cost per 
sampleb 

Effective 
urine volume 
analyzed per 

PCR well 

Surface-based 
Hybridization 

Capture (10 mL) 

Hybridization to 
biotinylated probe 
pre-immobilized on 

streptavidin 
magnetic beads 

Developed in our lab 
specifically for urine cfDNA; 
demonstrated high recovery 

of short cfDNA 

1.75 hr 
(1 hr) $9 10000 µLc 

Solution-based 
Hybridization 

Capture (1 mL) 

Hybridization to 
biotinylated probe 

followed by capture 
on streptavidin 
magnetic beads 

Developed in our lab 
specifically for urine cfDNA; 
demonstrated high recovery 

of short cfDNA 

1.75 hr 
(1 hr) $15 1000 µLc 

Wizard/GuSCN 

Adsorption to silica 
resin in presence of 
high concentration 

chaotrope 
(3 – 6M) 

Originally used to isolate 
cfDNA from urine; widely 

used in the literature 

3 hr 
(2.5 hr) $5 472 µL 

Q Sepharose 

Pre-concentration 
by anion exchange 
resin followed by 

adsorption to silica 
spin column 

Shown to improve recovery 
of short fragments 

compared to Wizard/GuSCN 
method 

3 hr 
(1 hr) 

 
$5 250 µL 

Norgen Urine Cell-
Free Circulating DNA 

Purification Kit 

Adsorption to 
silica/silicon carbide 
hybrid spin column 

in presence of 
chaotrope 

Commercial kit designed 
specifically for urine cfDNA 

1.5 hr 
(1.25 hr) $5 200 µL 

QIAGEN QIAamp 
Circulating Nucleic 

Acid Kit 

Adsorption to silica 
vacuum column in 

presence of 
chaotrope 

Commercial kit commonly 
used for plasma cfDNA 

2 hr 
(1.25 hr) $25 400 µL 

Thermo Fisher 
MagMAX Cell-Free 
DNA Isolation Kit 

Adsorption to 
Dynabeads MyOne 
Silane in presence 

of chaotrope 

Representative commercial 
silica kit; “best case” 

scenario without specific 
designs for urine cfDNA 

2.5 hr 
(2 hr) $18 250 µL 

a For 12 samples; sample preparation time only, not including qPCR. 
b Sample preparation cost only, not including qPCR. 
c All qPCR carried out using 5 µL of sample per well expect for hybridization, where the entire ~23 µL output was analyzed in a 
single PCR well. 
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To evaluate the dependence of urine cfDNA extraction methods on fragment length, I extracted DNA 

from urine spiked with 104 copies/mL of synthetic ssDNA target of length 25, 40, 80, or 150 bp (Figure 

4.1A). Figure 4.1B shows the percent recovery of each extraction method across fragment lengths. 

Hybridization capture was the only method that maintained high recovery (90–110% and 73–84% for 

surface-based and solution-based hybridization, respectively) across all fragment lengths from 25–150 

bp. Q Sepharose also had high recovery (63–75%) of 40–150 bp fragments, but reduced recovery (9%) of 

the shortest 25 bp fragment. Wizard/GuSCN recovery was initially very low (<5%) across all fragments. 

Later experiments showed that Wizard/GuSCN was dependent on urine composition, particularly pH 

and background DNA. Even after adjusting urine to optimal conditions (pH 6, 1000 ng/mL sheared 

salmon sperm DNA, Thermo Fisher), Wizard/GuSCN recovery was still low (9–17%) across 40–150 bp 

fragments and further reduced (2%) for the 25 bp fragment. The Norgen kit had moderate recovery (30–

41%) across 40–150 bp fragments and improved recovery (72%) of the 25 bp fragment. Recovery using 

the QIAamp kit was limited (18%) for the longest 150 bp fragment and was very low (1% and 0.2%, 

respectively) for the shorter 80 bp and 40 bp fragments. The MagMAX kit recovery was high (66%) for 

the 150 bp fragment, but quickly diminished with decreasing fragment length and was practically 

nonexistent (0.2%) for the 40 bp fragment.  

 
Figure 4.1: Hybridization is the only urine cfDNA extraction method that maintains high recovery 
across all DNA fragment lengths. (A) To evaluate the length dependence of urine cfDNA extraction 
methods, synthetic ssDNA targets of various lengths (25, 40, 80, and 150 bp) were spiked into urine at 
104

 copies/mL prior to extraction. (B) Mean percent recoveries for DNA spiked into urine are shown for 
each extraction method (n=3 technical replicates processed on the same day). *Surface-based 
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hybridization was tested at 100 copies/mL instead of 104 copies/mL, and the experiment was repeated 
three times across different days. For this extraction method only, the data points represent the mean 
recovery of n=3 technical replicates from each independent experiment.  #Wizard/GuSCN samples were 
adjusted to optimal pH 6 and spiked with 1000 ng/mL background DNA prior to extraction.  

 

To determine each method’s potential for sensitive capture of short, dilute urine cfDNA, I spiked 10 

copies/mL of 40 bp target into urine before extraction (Figure 4.2A). As shown in Figure 4.2B, 

hybridization capture (surface-based and solution-based) and Q Sepharose reliably yielded detectable 

DNA from all low concentration spiked samples. Surface-based hybridization capture was able to detect 

even lower concentrations down to at least 1 copy/mL. The Norgen kit also detected all samples, but 

only weakly. Wizard/GuSCN weakly detected 83% of samples but was inconsistent, with only 44% 

positive PCR wells. The QIAamp and MagMAX kits did not allow confident detection of any positive 

samples.  

 

Figure 4.2: Hybridization, Q Sepharose, and Norgen methods can detect low concentrations of short 
cfDNA fragments. Wizard/GuSCN, QIAamp, and MagMAX methods are not expected to perform well 
under these conditions. (A) 10 copies/mL of 40 bp ssDNA target was spiked into urine, extracted, and 
detected by qPCR (n=6 technical replicates processed on the same day). PCR was carried out in triplicate, 
except for hybridization, where the entire output was analyzed in a single PCR well. (B) The ability of 
each urine cfDNA extraction method to detect low concentration samples. Expected copies/well for 
theoretical 100% recovery was calculated based on the initial 10 copies/mL target concentration and 
adjusted for the urine input and elution volume of each method. *Surface-based hybridization was tested 
at 1 copy/mL instead of 10 copies/mL.  
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To test the methods’ tolerance to varied conditions expected in urine, I extracted 104
 copies/mL of 150 

bp target from buffer (PBS or TBS) with a range of pH (pH 5, 6, 7, 8), background DNA (0, 100, 1000 

ng/mL sheared salmon sperm DNA, Thermo Fisher), and salt (13.7, 137, 500 mM NaCl) conditions. I 

found that the Wizard/GuSCN method was highly dependent on urine composition, specifically pH and 

background DNA. Recovery decreased as pH increased above pH 6 (Figure 4.3A). Spiking in background 

DNA (1 μg/mL) improved recovery, but maximum recovery was still well below that of other methods 

(Figure 4.3B). Variation in salt from 13.7–500 mM NaCl had no effect on recovery (Appendix C, Table 

11.1). The remaining methods were all relatively tolerant to variations in pH, background DNA, and salt 

(Appendix C, Table 11.1). Recovery by the Q Sepharose method was moderately reduced with very low 

background DNA (≤10 ng/mL) but was consistent across biological urine replicates (Figure 4.4).  

 

Figure 4.3: The Wizard/GuSCN method is dependent on urine pH and background DNA concentration. 
(A) Recovery decreases with increasing pH. 104 copies/mL of 150 bp ssDNA target were spiked into PBS 
with 1000 ng/mL background DNA (mean of n=3 technical replicates processed on the same day). (B) 
Recovery increases with the addition of background DNA. 104 copies/mL of 150 bp ssDNA target were 
spiked into PBS pH 6 (mean of n=3 technical replicates processed on the same day).  
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Figure 4.4: Dependence of Q Sepharose on background DNA concentration in buffer and performance 
across biological urine replicates. 104 copies/mL of 150 bp ssDNA target were spiked into 1X TBS (n=3 
technical replicates processed on the same day) or urine (n=3 biological replicates processed on the same 
day) prior to extraction. In buffer, the Q Sepharose method had lower recovery at lower background DNA 
concentrations (0, 10 ng/µL) than at higher background DNA concentrations (100, 1000 ng/µL). Unlike 
the Wizard/GuSCN method, however, the 100 ng/mL threshold is within the expected clinical range of 
urine cfDNA concentrations likely to be found in patient samples. In urine, recovery was consistent across 
biological urine replicates despite the moderate dependence on background DNA concentration in buffer. 
All urine samples had higher recovery than seen in buffer. Based on these results, I classified Q Sepharose 
as tolerant to variable urine conditions, but there is a possibility that unusually dilute samples may have 
reduced recovery.  

 

To test for PCR inhibition resulting from each method, I extracted cfDNA from negative control urine, 

without added target, and spiked the resulting eluate (0, 1, 5, 10, or 20 µL) into 50 µL PCR containing 

1000 copies of 40 bp target (Figure 4.5A). PCR inhibition was indicated by an increase in Cq. 

Hybridization capture (surface-based and solution-based), Wizard/GuSCN, Q Sepharose, and QIAamp 

were resistant to inhibition for up to 40% eluate (Figure 4.5B). While not accompanied by an increase in 

Cq, increasing the fraction of Wizard/GuSCN and Q Sepharose eluate reduced plateau RFU (Figure 4.5C). 

MagMAX suffered from slight inhibition at 20% eluate and severe inhibition at 40% eluate. Norgen led to 

inhibition at all conditions tested and no amplification at 40% eluate.  
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Figure 4.5: Urine cfDNA extraction methods have varying susceptibility to cause PCR inhibition.  (A) 
Eluate extracted from negative control urine (no added target) was spiked into PCR containing a 
constant target concentration (0, 1, 5, 10, or 20 µL eluate in 50 µL PCR, for final 0%, 2%, 10%, 20%, or 
40% eluate, respectively). An increase in quantification cycle (B) indicates PCR inhibition (mean±SD, n=3 
technical replicates processed on the same day). Representative PCR curves are shown in (C).  
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 DISCUSSION OF EACH METHOD’S SUITABILITY FOR SHORT, DILUTE URINE CELL-FREE DNA  

The highly fragmented and dilute nature of urine cfDNA (30–100 bp or less, <1–200 ng/mL) (3, 45–48, 

55) motivates the use of sample preparation methods capable of recovering short DNA with high 

efficiency. My goal was to generate a representative dataset to aid in selection and optimization of 

extraction methods to ensure high quality results from urine cfDNA studies. I characterized the 

analytical dependence of seven methods on a key set of variables to gain insight into how the methods 

may perform in clinical samples and to identify any critical pitfalls. In the subsections below, I discuss the 

strengths and limitations of each method and present final conclusions regarding choice of urine cfDNA 

extraction method. Apart from hybridization capture, which I developed specifically for detection of TB 

urine cfDNA, I strove to follow published protocols as closely as possible. Further optimizations including 

adjusting urine pH, spiking in background DNA, improving elution efficiency, and tailoring sample, 

elution, and PCR volumes may improve outcomes.  

 

Despite its use in the first study isolating urine cfDNA (3), the Wizard/GuSCN method has low and 

variable recovery. After observing low recovery (<5%) and significant variation across urine samples in 

preliminary work, I discovered that recovery was highly dependent on pH and background DNA 

concentration, both of which fluctuate widely across clinical urine samples. Urine pH ranges from 5–8 

(mean 5.99–6.43) (131), but Wizard/GuSCN suffered at pH above 6. As silanol groups become 

deprotonated at higher pH, increased electrostatic repulsion between DNA and silica diminishes 

adsorption (74–76). Recovery by Wizard/GuSCN also improved as background DNA increased up to 1 

μg/mL. I did not test concentrations >1 μg/mL, already well above the expected biological range of <1–

200 ng/mL (3, 47, 48). Again, this limitation is not surprising for silica. Supplementation with carrier 

nucleic acids improves silica extraction yields, particularly for dilute samples, and is often implemented 

in commercial purification kits (154). Limited recovery of dilute DNA may be due to ineffective elution 

rather than inefficient adsorption. After adsorption in the presence of high concentration chaotrope, like 

in the Wizard/GuSCN method, a fraction of DNA may remain irretrievably bound due to strong 

hydrophobic interactions with silica (75, 76). The resulting DNA loss is particularly detrimental for dilute 

samples, where the irretrievable fraction represents a significant portion of the input (75). 

The limited overall recovery and dependence of Wizard/GuSCN on urine composition, and thus its likely 

failure in a portion of patient samples, may partially explain the low, variable clinical sensitivities for TB 

diagnosis previously reported when using it as a sample preparation method for urine cfDNA. Notably, 
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the three most well-designed previous TB urine cfDNA studies (Cannas et al., Labugger et al., Patel et al.; 

see Table 2.1) all used the Wizard/GuSCN or similar silica resin-based methods (4–6). Even under ideal 

conditions, maximum recovery using the Wizard/GuSCN method was limited to <20% from urine and 

30–35% from buffer. Although it resulted in improved recovery of moderately short targets (40 bp) 

compared to conventional silica adsorption (e.g., MagMAX), it was still unable to recover the shortest 25 

bp fragment. Based on my analytical characterization, I do not recommend Wizard/GuSCN for use in 

clinical samples (particularly for low concentration targets) without further optimization. If used, I 

suggest adjusting urine samples to pH 5–6, spiking in ≥1 μg/mL carrier nucleic acid, and using elevated 

temperature and incubation time to increase elution yield (76).  

 

The Q Sepharose method improves upon Wizard/GuSCN in both recovery of short DNA fragments and 

overall yield. Q Sepharose had high recovery (63–75%) of fragments down to 40 bp. Previous 

comparison showed that Q Sepharose improved the clinical detection rate of fetal cfDNA in maternal 

urine compared to Wizard/GuSCN, and increased the detected concentration from 26.3 (range 0–46.9) 

to 196.5 (range 17.1–451.8) genome equivalents/mL urine (79). In the urine of a single TB patient, Q 

Sepharose doubled the concentration of detectable TB cfDNA compared to Wizard/GuSCN when using a 

short 39 bp PCR target. When using longer PCR targets (49 bp or 99 bp), the difference between Q 

Sepharose and Wizard/GuSCN disappeared, confirming the retention of shorter fragments by Q 

Sepharose (81). Q Sepharose has not been tested in a larger cohort of patients for TB diagnosis but 

would have the potential to improve upon studies that used Wizard/GuSCN.  

My results support the conclusions of previous work and suggest that pre-concentration of urine cfDNA 

using anion exchange resin helps compensate for the length and concentration dependence of silica 

adsorption. Q Sepharose did not, however, completely overcome fragment length dependence, with 

<10% recovery of the shortest 25 bp fragment. In addition to concentrating cfDNA, Q Sepharose 

eliminates urine variabilities like pH that might otherwise affect silica adsorption. I expect Q Sepharose 

to perform well in clinical samples, as supported by its successful previous implementation for liquid 

biopsies (38, 39). 

I recommend Q Sepharose as an established, ready-to-go protocol that would be sufficient for most 

applications. When extreme sensitivity and retention of the very shortest fragments are required, 

hybridization capture is likely the better option. Q Sepharose would be well-suited for next-generation 

sequencing, where total, not sequence-specific, purification of cfDNA is necessary. It should ideally be 
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paired with single-stranded library preparation, which has been shown to improve sequencing yield of 

<100 bp cfDNA fragments (49). For amplification applications, its resistance to PCR inhibition suggests 

that larger effective volumes could be amplified per reaction to increase analytical sensitivity. However, 

in my subsequent implementation of the Q Sepharose method for extraction of TB urine cfDNA prior to 

sequencing, I found that some clinical urine samples led to clogging of the silica columns and/or 

downstream PCR inhibition (see Section 6.7) that was not observed with healthy control urine samples. 

 

The Norgen kit had moderate recovery (30–41%) of fragments 40–150 bp, but higher recovery (72%) of 

the 25 bp fragment. It was the only silica-based method to efficiently capture the shortest fragment, 

demonstrating that hybrid silica/silicon carbide spin columns improve capture of ultrashort fragments 

relative to silica alone, as claimed by the manufacturer. Unfortunately, the Norgen kit also led to 

consistent PCR inhibition even when using only a small volume of eluate in PCR. Consequently, 

quantification using the Norgen kit is unreliable since each individual PCR assay will be uniquely affected 

by inhibition (155). As an example, I show the differential inhibition of the 40 bp and 25 bp qPCR assays 

in Figure 4.6. The Norgen kit was weakly capable of detecting low concentrations of DNA, but its 

analytical sensitivity is limited by a relatively small urine input (2 mL) combined with inhibition-restricted 

PCR volume. While not ideal for precise quantification or sensitive detection of dilute targets, the 

Norgen kit is a commercially available, user-friendly option. It could be used for quick, preliminary urine 

cfDNA analyses where qualitative or semi-quantitative detection is adequate.  

 

Figure 4.6: Differential PCR inhibition after extraction using Norgen kit. 104 copies of 40 bp or 25 bp 
ssDNA target were amplified in the presence of 0, 1, 5, 10, or 20 µL eluate from negative control urine 
extracted using the Norgen kit (0, 2, 10, 20, or 40% of 50 µL PCR, respectively). An increase in Cq indicates 
PCR inhibition (mean±SD, n=3 technical replicates processed on the same day). Here, amplification of the 
25 bp target was more susceptible to PCR inhibition than amplification of the 40 bp target. Neither 
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target amplified in the presence of 40% eluate. This result demonstrates how quantification of urine 
cfDNA after extraction using the Norgen kit would be unreliable due to differential PCR inhibition of 
different qPCR assays. Calculation of starting quantity based on Cq alone would be biased by the extent of 
PCR inhibition.  

 

The QIAamp kit had limited recovery (18%), even for the longest 150 bp fragment. It also showed a clear 

dependence on fragment length, with significantly reduced recovery of the 80 bp and 40 bp fragments 

(1% and 0.2%, respectively). To confirm that the low observed recovery was not due to the urine sample 

used or errors in the extraction procedure, I also tested a long 400 bp double-stranded DNA (dsDNA) 

target, which had higher recovery (83% ± 4%, Figure 4.7). This result indicates that the low recovery 

using the QIAamp kit was due to the short length and/or single-stranded nature of the spiked target.  

 
Figure 4.7: Recovery of QIAamp kit increases for longer double-stranded target. 104 copies/mL of 40 
bp, 80 bp, 150 bp (ssDNA) or 400 bp (dsDNA) targets were spiked into urine and extracted using the 
Qiagen QIAamp Circulating Nucleic Acid Kit. Percent recovery is given as mean of n=3 extractions 
(technical replicates processed on the same day). While the recovery of short single-stranded fragments 
was low (<20%) using the QIAamp kit, recovery increased (83%) to match the kit’s expected performance 
for a longer double-stranded target. This indicates that the low recovery of the original 40 bp, 80 bp, and 
150 bp fragments was due to their short length and/or single-stranded nature, rather than a failure of 
the QIAamp kit protocol in our lab.  

The poor performance of the QIAamp kit for short fragments in urine is surprising given its widespread 

successful use in plasma. Several comparative studies have identified the QIAamp kit as one of the best-

performing commercial options for plasma cfDNA (156–159). Although the kit has high overall yields 

from plasma, its recovery has been previously shown to suffer as fragment length decreases. For spiked 

dsDNA >100 bp, the QIAamp kit has >80% recovery from plasma (157, 159), but for dsDNA ≤100 bp the 
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recovery is reduced, with no recovery of a 25 bp fragment (159). This trend is in line with the 

manufacturer’s product information, which claims efficient recovery of fragments down to 75 bp only. 

Regardless of sample type, both my results and others suggest that the QIAamp kit is inadequate for 

capturing short DNA fragments. It is unclear what caused the overall recovery from urine seen here to 

be lower than that of previous reports from plasma, but it may be at least partly due to the 

strandedness of the spiked target. Previous plasma studies used dsDNA (157, 159), while I used ssDNA, 

which interacts differently with silica surfaces on a molecular level (160). Although ssDNA has been 

reported to bind more strongly to silica at low pH than dsDNA (160), the relative recovery of ssDNA and 

dsDNA can be tuned by employing chaotropic binding buffers of different compositions (i.e., higher pH) 

(161). The specific buffer conditions of the QIAamp kit may be better suited for dsDNA than for ssDNA, 

exacerbating the existing length dependence when using a ssDNA target. 

Due to the QIAamp kit’s inefficient recovery of short fragments, particularly those that are single-

stranded, I do not recommend its use in urine, where cfDNA is more fragmented than in plasma. 

Although the kit’s performance may improve for dsDNA, an ideal urine cfDNA kit would be able to 

efficiently capture the full diversity of degraded urine cfDNA, which is likely to be a heterogenous 

mixture of short ssDNA, dsDNA, and damaged or nicked DNA.  

 

The MagMAX kit was extremely dependent on fragment length, as expected for a silica-based method. It 

had high recovery of longer fragments but no detectable recovery of the 40 bp fragment. I do not 

recommend its use in urine samples, where the majority of cfDNA fragments are too short to be 

recovered efficiently. Other silica-based plasma cfDNA extraction kits may suffer from length-based 

limitations like the QIAamp and MagMAX kits. I caution against using plasma cfDNA kits for urine cfDNA 

extraction without experimentally verifying their ability to capture short DNA fragments.  

 

Our lab identified hybridization capture as a sample preparation method likely to perform well for short, 

dilute urine cfDNA. Unlike silica adsorption, hybridization should be agnostic to both fragment length 

and concentration and robust against variations in clinical urine samples. My results confirmed that 

hybridization capture was the only method to maintain high recovery (90–110% and 73–84% for 

surface-based and solution-based hybridization, respectively) across all fragment lengths tested, even 

down to the shortest 25 bp fragment (90% and 73%, respectively). Hybridization capture was capable of 

reliably detecting low DNA concentrations (down to at least 1 copy/mL for surface-based hybridization 
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capture) and was tolerant to changes in urine pH, salt, and background DNA, suggesting that it will be 

effective in clinical samples. The small elution volume (20 μL) and complete removal of PCR inhibition 

enable the entire output from up to 10 mL urine to be analyzed in a single PCR well. For additional 

discussion of the differences between surface-based and solution-based hybridization capture, see 

Section 3.7.1.  

I recommend hybridization capture for urine cfDNA applications where maximum sensitivity is required. 

Its improvement over alternate methods will be most apparent when paired with an ultrashort PCR 

target (like the 25 bp target described here). Hybridization capture may be particularly beneficial for 

highly fragmented cfDNA, such as bacterial, viral, or mitochondrial cfDNA. It may also offer the 

advantage of increased specificity by removing non-target background DNA, although we have not 

directly tested this here. A key limitation of hybridization capture is that, unlike silica-based methods, it 

will only isolate specific targeted sequences. While it is ideal for extraction of a specific diagnostic target, 

and can be multiplexed to extract multiple targets, it is not suitable for sequencing or other applications 

requiring broader pulldown of all cfDNA regardless of sequence. Development of capture probes for 

new targets is straightforward, in this case simply using a truncated version of one of the PCR primers 

(see Section 3.8).  

 CONCLUSIONS AND RECOMMENDATIONS FOR CHOICE OF URINE CELL-FREE DNA 

EXTRACTION METHOD 

Table 4.3 summarizes the analytical performance of the urine cfDNA extraction methods. My results 

reveal that extraction methods vary widely in ability to capture the short, dilute cfDNA present in urine. 

Employing sub-optimal methods may profoundly compromise clinical results due to low recoveries, 

dependence on urine composition, or PCR inhibition. Overall, hybridization capture and Q Sepharose 

performed best, with high recovery of short fragments (down to 25 bp and 40 bp, respectively), 

sensitive detection of dilute fragments, tolerance to varied urine conditions, and resistance to PCR 

inhibition. As such, these are the two methods expected to perform well in clinical samples and thus 

recommend for extraction of urine cfDNA. I recommend the surface-based hybridization capture format 

over the solution-based hybridization capture format due to increased analysis volume and reduced 

cost. The results of this work will help inform selection of optimal urine cfDNA extraction methods, 

which, paired with short PCR amplicons, should lead to improved clinical sensitivity and reproducibility 

of urine cfDNA diagnostics. In addition, the strong analytical performance of hybridization capture 

compared to alternate urine cfDNA extraction is promising for its performance in clinical urine samples 
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for TB diagnosis and allowed us to test our hypothesis that improved sample preparation of short, dilute 

urine cfDNA will lead to an increase in clinical sensitivity. One limitation of this study is that recovery 

was measured for ssDNA targets rather than dsDNA targets, and it is possible that the methods’ 

performances may differ for dsDNA.  

Table 4.3: Summary of analytical performance of urine cfDNA extraction methods. 

Urine cfDNA 
extraction method 

Percent 
recovery 

Minimum 
target length 

efficiently 
recovereda 

Ability to recover 
low 

concentrations of 
short target 

Tolerance to 
varied urine 
conditions 

Resistance to 
PCR inhibition 

Surface-based 
Hybridization Capture 

(10 mL) 
90–110% 25 bp Good Good Good 

Solution-based 
Hybridization Capture 

(1 mL) 
73–84% 25 bp Good Good Good 

Wizard/GuSCN 1.6–17% 40 bp Poor Poor Good 
Q Sepharose 8.6–75% 40 bp Good Good Good 

Norgen Urine Cell-
Free Circulating DNA 

Purification Kit 
30–72% 25 bp Moderate Good Poor 

QIAGEN QIAamp 
Circulating Nucleic 

Acid Kit 
0.20–18%b 150 bp Poor Good Good 

Thermo Fisher 
MagMAX Cell-Free 
DNA Isolation Kit 

0.20–66%b 80 bp Poor Good Moderate 

a Efficient recovery defined as >50% of the maximum recovery observed across all lengths for that method. 
b 25 bp fragment not tested for QIAamp and MagMAX kits.  
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5. DETECTION OF TUBERCULOSIS CELL-FREE DNA IN CLINICAL URINE SAMPLES  

This chapter is adapted from 

Oreskovic A, Panpradist N, Marangu D, Ngwane MW, Magcaba ZP, Ngcobo S, Ngcobo Z, Horne DJ, 

Shapiro AE, Wilson DPK, Drain PK, Lutz BR. Diagnosing pulmonary tuberculosis using sequence-specific 
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purification of urine cell-free DNA. Journal of Clinical Microbiology 59(8):e00074-21 (2021). 

https://doi.org/10.1128/jcm.00074-21.   

This paper describes a clinical study testing the diagnostic accuracy of our TB cfDNA assay in samples 

from South Africa. Here, Section 5.3 has been added to include the results of an early pilot study that 

was not included in the above publication and Section 5.5 has been added to include ROC analysis. 

 ABSTRACT  

Transrenal urine cell-free DNA (cfDNA) is a promising tuberculosis (TB) biomarker but is challenging to 

detect because of the short length (<100 bp) and low concentration of TB-specific fragments. We aimed 

to improve the diagnostic sensitivity of TB urine cfDNA by increasing recovery of short fragments during 

sample preparation. We developed a highly sensitive sequence-specific purification method that uses 

hybridization capture probes immobilized on magnetic beads to capture short TB cfDNA (50 bp) with 

91.8% average efficiency. Combined with short-target PCR, the assay limit of detection was ≤5 copies of 

cfDNA in 10 mL urine. In a clinical cohort study in South Africa, our urine cfDNA assay had 83.7% 

sensitivity (95% CI: 71.0–91.5%) and 100% specificity (95% CI: 86.2–100%) for diagnosis of active 

pulmonary TB when using sputum Xpert MTB/RIF as the reference standard. The detected cfDNA 

concentration was 0.14–2804 copies/mL (median 14.6 copies/mL) and was inversely correlated with CD4 

count and days to culture positivity. Sensitivity was non-significantly higher in HIV-positive (88.2%) 

compared to HIV-negative patients (73.3%) and was not dependent on CD4 count. Sensitivity remained 

high in sputum smear-negative (76.0%) and urine LAM-negative (76.5%) patients. With improved sample 

preparation, urine cfDNA is a viable biomarker for TB diagnosis. Our assay has the highest reported 

accuracy of any TB urine cfDNA test to date and has the potential to enable rapid non-sputum-based TB 

diagnosis across key underserved patient populations. 

 INTRODUCTION   

Tuberculosis (TB) is the leading cause of global mortality due to infectious disease, with an estimated 10 

million cases and 1.4 million deaths in 2019 (1). An estimated 30% of TB cases remain undiagnosed or 

unreported, in part due to limitations in rapid diagnostics (1). Current TB tests rely on sputum samples, 

which are difficult to collect from people living with HIV, severely ill patients, and children, and may not 

detect extrapulmonary TB (EPTB). Rapid sputum-based tests (e.g., smear microscopy, Xpert MTB/RIF) 

also have lower sensitivity in these same underserved patient populations, who more often have 

https://doi.org/10.1128/jcm.00074-21
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paucibacillary TB (7–9). A WHO consensus meeting identified a rapid, non-sputum-based test as one of 

the highest priority target products for TB diagnostics (2). 

Urine is an attractive alternate sample for TB diagnosis because it is easy to collect and poses minimal TB 

transmission risk. In patients with active TB disease, TB-specific cell-free DNA (cfDNA) fragments are 

released into the blood, a fraction of which are filtered through the kidneys and excreted in the urine as 

transrenal cfDNA (3, 4, 52). TB-specific cfDNA has been detected in urine from both HIV-negative and 

HIV-positive patients with pulmonary TB, but diagnostic sensitivities have been inconsistent (0–79%) (4–

6, 17, 59, 60). High variability in methodology and subsequent performance across studies have limited 

the understanding of TB urine cfDNA and hindered its clinical implementation (42, 82). 

Urine cfDNA is a challenging target due to the short length and low concentration of TB-specific 

fragments. While plasma cfDNA has a peak fragment length of 167 bp, urine cfDNA is more fragmented 

(3, 45, 56). Recently, new sequencing library preparation methods revealed that very short, formerly-

undetectable fragments compose a larger fraction of cfDNA than previously realized (49, 51, 55, 58). The 

majority of urine cfDNA fragments, regardless of origin, are <100 bp, with peak fragment length ranging 

from 30–110 bp (45, 54–56). Although the fragment length of TB cfDNA specifically has not yet been 

characterized, bacterial cfDNA is expected to be especially fragmented (peak <60 bp) because it is less 

protected by DNA-associated proteins than human cfDNA (53, 55). 

The low to moderate sensitivities reported in previous TB urine cfDNA studies are likely due in part to 

sample preparation and/or amplification methods that are sub-optimal for short urine cfDNA (42, 52). 

We hypothesized that we could increase the sensitivity of cfDNA-based TB diagnosis by improving 

recovery of short cfDNA during the DNA extraction step. We developed a highly sensitive sequence-

specific purification method that uses DNA probes immobilized on magnetic beads to extract TB-specific 

cfDNA via hybridization. By combining sequence-specific purification with short-target PCR, we can 

reliably detect ≤5 copies of short (50 bp) cfDNA in 10 mL urine (see Chapter 3) (162). 

Here, we determined for the first time the diagnostic accuracy of our TB cfDNA assay in clinical urine 

specimens from adults with active pulmonary TB. Our results demonstrate the advantages of our 

sequence-specific purification approach, contribute to the growing evidence needed to establish urine 

cfDNA as a TB biomarker, and will serve as the foundation for future clinical studies in expanded 

populations (e.g., children, individuals with EPTB).  
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 PILOT CLINICAL STUDY (TB CONTROL PROGRAM, PUBLIC HEALTH – SEATTLE & KING CO.) 

During the early stages of assay development, we conducted pilot testing on a small group of clinical 

samples collected locally. Initially, I was unable to detect any TB cfDNA in clinical urine samples, but 

these samples were critical for driving continued assay development, assessing assay improvements and 

their effect on clinical performance, and generating preliminary clinical data prior to initiating an 

expanded clinical study. In this section, I summarize the results of this pilot clinical testing and its impact 

on the development of the final version of the TB urine cfDNA assay used in subsequent clinical testing.  

 

Fifteen HIV-negative adults with suspected pulmonary TB were enrolled at the TB Control Program, 

Public Health – Seattle & King County (in collaboration with Dr. David Horne). Twelve patients had TB 

diagnosis confirmed by positive sputum culture. The remaining three patients had negative sputum 

culture. All patients had ≤7 days of anti-TB treatment. No patients had urine culture positive for TB. 

After collection, urine was mixed with EDTA to a final concentration of 100 mM and frozen at -80°C for 

up to three years before analysis. TB cfDNA was extracted from 10 mL urine (n=2–5 replicates per 

sample, depending on available volume) using an early version of the surface-based hybridization 

method (Appendix A, Section 9.2.3) and amplified using an early version of the IS6110 PCR without LNA-

substituted primers (Appendix A, Section 9.3.1). 

 

I used this first group of samples to gauge the ability of the sequence-specific purification method to 

detect TB cfDNA in clinical urine samples at various points in the assay development process. All 12 

urine samples from sputum culture positive patients were initially negative using the 1 mL solution-

based hybridization assay format (Section 3.7.1). Only after scaling up the input sample volume to 10 mL 

using the surface-based hybridization format did I successfully detect TB-specific cfDNA in clinical urine 

samples. Using an early version of the 10 mL surface-based hybridization method, I detected TB-specific 

cfDNA in 75% (n=9/12) of urine samples from patients with TB diagnosis confirmed by sputum culture 

(Figure 5.1) with a median concentration of 0.27 copies/mL (interquartile range 0.07–4.5 copies/mL, 

range 0.002–80.0 copies/mL). 58% (n=7/12) were classified as “confident positive,” indicating detection 

of TB cfDNA across multiple replicates at a concentration roughly equating to at least a single copy of 

cfDNA in 10 mL urine. 17% (n=2/12) were classified as “weak positive,” one with detection in only a 

single replicate and one with detection at an unrealistically low concentration (<<1 copy in 10 mL). Of 
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the three urine samples negative for TB cfDNA, two had a high Tm product (~78°C) that did not match 

that of the expected native TB target amplicon (75°C). Testing of urine from a healthy control exhibited 

this same high Tm product. Further troubleshooting revealed nonspecific amplification of residual human 

genomic DNA, independent of the capture probe (i.e., likely due to nonspecific adsorption of DNA to the 

bead surface, not nonspecific pull-down by the capture probe). Anecdotally, this problem was more 

common in samples with higher amounts of cellular debris, which would be expected to have higher 

human genomic DNA concentrations. I have since resolved this issue by redesigning the PCR primers 

with LNA substitutions and increasing the PCR annealing temperature to improve specificity (see Section 

3.7.4). No TB cfDNA was detected in the urine of two of the three patients with negative sputum culture, 

or in the urine of a healthy control. One patient with negative sputum culture had detectable TB urine 

cfDNA, which is likely explained by history of previous TB infection and the possibility of residual cfDNA.  

 
Figure 5.1: Detection of urine cfDNA in 75% of pilot clinical samples from TB Control Program, Public 
Health – Seattle & King Co. Urine was collected from HIV-negative patients with suspected TB and ≤7 
days anti-TB treatment and stored up to 3 years at -80°C with 100 mM EDTA. TB urine cfDNA was 
extracted from 10 mL urine using an early version of the surface-based hybridization method, which has 
since been improved and can now detect 4 – 8X more cfDNA. Samples were classified as confident 
positive (detection in all replicates), weak positive (detection in single replicate or at unrealistically low 
concentration), or weak positive (no TB cfDNA detected or incorrect Tm). Each data point represents an 
individual extraction replicate (n=2-5 replicates per sample, depending on available volume). *Indicates 
Tm higher than that of expected amplicon, which was due to nonspecific amplification of residual human 
genomic DNA and has now been resolved. These samples were classified as negative.  
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While the results of this preliminary clinical testing were promising, and suggested that TB-specific 

cfDNA could be detected in urine with sensitivity greater than or similar to previous studies, there were 

several limitations. The concentrations of detected cfDNA were low, in some cases below a single copy 

in 10 mL urine. It is not clear whether the low concentrations detected were due to low concentrations 

of target present in the urine samples and/or deficiencies in the capture method. The clinical 

concentration range for TB urine cfDNA has not yet been firmly established, but is expected to be low 

(median 6.8 copies/mL; range 1–40.7 copies/mL for 7 patients reported by Labugger et al.) (5). The 

samples analyzed here were also stored for up to three years prior to analysis, so it is possible that 

cfDNA may have degraded over time. The optimal storage conditions for urine cfDNA are unknown, and 

urine cfDNA stability may vary across patient populations (87–92). A few samples had notably higher 

concentrations of TB cfDNA, but we do not have paired clinical data to determine if these patients had 

higher bacterial load. In subsequent studies, additional clinical data to correlate with urine cfDNA 

concentration were included. Because the samples were tested sporadically over time as a benchmark 

of the hybridization capture method’s sensitivity to detect clinical TB urine cfDNA, I also used an 

inconsistent protocol as I made incremental changes across the duration of sample testing.  

 

After the completion of this pilot study, I made further improvements to the sequence-specific 

purification method, leading to a 4- to 8-fold increase in detected cfDNA. The final optimized protocol, 

employed in later clinical testing, has >90% average recovery (see Figure 5.3), but the recovery of the 

early method used here (Appendix A, Section 9.2.3) was more variable, with recovery as low as 23%. Key 

improvements included switching from single to dual biotin modified probes (Section 3.7.2), improving 

the retention of beads during wash steps by concentrating to a 1 mL volume prior to washing (Appendix 

B, Section 10.1.6), improving denaturation (Appendix B, Section 10.1.1), and adding a second capture 

probe to target both strands of dsDNA (Section 3.7.3). I also modified the primer design and PCR cycling 

to eliminate the nonspecific amplification of residual cell-associated human genomic DNA observed in 

this pilot study (Section 3.7.4). Together, these improvements should improve clinical performance by 

enabling more confident detection of low concentration samples. Specificity testing was also limited 

during pilot clinical testing but was expanded in follow-up clinical work. Ultimately, this preliminary 

clinical work, while limited in scope and by the methods used, motivated continued assay development 

and gave confidence to pursue an expanded clinical study.  
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 CLINICAL STUDY: ADULT PULMONARY TB (EDENDALE HOSPITAL, SOUTH AFRICA)  

In this section, I describe an expanded clinical cohort study to determine the accuracy of our TB urine 

cfDNA for diagnosis of adult pulmonary TB.  

 

Study design and participants. The design of this study is summarized in Figure 5.2. Participants were 

consecutively enrolled at Edendale Hospital in Pietermaritzburg, South Africa (approved by the 

University of KwaZulu-Natal Biomedical Research Ethics Committee, #BE475/18). Adults (≥18 years old) 

meeting the case definition for active pulmonary TB were recruited. As a control group, adult inpatients 

at Edendale Hospital with excluded diagnosis for active TB disease were concurrently enrolled. The 

characteristics of the South Africa control group closely matched the TB-positive study population (i.e., 

patients seeking hospital care, many HIV-positive, likely included participants with latent TB and Bacillus 

Calmette–Guérin vaccination). Because the TB burden at the enrollment site in South Africa is high, 

however, there was a risk of enrolling patients with undiagnosed TB in the control group. To 

differentiate any potential false positives due to undiagnosed TB, a separate healthy control group was 

enrolled at the University of Washington, Seattle, USA (approved by the University of Washington 

Institutional Review Board, #48840). Participants were adults (≥18 years old) with low risk of TB 

exposure, as defined by birth in a country with low TB risk and no history of diagnosis of latent TB, 

treatment for active or latent TB, or living with an individual with active TB. All participants provided 

written informed consent. Samples were de-identified prior to testing at the University of Washington 

where this study was conducted. 

 

Figure 5.2: Study design for adult pulmonary TB.   
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Case definitions. TB-positive participants (South Africa) were defined as those with a positive sputum 

Xpert MTB/RIF (Cepheid, Sunnyvale, CA, USA) result within 5 days of enrollment and the presence of 

one or more TB symptom (fever, night sweats, cough, and weight loss). Xpert MTB/RIF rather than Xpert 

MTB/RIF Ultra was used as the reference standard because Xpert MTB/RIF Ultra cartridges were not 

available at Edendale Hospital, a regional healthcare facility, at the time of participant enrollment 

(February – July 2019). Patients with >72 hours of anti-TB treatment were excluded. TB-negative 

participants (South Africa) had a primary diagnosis other than TB and no clinical suspicion for TB. 

Healthy controls (USA) were recruited on a volunteer basis and were not seeking medical care.  

Clinical data, sputum testing, and urine lipoarabinomannan (LAM) testing. Clinical data were collected 

for all participants enrolled in South Africa. These included date of birth, gender, weight, height, self-

reported TB history, presence of TB symptoms (fever, night sweats, cough, weight loss), TB treatment 

duration, HIV test result, and CD4+ cell count (for participants living with HIV only). Expectorated sputum 

was submitted to the South African National Health Laboratory System (NHLS) for confirmatory solid 

and liquid mycobacterial culture and AFB smear microscopy. Mycobacterial culture was performed at 

the NHLS Provincial TB Reference Laboratory using both Middlebrook 7H11 solid agar medium and the 

liquid BACTEC mycobacterial growth indicator tube (MGIT) 960 system (BD, Franklin Lakes, NJ, USA) for 

each sputum sample. Cultures were incubated for up to 42 days. Culture plates were read at 3 and 6 

weeks, and M. tuberculosis was identified from solid or liquid cultures using niacin and nitrate testing. 

Participants were considered culture-positive with growth from either the solid or liquid culture. Smear 

microscopy was performed in the NHLS Laboratory at Edendale Hospital on decontaminated samples 

using both Ziehl-Neelsen and Auramine stains and considered positive if either stain revealed AFB. Urine 

(60 µL) was tested using Alere Determine TB LAM Ag (Abbott Laboratories, Chicago, USA). Collection of 

clinical data, sputum testing, and urine LAM testing were not done for healthy controls enrolled in the 

USA.  

Urine collection and storage for cfDNA analysis. Participants were asked to provide a convenience urine 

sample (50–200 mL) at the time of enrollment and/or an early morning first-void sample the morning 

after enrollment. The samples were not obtained mid-stream.  As soon as possible after collection, urine 

was mixed with EDTA and Tris-HCl pH 7.5 to final concentrations of 25 mM and 10 mM, respectively. 

Urine was stored in DNA LoBind tubes (Eppendorf, Hamburg, Germany) at -20°C at the collection site 

until shipping. Samples were shipped on dry ice to the University of Washington, where they were 

stored at -80°C until analysis. Immediately before analysis, urine was thawed at 37°C and centrifuged at 
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8,000g for 5 minutes to pellet cell debris. The cell-free urine supernatant was transferred to new 15 mL 

DNA LoBind tubes (Eppendorf) and characterized using Fisherbrand 10-SG Urine Reagent Strips (Thermo 

Fisher Scientific, Waltham, MA, USA) to measure the levels of glucose, bilirubin, ketone, specific gravity, 

blood, pH, protein, urobilinogen, nitrite, and leukocytes. 

Purification of TB cfDNA from urine using sequence-specific hybridization capture. cfDNA was 

extracted in triplicate from 10 mL urine samples (3x10 mL samples for each participant), with individual 

replicates for each participant processed on separate days. TB-specific urine cfDNA was extracted using 

our in-house sequence-specific hybridization capture method, as described previously (Chapter 3) (162). 

We have published a detailed, user-ready protocol at 

http://dx.doi.org/10.17504/protocols.io.bep4jdqw.  

Immobilization of capture probes on magnetic beads: Dynabeads MyOne Streptavidin C1 (Thermo 

Fisher) were washed three times with an equal volume of high salt wash buffer (1M NaCl, 10 mM Tris-

HCl pH 8.0, 0.05% (v/v) Tween-20) and resuspended in an equal volume of high salt wash buffer. Dual 

biotinylated capture probes BP1 and BP2 (Table 5.1), targeting opposite strands of the double-stranded 

IS6110 target region, were pre-mixed in low-EDTA TE buffer to a concentration of 50 µM each. 25 pmol 

of each probe (0.5 µL of probe mix) per 50 µL bead equivalent was added to the beads. The beads were 

immediately vortexed and rotated for 15 minutes at room temperature to immobilize capture probes on 

the beads. The beads were washed three times with an equal volume of high salt wash buffer and 

resuspended in an equal volume of high salt wash buffer.   

Table 5.1 Probe, primer, and target sequences.a   

Oligo Sequence  
Dual biotinylated 
capture probe #1 
(BP1) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAACAGACCTCACCTATGTGT/3SpC3/-3’ 

Dual biotinylated 
capture probe #2 
(BP2)b 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAACCCTGCCCAGGTCGA/3SpC3/-3’ 
 

Forward primer 5’- CGAACCCTGCCCAGGTCGA-3’ 
Reverse primer 5’- GTA+GCAGA+CCTCACCTATGTGT-3’  
IS6110 target (40 bp) 5’- CGAACCCTGCCCAGGTCGACACATAGGTGAGGTCTGCTAC-3’ 
IS6110 reverse 
complement (40 bp) 

5’-GTAGCAGACCTCACCTATGTGTCGACCTGGGCAGGGTTCG-3’ 

Synthetic positive 
control (50 bp)  

5’- CGAACCCTGCCCAGGTCGACACCATTCAACACATAGGTGAGGTCTGCTAC-3’ 

http://dx.doi.org/10.17504/protocols.io.bep4jdqw
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Synthetic positive 
control reverse 
complement (50 bp) 

5’-GTAGCAGACCTCACCTATGTGTTGAATGGTGTCGACCTGGGCAGGGTTCG-3’  

a /52-Bio/ indicates dual biotin modification; /3SpC3/ indicates carbon spacer; “+G” and “+C” indicate locked nucleic acid (LNA) 
bases. Target-specific probe binding sequences are underlined. A synthetic spacer region introduced to differentiate the 
synthetic positive control from the endogenous Mycobacterium tuberculosis complex-specific target sequence (IS6110) is bolded. 
All DNA sequences were ordered HPLC-purified from Integrated DNA Technologies (Coralville, IA, USA). 

b BP2 targets the opposite strand (reverse complement) of the DNA strand targeted by BP1. 

Sequence-specific capture of TB cfDNA: 2.5 mL of 5 M NaCl (final concentration 1 M), 127 µL of 10% (v/v) 

Tween-20 (final concentration 0.1%), and 50 µL of prepared beads were added to each 10 mL urine 

sample and gently mixed. The samples were denatured in a heat block set to 120°C for 15 minutes, so 

that the urine reached a temperature of >90°C. TB cfDNA was hybridized to capture probes by rotation 

at room temperature for 30 minutes.  

Washing to remove urine and non-target DNA: Samples were centrifuged for 5 minutes at 5000g to 

pellet beads. All but 1 mL of supernatant was removed and discarded. Beads were resuspended in the 

remaining supernatant and transferred to 1.5 mL DNA LoBind tubes (Eppendorf). The tubes were placed 

on an Invitrogen Dynamag-2 magnetic rack (Thermo Fisher) for 1 minute and the remaining supernatant 

was discarded. The beads were washed twice with 1 mL high salt wash buffer and once with 1 mL low 

salt wash buffer (15 mM NaCl, 10 mM Tris-HCl pH 8.0). For each wash, the tubes were inverted 10–20 

times, or until no bead aggregate was left on the tube walls, briefly spun down, and placed on the 

magnetic rack for 1 minute before removing the wash buffer. After the final wash step, beads were spun 

down and any residual buffer was removed.  

Elution of purified TB cfDNA: Purified TB cfDNA was eluted using 20 µL of freshly prepared 20 mM NaOH. 

Beads were mixed with NaOH by vortexing, briefly spun down, and placed on the magnetic rack. The 

eluate was transferred directly to PCR wells and partially neutralized with 3.5 µL 100 mM HCl.  

Amplification of TB-specific urine cfDNA using short-target PCR. The entire output (~24 µL) from each 

10 mL urine sample was analyzed in a single PCR well. Each 50 µL reaction contained 1.25 U OneTaq Hot 

Start DNA Polymerase (New England Biolabs [NEB, Ipswitch, MA, USA]), 1X OneTaq GC Reaction Buffer 

(NEB; 80 mM Tris-SO4, 20 mM (NH4)2SO4, 2 mM MgSO4, 5% glycerol, 5% dimethyl sulfoxide, 0.06% 

IGEPAL CA-630, and 0.05% Tween-20, pH 9.2), 0.8 mM dNTPs (NEB), 0.4X EvaGreen (Biotium, Fremont, 

CA, USA), 200 nM forward primer (Table 5.1), and 200 mM reverse primer (Table 5.1). qPCR was carried 

out in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) using 

an initial incubation period of 94°C for 3 minutes, followed by 45 amplification cycles of 94°C for 30 
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seconds, 64°C for 30 seconds, and 68°C for 1 minute. Quantification cycle (Cq) values were determined 

using the CFX Maestro software version 1.1 (Bio-Rad Laboratories) at a threshold of 500 RFU and 

recovered copies were calculated using a standard curve run with each PCR. PCR products were 

confirmed by post-amplification melt curve analysis from 65°C to 95°C in 0.5°C increments every 5 

seconds.  

Criteria for positive samples. Criteria for positive samples were set prior to analysis, and the assay 

operator was blinded to the clinical status of the samples until after processing was complete and 

sample calls were made. Individual replicates were ruled as positive if ≥1 single-stranded DNA copy of TB 

cfDNA was detected and the melt temperature (Tm) matched that of the expected native TB amplicon 

(76°C). Individual replicates were ruled as negative if insufficient TB cfDNA was detected (<1 copy of 

single-stranded DNA) and/or the Tm did not match that of the expected native TB amplicon. To allow for 

expected occasional PCR drop-out of low-concentration samples, a sample was ruled as positive if at 

least two of three replicates, analyzed on different days, were positive based on the above definitions. 

Samples with zero or one positive replicates were ruled as negative.  

PCR primer design, controls, and precautions to prevent false positives. We designed PCR primers 

targeting the insertion sequence IS6110, which is an established target for TB diagnosis present at 

multiple, variable copy number across ~99% of Mycobacterium tuberculosis complex strains (129). Our 

PCR primers (Table 5.1) amplify a short 40 bp target within a subregion of IS6110 that is conserved and 

specific to the Mycobacterium tuberculosis (MTB) complex (130). To avoid false positives due to 

nonspecific amplification, we used locked nucleic acid (LNA) bases to precisely match the Tm of the 

primers and selected an annealing temperature (Ta) slightly above the primer Tm to encourage specific 

amplification without compromising amplification efficiency. The final primer set and optimized PCR 

conditions result in an average PCR efficiency of 97.1% (95% CI: 95.7–98.6%) and no amplification of no 

template controls (NTCs) or 10 ng of human genomic DNA up to at least 45 cycles. To avoid false 

positives due to contamination, we maintained good laboratory practices to limit contamination (e.g., 

separating pre- and post-PCR rooms, regular decontamination of work surfaces and pipettes, sterile 

filtered pipette tips, aliquoting reagents into single-use volumes). In addition, we designed the synthetic 

positive control (50 bp, used as a spike-in control during extraction and for PCR standard curves) to be 

amplifiable by the same primer pair but distinguishable from the endogenous TB target sequence (40 

bp) by melt analysis (Table 5.1) so that any potential contamination with the positive control would not 

result in false positives. Every experiment included a positive control (pooled TB-negative urine spiked 
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with 103 copies of double-stranded DNA synthetic positive control template [Table 5.1]) and negative 

control (water without spiked target) that were run throughout the entire extraction process alongside 

clinical urine samples. PCR NTCs (n=3) were also included in each experiment.  

Statistical analysis. Sensitivity and specificity were calculated using a positive sputum Xpert MTB/RIF 

result and the presence of one or more TB symptoms as the reference standard. 95% confidence 

intervals for sensitivity and specificity were calculated using the hybrid Wilson/Brown method. 

Sensitivities were compared across groups using Fisher’s exact test. The detected cfDNA concentration 

was calculated based on the sample means of cfDNA-positive samples. Detected cfDNA concentrations 

were compared across groups using the Mann-Whitney test. Correlations with detected cfDNA 

concentration were assessed using Spearman’s correlation coefficient. Odds ratios were compared to a 

value of 1 using Fisher’s exact test, with 95% confidence intervals determined using the Baptista-Pike 

method. All statistical analysis was conducted using GraphPad Prism v8.1.2 (San Diego, CA, USA) with a 

significance level of 0.05. 

 

Analytical performance of sequence-specific TB cfDNA assay. An overview of our cfDNA assay is shown 

in Figure 5.3A-B. Recovery of the spiked-in positive control was 91.8% (95% CI: 75.9–107.6%) across 15 

independent experiments (Figure 5.3C).  
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Figure 5.3: Capture and detection of short cfDNA fragments in urine using sequence-specific 
purification and short-target PCR. (A) Overview of sequence-specific purification and short-target PCR 
(40 bp) protocol for TB cfDNA. (B) Schematic illustrating details of capture probe design targeting the 
MTB complex-specific insertion element IS6110. (C) Near complete recovery of short TB-specific DNA 
spiked into urine using sequence-specific purification. A positive control (103 copies of 50 bp double-
stranded DNA in 10 mL pooled urine) was included throughout each experiment alongside clinical 
samples. The recovery of the positive control was calculated as a percentage of the input (mean ± SD, 
n=15). Key design features, assay optimization, and additional analytical characterization of our 
sequence-specific purification method for cfDNA are reported in (Chapter 3) (162). 
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Study participants. We enrolled 73 participants across two sites: Edendale Hospital in South Africa (49 

TB-positive, 10 TB-negative) and the University of Washington in the USA (14 healthy controls with low 

risk of TB exposure). Participant demographic and clinical data are summarized in Table 5.2.  

Table 5.2: Summary of study participants.  

  TB-positivea 
patients (South 
Africa) 

TB-negative 
controls (South 
Africa) 

Healthy 
controls (USA) 

Total [n]  49 10 14 
Gender [n (%)] Female  22 (44.9%) 8 (80.0%) 5 (35.7%) 

Male  27 (55.1%) 2 (20.0%) 9 (64.3%) 
Age, years 
[median (IQR)] 

 38 (31 – 48)  32 (30.25 – 37.25) 26.5 (24 – 
28.75) 

Height, m 
[median (IQR)] 

 1.68 (1.65 – 1.70) 1.60 (1.59 – 1.68) n/a 

Weight, kg 
[median (IQR)] 

 55 (48 – 63)  57 (52 – 70) 
 

n/a 

HIV status [n (%)] HIV-positive  34 (69.4%) 10 (100.0%) n/a 
HIV-negative 15 (30.6%) 0 (0.0%) n/a 

CD4+ T-cell count 
(cells/mm3)b  
[median (IQR)] 

 85 (42 – 345) 318 (257 – 746) n/a 

History of prior TB 
[n (%)] 

No 32 (65.3%) 6 (60.0%) 14 (100.0%) 
Yes 17 (34.7%) 4 (40.0%) 0 (0.0%) 

TB treatment 
status [n (%)] 

Treatment-naïve  36 (73.5%) n/a n/a 
Some treatmentc 13 (26.5%) n/a n/a 

TB culture result 
[n (%)] 

Culture-positive 34 (69.4%) 0 n/a 
Culture-negative  8 (16.3%) 9 (90.0%) n/a 
No culture result 7 (14.3%) 1 (10.0%) n/a 

Days to culture 
positivityd 
[median (IQR)] 

 13.5 (8.0 – 17.0) n/a n/a 

AFB smear result 
[n (%)] 

Smear-positive 19 (38.8%) 0 (0.0%) n/a 
Smear-negative  25 (51.0%) 5 (50.0%) n/a 
No smear result 5 (10.2%) 5 (50.0%) n/a 

Alere urine LAM 
result [n (%)] 

LAM-positive 15 (30.6%) 0 (0.0%) n/a 
LAM-negative 34 (69.4%) 10 (100.0%) n/a 

a TB-positive patients were defined as those with a positive Xpert MTB/RIF result and the presence of one or more TB symptoms.  
b CD4 count was measured for HIV-positive patients only. 
c All participants had ≤72 hours of treatment.  
d For mycobacterial growth indicator tube (MGIT) culture only. 
 
Sensitivity and specificity of sequence-specific TB cfDNA assay. A summary of the diagnostic accuracy 

of our TB urine cfDNA assay is given in Table 5.3. Full results for each participant, including paired clinical 

data, urine characteristics, and detected cfDNA concentration, are given in Appendix D, Table 12.2 and 
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Table 12.3. Using sputum Xpert MTB/RIF as the reference standard, we detected TB-specific urine cfDNA 

with 83.7% sensitivity (n=41/49; 95% CI: 71.0 – 91.5%) and 100% specificity (n=24/24; 95% CI: 86.2–

100%). No TB-specific cfDNA was detected in the urine of TB-negative controls in South Africa (n=10) or 

healthy controls in the USA (n=14).  

Table 5.3: Sensitivity and specificity of TB urine cfDNA assay. 

  

cfDNA-
positive/ 
TB-positive 
(n/N) 

Sensitivity  
(95% CIa) (%) 

P-value 
(comparing 
sensitivity 
across 
subgroups)b   

cfDNA-
negative/ 
TB-negative 
(n/N) 

Specificity  
(95% CIa) (%) 

Totalc  41/49 83.7 (71.0 – 91.5)  24/24 100 (86.2 – 100) 

HIV status HIV-positive 30/34 88.2 (73.4 – 95.3) 0.23 10/10 100 (72.3 – 100) 
HIV-negative 11/15 73.3 (48.1 – 89.1) 0/0 n/a 

CD4+ countd  
 

≤200 cells/mm3 20/22 90.9 (72.2 – 99.4) 0.60 1/1 100 (51.0 – 100) 
>200 cells/mm3 10/12 83.3 (55.2 – 97.0) 9/9 100 (70.1 – 100) 

Sputum 
culture result 

Positive 30/34 88.2 (73.4 – 95.3) 0.32 0/0 n/a 
Negative 6/8 75.0 (40.9 – 95.6) 9/9 100 (70.1 – 100) 

AFB sputum 
smear result 

Positive 19/19 100 (83.2 – 100) 0.029* 0/0 n/a 
Negative 19/25 76.0 (56.6 – 88.5) 5/5 100 (56.6 – 100) 

Alere urine 
LAM result 

Positive 15/15 100 (79.6 – 100) 
0.087 

0/0 n/a 

Negative 26/34 76.5 (60.0 – 87.6) 10/10 100 (72.3 – 100) 
 

TB treatment 
status 

Treatment-
naïve  28/36 77.8 (61.9 – 88.3) 

0.090 
10/10 100 (72.3 – 100) 

Some 
treatmente 13/13 100 (77.2 – 100) 0/0 n/a 

Genderb Female 18/22 81.8 (61.5 – 92.7) >0.99 13/13 100 (77.2 – 100) 
Male 23/27 85.2 (67.5 – 94.1) 11/11 100 (74.1 – 100) 

* Indicates P < 0.05 

a 95% confidence intervals for sensitivity and specificity were calculated using the hybrid Wilson/Brown method. 
b P-values comparing sensitivity across groups were calculated using Fisher’s exact test for relative risk ratios. 
c Healthy controls enrolled in the USA were included in total specificity and gender-specific specificity, but not in the remaining 
specificities.  
d CD4 count was measured for HIV-positive patients only. 
e All participants had ≤72 hours of treatment.  

Sensitivity was non-significantly higher in HIV-positive patients compared to HIV-negative patients 

(88.2% [n=30/34; 95% CI: 73.4–95.3%] vs. 73.3% [n=11/15; 95% CI: 48.1–89.1%]; p=0.23). Sensitivity was 

similar in HIV-positive patients with CD4 counts of ≤200 and >200 cells/mm3 (90.9% [n=20/22; 95% CI: 

72.2–99.4%] vs. 83.3% [n=10/12; 95% CI: 55.2–97.0%]; p=0.60). Sensitivity was 77.8% (n=28/36; 95% CI: 

61.9–88.3%) in treatment-naïve patients. If a positive sputum culture result was also required for the TB 

case definition, total sensitivity increased to 88.2% (n=30/34; 95% CI: 73.4–95.3%). We detected TB-

specific cfDNA in the urine of all patients with positive AFB sputum smear (n=19/19) and/or Alere urine 
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LAM (n=15/15) results. Sensitivity remained high in smear-negative (76.0% [n=19/25; 95% CI: 56.6–

88.5%]) and LAM-negative (76.5% [n=26/34; 95% CI: 60.0–87.6%]) patients. The reduction in sensitivity 

for smear-negative patients compared to smear-positive patients was significant (p=0.029), while that 

for LAM-negative compared to LAM-positive patients was not (p=0.087). See Appendix D, Table 12.6 for 

statistical analysis of sensitivity across subgroups. Due to the relatively small sample size of this study, 

the power of these subgroup comparisons was limited and the statistical analyses should be interpreted 

accordingly. Subsequent, more highly powered studies are needed to conclusively compare cfDNA 

detection sensitivity across subgroups.   

We evaluated factors associated with TB cfDNA positivity and found that only a positive AFB smear 

result was significantly associated with a positive TB cfDNA result (odds ratio >1, p=0.029). HIV status, 

CD4 count, treatment status, culture result, and LAM result were not significantly associated with a 

positive urine cfDNA result (Appendix D, Table 12.4). 

Quantification of TB-specific cfDNA concentration in urine. The detected TB-specific cfDNA 

concentration was variable and skewed towards low concentrations, with a median of 146 copies in 10 

mL urine (Table 5.4). The cfDNA concentration had a moderate inverse correlation with CD4 count (-0.43 

[95% CI: -0.68 to -0.10; p=0.011]) (Figure 5.4A) and days to culture positivity (-0.36 [95% CI: -0.64 to -

0.0060; p=0.041]) (Appendix D, Figure 12.1A and Table 12.5), but no significant correlation with days of 

anti-TB treatment (1-3 days), AFB smear score, or Alere urine LAM score (Appendix D, Figure 12.1B-D 

and Table 12.5). The cfDNA concentration was higher in patients with some treatment compared to 

treatment-naïve patients (p=0.045) and in urine LAM-positive patients compared to urine LAM-negative 

patients (p=0.0045), but was not significantly different in patients grouped by HIV status, CD4 count, 

culture result, smear result, or gender (Figure 5.4B). 
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Figure 5.4: Detected concentrations of TB-specific urine cfDNA. (A) Concentration of TB cfDNA detected 
in each participant’s urine, stratified by HIV status and ranked by CD4 count. There was a moderate 
inverse correlation between CD4 count and detected TB cfDNA concentration (Spearman’s ρ = -0.43 [95% 
CI: -0.68 to -0.10], p = 0.011), but TB cfDNA could be detected regardless of HIV status and CD4 count. 
Each dot represents one of three replicates processed on different days for each sample. Note that dots 
representing replicates with similar detected concentrations may overlap. Replicates called as positive 
are shown in cyan and replicates called as negative are shown in red. The dashed line indicates the 1 
copy per 10 mL threshold used to define positive replicates. The legend below the plot indicates cfDNA 
detection status by replicate (considered positive if ≥1 copy of single-stranded DNA was detected with 
melt temperature matching that of the expected IS6110 amplicon) and by sample (considered positive if 
≥2 of 3 replicates were positive). (B) Comparison of detected TB cfDNA concentration across groups (bars 
indicate median and IQR of sample means of cfDNA-positive samples). The detected TB cfDNA 
concentration was significantly higher in patients with some treatment compared to treatment-naïve 
patients, and in LAM-positive patients compared to LAM-negative patients (* indicates Mann-Whitney P 
< 0.05; ** indicates Mann-Whitney P < 0.01), but was not affected by HIV status, CD4 count, culture 
result, smear result, or gender (ns indicates not significant). See Appendix D, Table 12.6 for calculated P-
values for each comparison. 
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Table 5.4: Detected concentrations of TB-specific urine cfDNA. 

 Median (IQR)a 

[copies in 10 mL urine] 
Rangea 

[copies in 10 mL urine] 

Total  146 (17 – 1092) 1.4 – 28044 

TB treatment statusb Treatment-naïve 57 (7.6 – 557) 1.4 – 28044 
Some treatmentc 796 (104 – 2111) 3.9 - 18543 

Alere urine LAM 
resultd 

Positive 796 (119 – 2851) 28 – 28044 
Negative 39 (4.9 – 404) 1.4 - 5021 

a Concentration for each sample is given as copies of single-stranded DNA in 10 mL urine, which was calculated based on the 
mean across n=3 technical replicates. 
b Detected cfDNA concentration was higher in patients with some treatment (Mann-Whitney, p=0.045). 
c All participants had ≤72 hours of treatment. 
d Detected cfDNA concentration was higher in patients with a positive urine LAM result (Mann-Whitney, p=0.0045).  

 

Improved detection of short cfDNA in urine using sequence-specific purification. To maximize 

sensitivity of TB urine cfDNA detection, it is essential to use methods designed to detect low 

concentrations of short fragments (42, 52, 82). Decreasing the minimum target length is expected to 

improve cfDNA diagnostic sensitivity (4, 78, 79, 81). For example, decreasing PCR amplicon length by a 

modest 10 bp (49 bp to 39 bp) led to more than 10-fold increase in detected TB-specific cfDNA (81). 

Critically, in addition to amplifying short targets, sample preparation methods must also extract short 

cfDNA from urine with high efficiency. Conventional silica-based DNA extraction methods have reduced 

recovery of short fragments and are thus not optimal for urine cfDNA (73).  

We aimed to increase the diagnostic sensitivity of TB urine cfDNA detection by improving recovery of 

short cfDNA during the DNA extraction step. We developed a sequence-specific purification method that 

uses hybridization capture probes immobilized on magnetic beads to extract short cfDNA with high 

analytical sensitivity. We have previously demonstrated that sequence-specific purification improves 

recovery of short cfDNA fragments (25–150 bp) from urine compared to alternate urine cfDNA 

extraction methods, including a protocol used for TB urine cfDNA (Chapter 4) (127). In a recent paper 

detailing our sequence-specific purification method, we described its key features, provided a user-

ready protocol, and thoroughly characterized its analytical performance (Chapter 3) (162). In this study, 

our sequence-specific approach recovered nearly all target-specific 50 bp positive control DNA (91.8% 

average recovery) and was in some clinical specimens able to detect down to a single copy of TB cfDNA 

in 10 mL urine. 

Diagnostic accuracy and comparison to previous TB urine cfDNA studies. In this study, we tested our 

sequence-specific TB cfDNA assay in clinical urine specimens for the first time. The sensitivity and 
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specificity of our assay for diagnosis of active pulmonary TB were 84% and 100%, respectively, the 

highest reported diagnostic accuracy of a TB cfDNA test. For comparison, previous TB urine cfDNA 

studies are summarized in Table 5.5 (4–6, 17, 59). For a comprehensive review of previous studies, refer 

to (42).  

Table 5.5: Comparison to previous studies targeting urine cfDNA for pulmonary TB diagnosis.a 

First 
author 

Year DNA extraction  PCR 
amplicon 

length 

Effective 
urine 

volume 
analyzedb 

Proportion 
of smear-
negative 

participantsc 

Sensitivity Specificity 

Method 
Designed for 
short urine 

cfDNA? 

HIV-
negative 
patients 

HIV-
positive 
patients 

Cannas (4) 2008 Wizard 
silica resin 

Claimed, but we 
have identified 

limitations   
(<35% recovery 

of ≤150 bp DNA)d 

129/67 bp 
(nested) 0.35 mL 2/43 79% (34/43)  

[95% HIV-negative] 
100% 

(23/23) 

Peter 
(17)e 2012 Xpert 

cartridge No 192 bp 
(Xpert) NR NR NA 8%    

(3/38) NA 

Fortún 
(60) 2014 NR No NR   

(AMTD) NR NR 18% (5/28) NA 

Bordelon 
(59) 2017 

Dynabeads 
MyOne 
Silane 

No 67 bp 0.1 – 0.5 
mL NR 0% (0/33) 0%       

(0/31) 

Labugger 
(5) 2017 Unspecified 

silica resinf 

Claimed           
(33% recovery of 

75 bp DNA)g 
38 bp 1.6 mL 4/10 64%   

(7/11) NA 100%     
(8/8) 

Patel (6) 2018 Unspecified 
silica resinf 

Claimed        
(~50% recovery 

of gDNA)h 
38 bp NR 45/175 40% 

(36/90) 
45% 

(38/84) 
89% 

(210/237) 

Oreskovic 
(163) 2021 

Sequence-
specific 

purification 

Yes                 
(>90% recovery 
of 50 bp DNA) 

40 bp 10 mL 30/49 73% 
(11/15) 

88% 
(30/34) 

100% 
(24/24) 

NR indicates not reported. NA indicates not applicable. Xpert indicates Xpert MTB/RIF assay (Cepheid). AMDT indicates 
Amplified Mycobacterium Tuberculosis Direct Test (Hologic). gDNA indicates TB genomic DNA. 

a Included studies specifically targeted urine cell-free DNA for pulmonary TB diagnosis. Studies analyzing cell-associated DNA 
(18, 19, 72, 63, 64, 66–71), plasma cfDNA (61, 62, 164), or EPTB were excluded. Studies targeting plasma cfDNA were excluded 
here but reported 65%/93% (62), 29%/100% (62), and 45%/67% (61) sensitivity/specificity. 

b Calculated based on the urine input volume, elution volume, and PCR input volume.  

c Given as proportion of TB-positive participants who had a negative sputum smear microscopy result. cfDNA detection 
sensitivity may be lower in smear-negative patients compared to smear-positive patients. 

d We found that the Wizard silica method had low recovery of short fragments (<35% for 40 – 150 bp) and was dependent on 
urine composition (i.e., pH and non-target DNA concentration) (127).  

e Peter et al. tested both whole urine and the insoluble fraction of urine concentrated by centrifugation. Only results from whole 
urine testing are listed here because cfDNA is expected to be in the soluble fraction of centrifuged urine.   

f Labugger et al. and Patel et al. used a silica resin-based method similar to that used by Cannas et al., but did not specify the 
resin or binding buffer.  
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g Estimated based on reported average of 1.6 cycle delay for extraction calibration curves compared to PCR calibration curves for 
genomic DNA and a 75 bp target. 

h Estimated based on reported approximate 1 cycle delay for extraction calibration curves compared to PCR calibration curves 
for genomic DNA.  

Prior studies showed potential for detection of TB-specific urine cfDNA in HIV-positive and HIV-negative 

patients, but had variable sensitivity due to sample preparation and/or amplification methods sub-

optimal for short targets (42, 52, 82). Cannas et al. used an in-house silica resin method (based on 

Promega Wizard DNA Purification Resin) reportedly designed to improve binding of short cfDNA, but did 

not report its analytical performance (e.g., percent recovery) (4). While the Wizard method improves 

upon conventional silica-based methods, our past testing revealed limited recovery (<35%) of ≤150 bp 

fragments (127). It was also highly dependent on urine composition and is likely to fail in samples with 

high pH and/or low non-target DNA concentrations (127). Labugger et al. and Patel et al. used a similar 

silica resin-based method, but did not specify the resin or binding conditions (5, 6). It is possible that 

their method suffers from similar limitations as the Wizard method used by Cannas et al., although we 

could not experimentally verify this. They reported recoveries of approximately 30–50% and limits of 

detection of 3 copies/mL (75 bp target) (5) and 1.25 copies/mL (TB gDNA containing up to 42 target 

repeats) (6). Our sequence-specific purification method increases percent recovery by 2-fold or more 

and improves the limit of detection to ≤0.5 copies/mL of 50 bp cfDNA (with a positivity cutoff threshold 

of 0.1 copies/mL used here). Our method allows the full volume eluted from a 10 mL urine extraction to 

be amplified in a single PCR well, maximizing sensitivity for detection of low-concentration samples. 

Past studies also enrolled few smear-negative participants, and thus have not tested the ability to detect 

urine cfDNA in individuals with paucibacillary TB who stand to benefit most from a non-sputum-based 

test. In particular, the most promising study by Cannas et al. included only 5% (2/43) smear-negative 

participants (4). Our results indicate that cfDNA detection sensitivity is higher in smear-positive 

compared to smear-negative individuals, so enrollment biased towards smear-positive participants may 

lead to an overestimation of assay sensitivity. In contrast, we demonstrated higher sensitivity while 

including 61% (30/49) smear-negative participants. Because Xpert MTB/RIF has reduced sensitivity (67%, 

pooled) in smear-negative, culture-positive sputum samples (7), our study is still limited in that it likely 

does not include Xpert-negative individuals with the lowest sputum bacterial loads. In a single sample 

available from an Xpert-negative, culture-positive participant (not included in the study described here), 

I was able to consistently detect TB-specific cfDNA at relatively high concentrations. Including Xpert-

negative, culture-positive participants in future studies will be critical for determining the performance 

of the TB urine cfDNA assay for paucibacillary TB.  
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Although not directly tested here, an added benefit of our sequence-specific approach is that it may 

help ensure specificity by removing non-target DNA. Sequence-specific purification has been used to 

improve sensitivity of TB diagnosis from sputum by removing high concentrations of non-target DNA 

that can lead to downstream amplification inhibition (125), but has not been applied in urine where the 

primary advantage of non-target DNA removal would be to reduce the likelihood of downstream 

nonspecific amplification. Confirming specific amplification of short targets without the footprint for a 

fluorescent detection probe can be difficult, but the added layer of specificity offered by sequence-

specific purification may aid in overcoming this challenge.  

Comparison to existing rapid TB tests. Our urine cfDNA assay has the potential to diagnose TB in 

individuals who may be missed by other rapid tests (e.g., smear microscopy, urine LAM). We detected 

TB-specific cfDNA in the urine of all smear-positive and LAM-positive patients. Importantly, sensitivity 

remained high in both smear-negative (76.0%) and LAM-negative (76.5%) patients. The target product 

profile for a rapid biomarker-based non-sputum-based TB test outlines the optimal requirements for 

pulmonary TB in adults as ≥98% sensitivity for smear-positive TB, ≥68% sensitivity for smear-negative 

TB, and ≥80% sensitivity for HIV-associated TB (2). Our results suggest that, by employing an optimized 

extraction method with demonstrated high efficiency for short fragments, urine cfDNA-based assays 

have the potential to achieve sufficient sensitivity to meet these criteria and improve diagnostic 

accuracy compared to smear microscopy.  

Unlike urine LAM tests, which have insufficient sensitivity, particularly in HIV-negative individuals (165), 

cfDNA tests have the potential to diagnose TB regardless of HIV status and CD4 count. We observed 

slightly higher sensitivity in HIV-positive (88.2%) compared to HIV-negative (73.3%) patients, but the 

difference was non-significant and the number of HIV-negative patients was small. Despite a moderate 

inverse correlation between CD4 count and detected TB-specific cfDNA concentration, there was no 

significant difference in sensitivity for HIV-positive patients with CD4 counts of ≤200 compared to >200 

cells/mm3. Although the small sample sizes led to large confidence intervals that may obscure some 

meaningful differences, and future studies are needed to conclusively compare cfDNA detection 

sensitivity across HIV-positive and HIV-negative subgroups, our results suggest that urine cfDNA is 

detectable across a wider patient population than urine LAM. 

In contrast, the commercially-available Alere Determine TB LAM test has 42% pooled sensitivity in HIV-

positive individuals, with sensitivity inversely proportional to CD4 cell count (20). The WHO only 

recommends its use in people living with HIV but not as a general screening test for TB (21). Ongoing 
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efforts aim to improve urine LAM detection sensitivity. The Fujifilm SILVAMP TB LAM test improves 

sensitivity relative to Alere LAM in both HIV-positive (70% vs. 42%) and HIV-negative (53% vs. 11%) 

individuals (22, 23). As antigen-based tests, however, LAM assays may not be able to achieve the 

sensitivity afforded by nucleic acid amplification tests. On the other hand, a critical advantage of LAM 

assays over cfDNA is their ease of sample processing. The cfDNA assay described here is not yet suitable 

for use in most clinically relevant settings, and will require substantial simplification in order to compete 

with existing rapid TB tests.  

Contributions to evidence for urine cfDNA as a biomarker for TB. To date, usefulness of urine cfDNA as 

a biomarker for TB has been limited, in part due to inconsistent methods and results in previous TB 

urine cfDNA studies. Our study contributes to the evidence for urine cfDNA as a TB biomarker in two 

ways: 1) demonstration of the feasibility of high sensitivity and specificity with optimal pre-analytical 

methods and 2) development of a reliable, quantifiable method to further study TB urine cfDNA. 

Previous TB urine cfDNA studies have focused on measuring diagnostic accuracy and have mostly 

neglected to report TB urine cfDNA concentrations. Labugger et al. measured concentrations for a 

limited number of treatment-naïve individuals (n=7), which ranged from 1–41 copies/mL (median 6.5 

copies/mL) (5). Here, we quantified TB-specific cfDNA to better estimate the clinical range (<1–2804 

copies/mL; median 14.6 copies/mL) and have conducted analyses to determine which variables 

correlate with cfDNA concentration. We found that cfDNA concentration was higher in LAM-positive 

patients compared to LAM-negative patients, but LAM result did not affect cfDNA sensitivity. We 

detected cfDNA in all patients who had recently initiated TB treatment, with a higher concentration 

compared to treatment-naïve patients, supporting the possibility of using cfDNA for treatment 

monitoring as suggested previously (5). Upon initiation of a successful treatment regimen, cfDNA 

concentration may temporarily increase due to bactericidal activity, followed by a slow decline as the 

infection is cleared (5). Our study did not show a correlation between days of treatment and cfDNA 

concentration, but only included participants with ≤3 days of treatment and did not monitor individual 

participants over time.  

Although cfDNA was detectable regardless of HIV status or CD4 count, the detected concentration had a 

moderate inverse correlation with CD4 count. We also found that cfDNA concentration had a moderate 

inverse correlation with days to culture positivity, suggesting that levels of excreted cfDNA may be 

related to bacterial burden. We observed no correlation with AFB sputum smear score or Alere urine 

LAM score, but the sample sizes for these analyses were small. We anticipate that our assay can be used 
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to continue to study TB urine cfDNA trends across subgroups and answer important unresolved 

questions regarding optimal sample collection techniques, processing methods, and storage conditions 

that have been the focus of recent work (88, 91, 92). As a caveat, the cfDNA concentrations measured 

by our assay may be confounded by the variable copy number of IS6110 (0–25 copies) (129) and by 

differences in participants’ hydration status. In the future, strain typing and normalizing cfDNA 

concentration to urine creatinine may help better elucidate trends in cfDNA concentration.   

Study limitations and future work. TB symptoms were required in addition to a positive Xpert result for 

the TB case definition to reduce the risk of a false-positive Xpert result, but it is possible that some could 

still have occurred. Using the strictest TB-positive criteria, requiring both positive Xpert and positive 

culture, would result in a non-significant increase in cfDNA sensitivity (to 88%). Several TB-positive, 

cfDNA-negative samples (false negatives) narrowly missed the cfDNA positivity cutoff, suggesting the 

opportunity for future improvement in clinical sensitivity. We are currently pursuing three approaches 

to further improve our assay’s ability to detect low cfDNA concentrations (see Chapter 7): an increase in 

urine input volume, a reduction in PCR target length (to 25 bp using an ultrashort PCR design described 

in (127)) and multiplexing to target multiple genomic regions. Multiplexing will have the additional 

benefit of improving inclusivity by enabling detection of TB strains lacking IS6110. In subsequent clinical 

work, samples were stored at -80°C instead of -20°C at the collection site in South Africa (which may 

improve cfDNA stability) and Xpert MTB/RIF Ultra was used as the reference standard instead of Xpert 

MTB/RIF (which may expand the included patient population to include participants with lower bacterial 

loads). Limiting collection to first morning void urine or testing across multiple time points could help 

improve sensitivity, but would be less convenient for real-world sample collection.   

This study serves as a valuable demonstration of the feasibility of our sequence-specific approach in 

adults with active pulmonary TB, but the sample size and scope were limited. Future studies will seek to 

further validate our assay and better compare sensitivity across subgroups using larger sample sizes 

(including more HIV-negative participants and negative controls). Subsequent work will also include 

expanded populations, specifically those underserved by current rapid sputum-based tests (including 

individuals with Xpert-negative TB, children, and patients with EPTB). TB-specific cfDNA has been 

detected in the urine (60) and plasma (84, 85, 164) of individuals with EPTB, including a case study of a 

child with tubercular otitis media (83), but there have not yet been any prospective studies in children. 

Our assay also currently requires a trained user, laboratory equipment, and significant hands-on time. In 

the future, we aim to simplify our laboratory-based test into a format more suitable for use in resource-
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limited settings, possibly by adapting technologies in development for silica-based magnetic bead 

purification for sequence-specific purification. Suggestions for future assay simplification are outlined in 

Section 8.6.4.  

 ROC CURVES FOR ALTERNATE POSITIVITY THRESHOLDS 

The criteria used to define positive samples (≥2/3 positive replicates with ≥1 copy of cfDNA) were set 

prior to analysis and, while they performed well, it is worth re-examining them now that more data are 

available to identify optimal positivity thresholds moving forward. In particular, it would be useful to 1) 

confirm that specificity is robust enough and 2) identify the best threshold to use without replicate 

testing. There were two negative control samples with a single positive replicate. These samples were 

called as negative through replicate testing (which was, by design, allowed to tolerate a single positive 

replicate due to infrequent, late NTC amplification) but highlight the risk of false positives without 

replicate testing.  

The optimal positivity threshold will confidently maintain specificity with minimal tradeoff in sensitivity. 

To help determine this threshold, Figure 5.5A shows an ROC curve treating each replicate as its own 

data point, rather than grouped with other replicates from the same patient (AUC = 0.92; 95% CI: 0.88–

0.96). For this dataset, the optimal positivity threshold for maximizing specificity is >2.9 copies, with 

sensitivity and specificity of 76.9% and 100%, respectively. In contrast, for the maximal sensitivity of 

85.0% (threshold >0.05 copies), specificity is reduced to 97.2%. If not conducting replicate testing, the 

positivity threshold should be increased from ≥1 copy to ≥2.9 copies, if not higher, to maintain 

specificity.  
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Figure 5.5: ROC curves for alternate positivity thresholds. (A) Treating each replicate as an individual 
sample. This ROC curve will help determine the optimal positivity threshold for future non-replicate 
testing. (B) Analyzing sample means across n=3 replicates. This ROC curve suggests that averaging 
detected cfDNA concentration across replicates may perform slightly better than the current approach 
(calling replicates as positive/negative and requiring a certain number of positive replicates for a sample 
to be called as positive).  

An alternate strategy to call positive samples, in the case where replicate testing is possible, is to use the 

sample mean across replicates. This approach may be more effective than the current replicate-based 

positivity definition as it better considers the concentration detected across replicates rather than 

simply calling them as positive or negative. Figure 5.5B shows the ROC curve resulting from this 

approach (AUC = 0.95; 95% CI: 0.90–1.00). Using a positivity threshold of a sample mean of >1 copy, the 

sensitivity and specificity are 85.7% and 100%, respectively, which is a marginal increase in sensitivity 

from the current replicate-based positivity definition (83.7%). An approach based on sample means 

should still be paired with a Tm requirement (i.e., replicates with incorrect Tm are excluded from sample 

mean).  

Hopefully, these ROC analyses will become irrelevant with improvements to sensitivity using the 

strategies described in Chapter 7, resulting in fewer samples close to the limit of detection, but they may 

be useful for additional clinical testing in the meantime.   
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 CONCLUSIONS  

Sequence-specific purification improves recovery of short urine cfDNA and increases the sensitivity of 

adult pulmonary TB diagnosis from urine cfDNA. Our assay has the highest reported accuracy of any TB 

urine cfDNA test to date and has the potential to enable urine-based TB diagnosis across sputum-scarce 

and paucibacillary populations. This study will lay the foundation for expanded clinical studies and 

future development of a rapid test. In addition, our work serves as a valuable contribution to the clinical 

evidence for urine cfDNA as a biomarker for TB. The ability to diagnose TB across key underserved 

populations (e.g., children, people living with HIV, individuals with EPTB) using urine samples would 

address an urgent need that was identified as one of the highest priority gaps in TB diagnostics (2). A 

sensitive urine-based test built upon the sequence-specific purification method described here could 

significantly contribute to improving sample availability, expanding access to rapid TB diagnosis, and 

controlling the TB epidemic. 
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6. NEXT-GENERATION SEQUENCING OF TUBERCULOSIS URINE CELL-FREE DNA 

This chapter is adapted from  

Unbiased sequencing of Mycobacterium tuberculosis urinary cell-free DNA reveals extremely short 

fragment lengths. Oreskovic A, Waalkes A,  Holmes EA, Rosenthal CA, Wilson DPK, Shapiro AE, Drain PK, 

Lutz BR, Salipante SJ (manuscript in preparation for submission to Journal of Clinical Microbiology). 

 ABSTRACT  

Urine cell-free DNA (cfDNA) presents an attractive target for diagnosing pulmonary Mycobacterium 

tuberculosis (TB) infection but has not been thoroughly characterized. Here, we aimed to investigate the 
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size and composition of TB-derived urine cfDNA with minimal bias using next-generation DNA 

sequencing (NGS). To enable analysis of highly fragmented urine cfDNA, we used a combination of DNA 

extraction (Q sepharose) and single-stranded sequence library preparation methods demonstrated to 

recover short, highly degraded cfDNA fragments. We examined urine cfDNA from ten HIV-positive 

patients with confirmed pulmonary TB (nine of which had TB cfDNA detectable by qPCR) and two TB-

negative controls. TB-derived cfDNA was identifiable by NGS from all TB-positive patients. TB urine 

cfDNA was significantly shorter than human urine cfDNA, with median fragment lengths of ≤19–52 bp 

and 42–92 bp, respectively. TB cfDNA abundance increased exponentially with decreased fragment 

length, with a peak fragment length of ≤19 bp in most samples. Our methodology also revealed a larger 

fraction of short human genomic cfDNA than previously reported, with peak fragment lengths of 29–53 

bp. Urine cfDNA fragments spanned the TB genome with relative uniformity, but nucleic acids derived 

from multicopy elements were proportionately overrepresented, providing regions of inherent signal 

amplification beneficial for molecular diagnosis. This study demonstrates the potential of urine cfDNA as 

a diagnostic biomarker for TB and will inform improved design of TB urine cfDNA assays. Methods 

capable of targeting the shortest cfDNA fragments possible will be critical to maximize TB urine cfDNA 

detection sensitivity. 

 INTRODUCTION  

There is a critical need for diagnostics for pulmonary Mycobacterium tuberculosis (TB) infection that do 

not rely on the collection of sputum samples, which are difficult to obtain from many patients. Even 

when sputum is available for testing, existing sputum-based TB assays have reduced sensitivity for 

diagnosis of paucibacillary, HIV-associated, pediatric, and extrapulmonary TB (7–9). Transrenal urine 

cell-free DNA (cfDNA) is a promising, easy-to-collect biomarker for TB with the potential to diagnose TB 

across these key underserved patient populations (4–6, 42, 52, 163), but it has not yet been extensively 

characterized or validated as a diagnostic analyte.  

In particular, the fragment length distribution of transrenal microbial cfDNA, including TB cfDNA, has not 

yet been robustly determined. Recent work employed NGS sequencing of three TB urine cfDNA samples 

using conventional methods and identified the presence of short fragments (19–44 bp) but provided 

minimal characterization of the overall fragment length distribution (166). Moreover, conventional 

methods for DNA extraction and next-generation sequencing (NGS) may systematically underestimate 

the proportion of short urine cfDNA molecules present because they have poor retention of degraded 

DNA fragments. In contrast, single-stranded NGS library preparation (167, 168) improves yield of short 
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cfDNA fragments (<100 bp) and reveals the presence of highly degraded forms of cfDNA, including 

microbial cfDNA, that are less protected from nuclease digestion than human genomic cfDNA (Figure 

6.1) (49, 55).  

 
Figure 6.1: Conventional sample preparation methods (DNA extraction and library preparation) limit 
understanding of fragmented cfDNA. (A) Conventional library preparation methods use blunt-end 
ligation of double-stranded adapters and require size selection to eliminate adapter dimers, preventing 
sequencing of short and/or single-stranded fragments. Plasma cfDNA is shown here, but bias against 
short fragments is even more dramatic for urine cfDNA, which is more degraded than plasma cfDNA. (B) 
Single-stranded library preparation retains short and single-stranded fragments, revealing previously 
uncharacterized, highly fragmented cfDNA in plasma (shown here) and urine (not shown). (C) For more 
degraded forms of cfDNA (such as mitochondrial cfDNA shown here, single-stranded library preparation 
is essential for accurate characterization of short fragments. (D) All cfDNA is urine is more fragmented 
than in plasma, but especially so for non-nucleosomal sources of cfDNA, including bacterial, 
mitochondrial, and viral cfDNA. The observed drop-off in fragments below approximately 50 bp is likely 
due to the lower size limit of silica DNA purification, not the true fragmentation pattern of cfDNA. Images 
reprinted and adapted from Snyder et al. (2016) (51) with permission from Elsevier, Burnham et al. 
(2016) (49) under a CC BY 4.0 license, and Burnham et al. (2018) (55) under a CC BY 4.0 license.  

In this study, we aimed to better characterize the fragment length distribution of TB-derived urine 

cfDNA using NGS and identify any potentially over-represented sequences suitable for targeting in 

diagnostic assays. In addition to using single-stranded library preparation to improve the recovery of 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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highly degraded DNA fragments, we selected a DNA extraction method based on Q Sepharose anion 

exchange resin known to increase retention of short urine cfDNA relative to other urine cfDNA 

extraction methods, including commonly-used commercial extraction kits (79, 127). We theorized that 

this combination of methods would minimize biases resulting from fragment length and enable more 

accurate NGS characterization of TB urine cfDNA.  

 METHODS  

Participant enrollment and urine collection. Participants were enrolled at Edendale Hospital in 

Pietermaritzburg, South Africa between October 2019 and February 2021 (approved by the University of 

KwaZulu-Natal Biomedical Research Ethics Committee, #BE475/18). Adults (≥16 years old) with a 

positive admission sputum Xpert MTB/RIF Ultra (Cepheid, Sunnyvale, CA, USA) or adults with HIV, 

regardless of reason for admission, were recruited and provided sputum for Xpert Ultra testing. Patients 

with >24 hours of anti-TB treatment were excluded. All participants provided written informed consent.  

Participants provided a urine sample (50–200 mL) at the time of enrollment and/or an early morning, 

first-void sample the morning after enrollment. The samples were not obtained mid-stream. 

Immediately after collection, urine was mixed in 10 mL aliquots with EDTA to a final concentration of 25 

mM and Tris-HCl pH 7.5 to a final concentration of 10 mM. Urine was stored in DNA LoBind tubes 

(Eppendorf, Hamburg, Germany) at -80°C until shipping, shipped on dry ice to the University of 

Washington, and stored at -80°C until processing. Samples were de-identified prior to testing.  

Clinical data, sputum testing, and urine lipoarabinomannan (LAM) testing. Clinical data were collected 

as follows for all participants: gender, presence of TB symptoms (cough, fever, night sweats, weight loss, 

loss of appetite, fatigue), TB treatment duration, HIV test result, and CD4+ cell count (for participants 

living with HIV only). Expectorated sputum was submitted to the South African National Health 

Laboratory System (NHLS) for Xpert MTB/RIF Ultra testing (if not already performed) and confirmatory 

solid and liquid mycobacterial culture. Mycobacterial culture was performed at the NHLS Provincial TB 

Reference Laboratory using both Middlebrook 7H11 solid agar medium and the liquid BACTEC 

mycobacterial growth indicator tube (MGIT) 960 system (BD, Franklin Lakes, NJ, USA) for each sputum 

sample. Cultures were incubated for up to 42 days. Culture plates were read at 3 and 6 weeks, and M. 

tuberculosis was identified from solid or liquid cultures using niacin and nitrate testing. Participants 

were considered culture-positive with growth from either the solid or liquid culture. Urine (60 µL) was 

tested using Alere Determine TB LAM Ag (Abbott Laboratories, Chicago, USA). Participants were 

categorized as TB-positive if at least one of the Xpert MTB/RIF Ultra or mycobacterial culture were 
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positive. Participants were categorized as TB-negative if neither Xpert MTB/RIF Ultra or culture were 

positive and no clinical diagnosis of TB was assigned within 2 months of enrollment. 

cfDNA extraction using Q Sepharose anion exchange resin. Urine was thawed at 37°C and centrifuged 

for 5 minutes at 8,000g to pellet cell debris. The cell-free urine supernatant was transferred to new 15 

mL DNA LoBind tubes (Eppendorf). cfDNA was extracted using a previously-described Q Sepharose 

extraction protocol (79, 127), with some modifications. Specifically, we increased the spin speed of the 

silica column wash steps from 800g to 8,000g to avoid column clogging that occurred when processing 

some clinical samples, reduced the elution volume from 106 µL to 50 µL to increase the concentration of 

eluted cfDNA prior to library preparation, and reduced the volume of eluate per PCR well from 5 µL to 2 

µL to avoid PCR inhibition. We found that these modifications had no effect on the total cfDNA yield or 

recovery of a spiked 50 bp positive control sequence (not shown). Each 10 mL urine sample was mixed 

with 300 µL Q Sepharose Fast Flow resin (GE Healthcare, Waukesha, WI) and rotated at room 

temperature for 30 min. The resin was pelleted for 5 minutes at 1,800g, resuspended in 1 mL low salt 

buffer (0.3 M LiCl, 10 mM NaOAc pH 5.5), transferred to a Mini Bio-Spin Column (Bio-Rad Laboratories, 

Hercules, CA), and filtered for 1 minute at 800g. The resin was washed four times with 0.5 mL low salt 

buffer for 30 seconds at 800g. DNA was eluted using 670 µL high salt buffer (2 M LiCl, 10 mM NaOAc pH 

5.5) for 3 minutes at 800g. The eluate was mixed with 2 mL 95% ethanol and applied in 700 µL 

increments to a QIAquick column (Qiagen, Hilden, Germany) with 30 seconds centrifugation at 8,000g 

for each increment. The column was washed twice with 0.5 mL 2 M LiCl in 70% ethanol and twice with 

0.5 mL 75 mM KOAc pH 5.5 in 80% ethanol for 30 seconds at 8,000g. The column was dried for 3 

minutes at 20,000g and DNA was eluted in 50 µL elution buffer (Qiagen) for 2 minutes at 20,000g.  

Quantification of cfDNA. The total concentration of purified cfDNA was measured using the Qubit 

dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The concentration of Mycobacterium 

tuberculosis (MTB) complex-specific cfDNA was measured using qPCR of a 40 bp region of the variable 

copy number insertion sequence IS6110. PCR was carried out in triplicate for each sample, with 2 µL 

eluate amplified in a 50 µL reaction containing 1.25 U OneTaq Hot Start DNA Polymerase (New England 

Biolabs [NEB, Ipswitch, MA, USA]), 1X OneTaq GC Reaction Buffer (NEB; 80 mM Tris-SO4, 20 mM 

(NH4)2SO4, 2 mM MgSO4, 5% glycerol, 5% dimethyl sulfoxide, 0.06% IGEPAL CA-630, 0.05% Tween-20, pH 

9.2), 0.8 mM dNTPs (NEB), 0.4X EvaGreen (Biotium, Fremont, CA, USA), 200 nM forward primer (5’- 

CGAACCCTGCCCAGGTCGA-3’), and 200 mM reverse primer (5’- GTA+GCAGA+CCTCACCTATGTGT-3’, 

where “+G” and “+C” indicate locked nucleic acid bases). Primers were ordered from Integrated DNA 
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Technologies (Coralville, IA, USA) with HPLC purification. qPCR was carried out in a CFX96 Touch Real-

Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) using an initial incubation period 

of 94°C for 3 minutes, followed by 45 amplification cycles of 94°C for 30 seconds, 64°C for 30 seconds, 

and 68°C for 1 minute. Quantification cycle (Cq) values were determined using the CFX Maestro software 

version 1.1 (Bio-Rad Laboratories) at a threshold of 500 RFU and recovered copies were calculated using 

a standard curve. PCR products were confirmed by post-amplification melt curve analysis from 65°C to 

95°C in 0.5°C increments every 5 seconds.  

Next-generation sequencing. Sequencing libraries were prepared with 1 to 45 ng purified cfDNA using 

the SRSLY method as described elsewhere (168), or using the commercially available formulation of that 

protocol, SRSLY PicoPlus kit (Claret Biosciences), with some modifications. Specifically, to retain low 

molecular weight cfDNA fragments, Monarch Genomic DNA Purification Kit (NEB) was used for 

purification of library fragments after the phosphorylation/ligation reaction, final library purification was 

performed using 1.8X volumes AMPure XP beads (Beckman Coulter), and size selection of the final 

library was not performed. Two to 11 replicates were generated per specimen. Sequencing was carried 

out using a NextSeq500 (Illumina) with 150bp Paired-End chemistries.   

Data analysis. Sequence reads from replicate library preparations of a given specimen were combined 

prior to data analysis.  Reads were trimmed using the fastq-mfc algorithm of ea-utils-1.1.2.779 (169), 

with minimum post-trimmed sequence length set to 15 bp.  The taxonomic composition of processed 

reads was cataloged using kraken2 (170). Individual read pairs classified as human (downsampled to 

200,000 reads) or as members of the Mycobacterium genus were isolated for further analyses.  

Sequence read mapping was performed against the human genome (hg38) or the Mycobacterium 

tuberculosis H37Rv genome (GenBank Accession AL123456.3), respectively, using bwa-mem (v0.7.12) 

(171) with default parameters. Sequence reads with a minimum mapping quality score of 5 or greater 

were retained for further analysis. This approach was ultimately able to identify fragments ≥19 bp in 

length, equivalent to the default minimal seed length required by bwa-mem. cfDNA fragment length 

distributions were determined using deepTools (172), with the “distanceBetweenBins” flag set to 100. 

For studies of multicopy elements IS6110 and IS1081, reads were mapped directly to those reference 

sequences (GenBank Accession X17348.1 and X61270.1, respectively) using bwa-mem as described 

above, and read counts were subsequently quantified. All statistical analysis was conducted using 

GraphPad Prism v8.1.2 (San Diego, CA, USA) with a significance level of 0.05. 
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Data availability. Reads mapping to the TB genome are available from the NCBI Sequence Read Archive 

(SRA) under accession PRJNA725220. 

 RESULTS 

Q Sepharose DNA extraction and cfDNA quantification. We extracted cfDNA from the urine of 29 TB-

positive and 5 TB-negative participants enrolled at Edendale Hospital in Pietermaritzburg, South Africa. 

We detected TB-specific cfDNA by Q Sepharose extraction and IS6110 qPCR in 14/29 (48.3%) of urine 

samples from TB-positive participants and 0/5 (0%) of urine samples from TB-negative participants. A 

summary of the detected concentrations of total cfDNA and TB-specific cfDNA is given in Table 6.1.  

Table 6.1: Concentrations of total and TB-specific urine cfDNA detected after Q Sepharose extraction.a 

    Median (IQR) Range 
Total cfDNA concentrationb  
  

Eluate (ng/µL) 5.1 (2.7–11.9) 1.1–85.6  
Urine (ng/mL) 25.5 (13.3–59.3) 5.4–428  

TB-specific cfDNA concentrationc  
  

Eluate (copies/µL) 5.2 (0.8–6.5) 0.1–792  
Urine (copies/mL) 26 (4.0–32.4) 0.6–3958  

a The detected concentrations of total and TB-specific cfDNA in each sample selected for sequencing are given in Appendix E. 
b Measured using Qubit HS dsDNA kit. 
c Measured by 40 bp qPCR targeting the variable copy number insertion sequence IS6110. 
 
Urine cfDNA sequencing. We selected nine TB-positive samples with the highest concentrations of TB-

specific cfDNA detectable by IS6110 qPCR, one TB-positive sample with no detectable TB-specific cfDNA 

by IS6110 qPCR, and two TB-negative samples for single-stranded library preparation and sequencing. 

Demographic and clinical data for the subset of participants whose urine samples were selected for 

sequencing are given in Appendix E, Table 13.1. All participants were HIV-positive with a median CD4 

count of 141 cells/mm3 (IQR: 59–516 cells/mm3). Participants were 42% female and 58% male. 50% of 

TB-positive participants had a positive urine LAM result.  

A total of 30 million to 113 million sequence reads were generated per specimen, resulting in 24 to 99 

million reads after initial quality filtering to computationally remove self-ligated adaptor sequences 

(Appendix E, Table 13.2). Library complexity, the measured proportion of unique sequence fragments 

sequenced per library, was high for all cases, ranging from 95.2% to 100% per specimen.   

Urine cfDNA taxonomic composition.  We initially characterized the taxonomic composition of cfDNA 

reads using metagenomic analysis techniques (170). A summary is provided in Appendix E, Table 13.2 

and the full output of the metagenomic analysis is available in the Supplemental Information for the 

paper upon which this chapter is based. For all cases, the majority of quality-filtered sequence reads 

(84.5–99.2%) corresponded to human nucleic acid, while the next most abundant taxa were attributable 
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to microorganisms comprising the normal skin or genitourinary microbiota, primarily species within 

Actinobacteria, Proteobacteria, and Bacteroidetes (173). The proportion of reads originating from 

bacteria of any kind averaged 1.71% per case (range 0.57% to 3.69%), with no difference in bacterial 

sequence load in comparing between TB-positive and TB-negative study participants (p=0.71 by 2-tailed 

T-test). The remainder of reads were distributed among higher level taxonomic classifications, viral and 

phage sequences, and unclassified reads. 

Sequences putatively classified as originating from TB or human were first mapped against their 

respective reference genomes to confirm their identity prior to further analysis. Following this quality 

control step, some number of TB-derived reads were identified in all specimens from TB-positive 

participants (10/10 specimens), including the one patient lacking qPCR-detectable TB IS6110 cfDNA 

(Appendix E, Table 13.2). Significantly, no reads mapping to the TB genome were identified from either 

of the TB-negative individuals (0/2 specimens). An average of 2,332 reads originated from the TB 

genome in TB-positive patients (range 4 to 19,547 reads per case), corresponding to a proportion of 

0.0000100% to 0.0201% of total reads.    

Human and TB urine cfDNA fragment lengths. We next used sequencing data to explore the length of 

cfDNA fragments derived from the human and TB genomes (Figure 6.2).   

Human cfDNA showed a relatively broad distribution of fragment lengths, with the abundance of reads 

inversely proportional to fragment length (Figure 6.2A). A periodicity in fragment abundance occurred at 

approximately 10 bp intervals, as expected based on nucleosome length and the results of previous 

cfDNA sequencing studies (45, 51, 54–56). The most abundant fragment length for human urine cfDNA 

ranged from 28–53 bp across samples (Appendix E, Table 13.3). The median fragment lengths for human 

urine cfDNA were 45–97 bp (Appendix E, Table 13.3). 

The abundance of TB urine cfDNA similarly increased with decreasing fragment length. However, in 

contrast to human cfDNA, TB-derived cfDNA displayed no periodicity and showed a left-shifted 

distribution (Figure 6.2B). In samples with enough reads to determine the peak TB cfDNA fragment 

length, it ranged from 38–43 bp (Appendix E, Table 13.3). The median fragment lengths for TB-derived 

urine cfDNA were 39–97 bp (Appendix E, Table 13.3) and were significantly shorter than those for 

human cfDNA (p=0.02 by Wilcoxon matched pairs test). 

Although this analysis recovers TB-derived cfDNA with high specificity, a drawback is that it 

preferentially identifies longer sequences, which have a correspondingly higher probability of containing 

sequence motifs that uniquely identify them as TB.  Shorter fragments that legitimately derive from the 
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TB genome are more likely to share significant similarity with other species by homology or by chance 

alone, and will consequently be excluded.   

To provide an analysis that is less biased with respect to sequence length, we next aligned all sequence 

reads to the TB and human reference genomes, regardless of their metagenomic classifications, and 

retained for analysis those that could be successfully mapped. A comparatively greater number (average 

22,545; range 4 to 78,240) and proportion (average 0.027%; range 0.000010% to 0.081%) of reads 

matching the TB genome were recovered from TB-positive patients (Appendix E, Table 13.2). A small 

number of reads from TB-negative participants also mapped to the TB genome, suggesting minor, 

artifactual contributions of cfDNA from other organisms that have been mapped to the TB genome. 

Nevertheless, the proportions of TB-mapped reads from negative patients (0.0000318% and 0.000178% 

of reads, corresponding to read counts of 9 and 42, respectively) were three orders of magnitude less 

than the average for TB-positive patients, despite the two groups having comparable proportions of 

total bacterial cfDNA by metagenomic analysis. Moreover, we found no correlation between the 

proportion of reads mapping to the TB genome and the proportion of total bacterial reads cataloged by 

metagenomic analysis (Pearson correlation coefficient r=0.0708, p=0.83; Appendix E, Table 13.2), but 

did observe a significant positive correlation between the proportion of reads mapping to the TB 

genome and the proportion that were unambiguously classified as TB by our high specificity approach 

(Pearson correlation coefficient r= 0.6727, p=0.017; Appendix E, Table 13.2). Taken together, these 

findings indicate that the contributions of non-TB organisms to the analysis are minor, and that the 

reads being mapped to the TB genome are largely attributable to TB-derived cfDNA.   

While the length distribution of human reads by this approach was consistent with our earlier results 

(Figure 6.2C), with the most abundant human cfDNA fragment length ranging from 29–53 bp across 

samples, cfDNA fragments mapping to the TB genome were substantially shorter than previously 

indicated (Figure 6.2D). The abundance of TB urine cfDNA increased exponentially with decreasing 

fragment size (Figure 6.2D) and showed a peak fragment length of ≤19 bp, the minimal size that is 

detectable by our analysis, in most samples (8/10) (Figure 6.2E). The median fragment lengths for TB-

derived urine cfDNA (≤19–52 bp) remained significantly shorter than for human urine cfDNA (42–92 bp) 

(p=0.002 by Wilcoxon matched pairs test, Figure 6.2E).    

These mapped reads were used for subsequent analyses. 
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Figure 6.2: TB urine cfDNA is significantly shorter than human genomic urine cfDNA. (A) Fragment 
length distributions of urine cfDNA in each sample classified as human by metagenomic analysis 
techniques (n=12). (B) Fragment length distributions of urine cfDNA in each sample classified as TB by 
metagenomic analysis techniques (n=10). (C) Fragment length distributions of urine cfDNA in each 
sample mapped to the human genome (n=12). Individual plots for each sample are given in Appendix E, 
Figure 13.1. (D) Fragment length distributions of urine cfDNA in each sample mapped to the TB genome 
(n=10). Individual plots for each sample are given in Appendix E, Figure 13.2. (E) Characterization of 
fragment length for cfDNA mapped to the TB genome (blue, n=10) and human genome (orange, n=12) in 
each sample. Bars indicate median fragment length and IQR. “x” indicates mode fragment length. No 
mode length is shown for Sample 10 because it was multimodal with a low number of reads mapped to 
TB. The median, IQR, and mode fragment length for each individual sample are given in Appendix E, 
Table 13.3. (F) Cumulative frequency of TB (blue, n=10) and human genomic (orange, n=12) cfDNA by 
fragment length in each sample.    
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Distribution of TB-derived reads across the genome. In TB-positive participants, cfDNA reads mapping 

to the TB reference genome showed low, but relatively uniform coverage across the length of the 

genome (Figure 6.3A). Notably, for most samples the rRNA gene locus (positions 1471846 to 1477013 

bp), evidenced increased read coverage relative to the rest of the TB genome, despite there being a 

single copy of this locus carried by TB (174). As rRNA encodes an essential gene that is highly conserved 

across bacterial taxa (175), these data suggest that short reads derived from other organisms present in 

patient specimens may infrequently map to the TB genome at specific sequence contexts.  
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Figure 6.3: Coverage of the TB genome in urine cfDNA. (A) Density of reads mapped to the TB genome 
in ten samples from TB-positive participants. *Sample 10 had no TB cfDNA detectable by IS6110 qPCR, 
but TB-specific cfDNA was detectable by sequencing and confirmed by metagenomic classification 
analysis (kraken2). (B) Density of reads mapped to the TB genome in two samples from TB-negative 
participants.  

Multicopy elements in the TB genome as diagnostic targets for urine cfDNA. Species-specific multicopy 

elements are attractive targets for diagnostic testing because they provide both specificity and an 

inherent level of signal amplification. To evaluate the potential of two known multicopy genomic 

elements as potential urine cfDNA diagnostic targets, we analyzed the relative abundance of reads 

mapping to two insertion sequences (IS6110 and IS1081) present in the TB genome (128, 176).  

cfDNA fragments derived from IS6110 and IS1081 cfDNA were detected by NGS in 6/9 and 5/9 

specimens with TB cfDNA detectable by IS6110 qPCR, respectively (Table 6.2). In cases where these 

sequences were identified, they were found with greater abundance than reads from other regions of 

the TB genome. The average fold overrepresentation of IS6110 relative to the average sequencing depth 

for the remainder of the TB genome was 8.1 (range 1.3–17.1), whereas that observed for IS1081 was 4.6 

(range 1.7–8.5). These values correspond roughly to the expected count of each element per genome. 

IS6110 is present at variable copy number (0–25 copies) across MTB complex strains (129), while IS1081 

is present at a more stable copy number (5–6 copies) (177). We were not able to examine reads 

mapping to a third multicopy element used in TB studies, the direct repeat (DR) region (178), given the 

repetitive nature of the element and the short length of its constituent repeat sequence (36 bp, present 

at an estimated 14–63 copies per genome), which prevented reliable read mapping.  

Table 6.2: Relative abundance of multicopy elements IS6110 and IS1081 in urine cfDNA. 

Sample ID TB status cfDNA status 
(IS6110 qPCR) 

IS6110 fold 
overrepresentationa 

IS1081 fold 
overrepresentationa 

01 Positive Positive 0 0 
02 Positive Positive 0 0 
03 Positive Positive 17.0 2.52 
04 Positive Positive 1.27 0 
05 Positive Positive 3.30 6.78 
06 Positive Positive 3.68 3.62 
07 Positive Positive 17.1 8.48 
08 Positive Positive 6.34 1.72 
09 Positive Positive 0 0 
10 Positive Negative 0 0 
11 Negative Negative 0 0 
12 Negative Negative 0 0 

a Measured as average sequencing depth at the target region normalized to the average sequencing depth across the remainder 
of the TB genome.  
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 DISCUSSION 

In this study, we present an in-depth, unbiased characterization of TB urine cfDNA using NGS. To most 

comprehensively characterize the range of fragments occurring in this analyte, we selected DNA 

extraction and sequencing library preparation methods specifically for their demonstrated effectiveness 

for short DNA fragments. We have previously shown in a comparison of urine cfDNA purification 

methods that Q Sepharose extraction, which pre-concentrates urine cfDNA using anion exchange resin 

prior to desalting on a silica spin column (79), has a high rate of recovery (>70%) for spiked DNA down to 

at least 40 bp in length (127). Recovery by that method is reduced to <10%, but is still measurable, for 

DNA as short as 25 bp in length (127). Similarly, single-stranded NGS library preparation (167, 168) has 

been shown to improve recovery of <100 bp cfDNA, having a lower reported limit of 40–60 bp (49). In 

this application, we have further extended the lower range of detection for this approach by retaining all 

library fragments generated, which increased our sensitivity for low molecular weight DNA fragments at 

the expense of sequencing an increased proportion of synthetic, noncontributory fragments resulting 

from self-ligated sequencing adaptor molecules (measured at 9% to 20% of total reads generated per 

specimen).   

Previous NGS studies that characterized the fragment length distribution of human genomic cfDNA have 

reported peak fragment lengths of approximately 50–100 bp (54–56). In contrast, our study 

demonstrably improved recovery of short cfDNA fragments and revealed a previously undetectable 

fraction of human genomic cfDNA in urine having a peak fragment length of 29–53 bp, which was 

observed in all samples. The differences between our methodology and protocols employed previously 

were most noticeable for the shortest fragments, with representation of <50 bp fragments in our study 

dramatically increased relative to earlier work that did not use single-stranded library preparation 

methods (45, 54, 56) or which used single-stranded library preparation in conjunction with a DNA 

extraction method less able to efficiently recover short DNA fragments (Qiagen Circulating Nucleic Acid 

Kit) (55).  

Our results provide evidence that TB cfDNA in urine is extensively fragmented, significantly more so than 

human genomic cfDNA (Figure 6.2). Consequently, minimizing the length of sequences targeted for TB 

urine cfDNA diagnostic assays will be critical to maximizing their sensitivity. Decreasing the minimum 

detectable target length improves detection sensitivity for fragmented cfDNA (79–81) and has been a 

priority during the recent development of TB urine cfDNA assays (4–6, 163). Previously reported TB 

urine cfDNA assays targeted, at the shortest, amplicons of 38–40 bp (5, 6, 163). Decreasing PCR 
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amplicon length from 49 bp to 39 bp resulted in greater than 10-fold increase in detected TB cfDNA (81). 

Until now, the extent to which further decreases in target length may improve sensitivity has been 

unclear. Our results suggest that even small, incremental decreases in target length may have a 

disproportionate impact on detection of TB urine cfDNA, which is highly fragmented to a peak size of 

≤19 bp and increases in abundance exponentially as fragment size decreases. To improve the clinical 

sensitivity of TB urine cfDNA assays, both sample preparation and amplification methods having 

maximal efficiency for very short fragments are needed. For example, recent work in our lab 

demonstrated that sequence-specific purification improves recovery of short cfDNA relative to 

conventional silica-based extraction and increases the clinical sensitivity of TB diagnosis from urine 

cfDNA (162, 163). Ultrashort PCR using a stem-loop primer may be an attractive strategy for 

amplification of fragments too short for conventional PCR (79). Our results, in concert with those of a 

previous study (166), suggest that targeting multicopy genomic elements (e.g., IS6110, IS1081) is likely a 

more promising strategy than identification of de novo cfDNA targets.  

Our study has several limitations. First, we sequenced cfDNA only from patients living with HIV. 

Detection sensitivity for TB urine cfDNA is similar in HIV-positive and HIV-negative participants (6, 163), 

but it remains unclear if there may be differences in cfDNA fragmentation patterns across these two 

populations. Second, owing to the requirements for high sequencing depths and attendant sequencing 

costs, the number of specimens analyzed in this study are necessarily limited. Third, despite the 

improvements in short cfDNA fragment recovery using a combination of Q Sepharose DNA extraction 

and single-stranded library preparation, our methods are unable to reliably interrogate the shortest 

cfDNA fragments. We expect that efficiency of fragment recovery begins to decrease below 40 bp (127), 

and due to the nature of sequence read mapping algorithms, it is not possible to reliably map the origin 

or sequence reads below a specified seed length (here, 19 bp). Moreover, the shorter the fragment 

length, the less probable it is that the read will map confidently to its target (179). Considering these 

limitations, the true frequency of cfDNA less than 40 bp in length, whether originating from human or 

TB, is likely even greater than registered by our analysis. The fragment length distribution of cfDNA 

should be interpreted with this in mind. Fourth, many of the cfDNA molecules recoverable by our 

methods are so short that they cannot be uniquely classified as belonging to TB. As a consequence, we 

cannot demonstrate directly that all of the smallest read fragments we mapped to TB derive from derive 

from that organism, although accessory evidence is consistent with that conclusion.   
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 CONCLUSIONS  

Accurate characterization of urine cfDNA using NGS provides critical insight into its validation as a 

biomarker for TB. Our findings, in particular the discovery that TB cfDNA is substantially shorter than 

human genomic cfDNA, will help inform the development of improved assays for TB diagnosis from 

urine cfDNA. The large potential sensitivity benefit to be gained by targeting <40 bp TB cfDNA motivates 

continued prioritization of both sample preparation and amplification methods designed for short 

fragments, although this will need to be balanced against reduced specificity accompanied by 

interrogating shorter nucleotide fragments. A sensitive molecular assay targeting urine cfDNA, rather 

than sputum, would considerably contribute to improving sample accessibility and diagnostic yield and 

has the potential to advance availability of rapid TB diagnostics across underserved patient populations. 

In addition, the combination of Q Sepharose DNA extraction and single-stranded library preparation will 

likely prove useful for other applications and contexts where the analysis of highly fragmented forms of 

DNA is necessary. 

 ADDENDUM: COMPARISON OF Q SEPHAROSE AND SEQUENCE-SPECIFIC PURIFICATION FOR 

EXTRACTION OF TB URINE CFDNA 

While not a primary objective, this study also gave us the opportunity to preliminarily compare the 

performance of Q Sepharose extraction and sequence-specific purification for detection of TB cfDNA in 

clinical urine samples. These two methods were identified as the most promising for short urine cfDNA 

in the analytical comparison described in Chapter 4. While sequence-specific purification performed 

best overall for the shortest fragments (<40 bp), Q Sepharose has the advantage of purifying total 

cfDNA. This is necessary for NGS and is why we used Q Sepharose rather than our in house method for 

cfDNA extraction in this study. Q Sepharose has not been used previously for detection of TB cfDNA.   

Diagnostic accuracy. Q Sepharose detected TB cfDNA with 48.3% sensitivity (95% CI: 31.4–65.6%) and 

100% specificity (95% CI: 56.6–100%) (n=34). In the study described in Chapter 4.8, sequence-specific 

purification detected TB cfDNA with 83.7% sensitivity (95% CI: 71.0–91.5%) and 100% specificity (95% CI: 

86.2–100%) (n=74). The sensitivity of our in-house TB urine cfDNA assay using sequence-specific 

purification was significantly higher than when using Q Sepharose (p=0.002, Fisher’s exact test). The 

same PCR assay was used for both studies. 

There are a few caveats to this analysis. First, while the samples came from the same patient population, 

different samples were used to test each method. The prevalence of TB cfDNA may have differed 
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between the two sample pools. Second, to conserve volume for NGS and reduce the impact of PCR 

inhibition on quantification, I reduced the eluate volume in PCR for Q Sepharose from 5 µL (original 

protocol) to only 2 µL for Q Sepharose, representing 10% and 4% of the original urine volume, 

respectively. It is possible that amplifying a larger eluate volume would increase sensitivity. The benefit 

of sequence-specific purification over Q Sepharose is likely a combination of factors: improved recovery 

of short cfDNA, higher concentration factor (by >2-fold), and ability to amplify a larger effective fraction 

of the sample without complete inhibition of PCR (equivalent of 10 mL urine versus 0.4–1 mL urine). 

Detected cfDNA concentration. The concentrations of 40 bp IS6110 cfDNA detected using Q Sepharose 

and sequence-specific purification were similar, but I calculated descriptive statistics based on only 

cfDNA-positive samples, so the concentrations detected by sequence-specific purification may be 

skewed lower because the method is better able to detect low concentration samples that Q Sepharose 

is likely to miss. Q Sepharose detected a median of 26 copies/mL (range: 4.0–32.4 copies/mL) and 

sequence-specific purification detected a median of 15 copies/mL (range 0.14–2804 copies/mL). In 

pooled urine from TB-positive patients, sequence-specific purification detected 8.2-fold more 40 bp 

IS6110 cfDNA than Q Sepharose (4012 vs 488 dsDNA copies). 

Additional observations. In clinical urine samples, the Q Sepharose protocol led to difficulty processing 

samples and PCR inhibition that was not observed in analytical characterization experiments in Chapter 

4. Specifically, many samples resulted in clogging of the silica spin column, despite pre-purification of 

cfDNA on Q Sepharose resin. To mitigate this problem, I increased the centrifugation speed from 800g to 

8,000g for these steps, which had no measured effect on total cfDNA yield or the percent recovery of a 

spiked 50 bp target sequence. This change eliminated clogging for most samples, but a few still flowed 

slowly through the silica spin column and required additional centrifugation time. In samples from 

hospital inpatients, Q Sepharose also resulted in consistent PCR inhibition that was not observed in 

healthy control samples. This may be in part due to a reduction in elution volume (from 106 µL to 50 µL) 

made to better concentrate cfDNA for downstream library preparation. Reducing the eluate volume 

used in PCR (from 5 µL to 2 µL) helped mitigate but did not eliminate inhibition.  

Conclusions. Sequence-specific purification remains superior to Q Sepharose for detection of TB urine 

cfDNA, and likely for other cfDNA applications requiring detection of specific target sequences. 

However, Q Sepharose performed well for isolation of total cfDNA prior to sequencing, which is not 

possible using sequence-specific purification. Both protocols require many manual steps, so neither 

provides an advantage for ease of use.  
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7. STRATEGIES TO INCREASE SENSITIVITY: MULTIPLEXING, ULTRASHORT PCR, AND 

OTHER NEXT STEPS TOWARDS CONTINUED ASSAY DEVELOPMENT  

 ABSTRACT 

While the performance of our TB urine cfDNA assay in the clinical study described in Chapter 4.8 was 

promising, the concentration of TB cfDNA detected in many samples was low. There is an opportunity to 

increase clinical sensitivity and robustness of the assay by improving the detection of urine samples with 

low concentrations of TB-specific cfDNA. In this chapter, I describe several strategies that may help 

achieve this goal. The rationale for two of these strategies – multiplexing and ultrashort PCR – is to 

expand the detectable fraction of TB-specific cfDNA beyond the current 40 bp IS6110 target. I have 

developed preliminary designs for three new targets: the direct repeat (DR) region and two different 

subregions of the insertion sequence IS1081. I have also designed an ultrashort PCR capable of 

amplifying a 25 bp sequence within the current IS6110 target. The third strategy is to increase the input 

sample volume, which would proportionally increase the cfDNA copy number available for detection. 

The final strategy is to eliminate the effect of sample variability on assay performance. A subset of 

clinical samples, most often those with proteinuria or blood, led to difficulty during the magnetic bead 

handling steps (bead loss during washes and/or bead transfer to PCR during elution). Minimizing the 

effects of sample variability by addition of a proteinase K digestion step may improve the ease of sample 

processing, make the assay more amenable to adoption by new users, and possibly improve sensitivity 

in previously challenging samples by reducing bead loss and PCR inhibition. I have taken the first steps 

towards implantation of each of these strategies to identify which are most promising for continued 

development. In addition to increasing clinical sensitivity, improving the ability to reliably detect low 

concentration samples will ideally also avoid the need for replicate testing and thus increase the 

throughput of future clinical studies.  
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 OPPORTUNITY FOR IMPROVED DETECTION OF LOW CONCENTRATION SAMPLES  

Despite the strong analytical performance of the TB urine cfDNA assay (limit of detection <0.5 

copies/mL), the low concentration of TB-specific cfDNA in detected in urine (median 14.6 copies/mL, 

range 0.1 – 2804 copies/mL) may be a limiting factor for clinical sensitivity. At low target concentrations, 

PCR is limited by the Poisson distribution of target molecules in the sample. The Poisson distribution is 

given by the equation 𝑃𝑃(𝑥𝑥; λ) = 𝑒𝑒−λλ𝑥𝑥

𝑥𝑥!
, where, for this application, λ represents the average 

concentration of target molecules across the entire urine sample and x represents the concentration of 

target molecules in an individual 10 mL sample aliquot to be analyzed. As an example, if a patient’s urine 

contains an average of 0.1 copies/mL (λ = 1 copy per 10 mL) of the target cfDNA sequence, the 

probabilities of a 10 mL urine aliquot containing x = 0, 1, 2, or 3 copies of the target cfDNA sequence are 

0.37, 0.37, 0.18, and 0.06, respectively. In other words, there is a 37% chance that a given aliquot will 

contain no detectable target cfDNA. 

For the clinical study described in Chapter 4.8, we attempted to compensate for the expected occasional 

PCR drop-out of low concentration samples by testing urine from each participant in triplicate and 

requiring ≥2/3 replicates positive for a sample to be called as positive. The results of this study are 

shown again in Figure 7.1, this time emphasizing samples near the cutoff threshold (hollow dots). Even 

with triplicate testing, there were several potential “near miss” samples (hollow cyan dots; 2/3 

replicates positive) and potential “barely missed” samples (hollow red dots; 1/3 replicates positive). 

Using our sample positivity criteria, set prior to testing, we calculated an assay sensitivity of 84% 

(n=41/49). If we were able to successfully detect the “barely missed” samples, which may be possible if 

we can improve detection of low concentration samples, the sensitivity would increase to 92% 

(n=45/49). On the other hand, if we did not detect the “near miss” samples, which is a possibility if the 

current assay were to be used without replicate testing, the sensitivity would decrease to 73% 

(n=36/49). Ideally, in the future we will be able to test only a single replicate per participant while more 

confidently detecting low concentration samples, which would allow for clinical studies with larger 

sample sizes and be more relevant for eventual implementation as a real-world diagnostic test.   



118 
 

 

Figure 7.1: Visualization of samples near the limit of detection of current TB urine cfDNA assay. Solid 
cyan dots represent samples confidently called as positive (3/3 replicates positive; n=36/49 TB-positive 
samples). Hollow cyan dots represent potential “near miss” samples called as positive (2/3 replicates 
positive; n=5/39 TB-positive samples). Hollow red dots represent potential “barely missed” samples 
called as negative (1/3 replicates positive; n=4/39 TB-positive samples). Solid red dots indicate samples 
confidently called as negative (0/3 replicates positive; n=4/39 TB-positive samples).  

A critical distinction is that the clinical sensitivity is limited not by the total concentration of TB cfDNA in 

urine, but rather by the low copy number of specific detectable TB cfDNA target molecules in urine. The 

current assay targets a single sequence: a 40 bp region of IS6110. Even for samples with low 

concentrations of TB urine cfDNA, there is undoubtedly more TB-derived cfDNA present in the urine, but 

it is not detectable using our current assay design. By expanding the fraction of detectable TB cfDNA 

fragments, we may be able to improve detection of low concentration samples, increase clinical 

sensitivity, and avoid the need for replicate testing. If the fraction of detectable fragments can be scaled 

up dramatically, this may also allow for a reduction in input sample volume, which would greatly ease 

future simplification of the assay to an automated format more suitable for use in low-resource settings. 

In the following sections, I describe the first steps towards implementation of several strategies to 

improve detection of low concentration samples, with the goal of identifying which strategies are most 

promising for future assay development. 
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 FIRST STEPS TOWARDS MULTIPLEXED ASSAY 

The first strategy to increase sensitivity is the development of a multiplexed assay. Multiplexed capture 

– whether targeting multiple subregions within a single genomic region or sequences across multiple 

genomic regions – will increase the number of TB cfDNA fragments available for amplification (Figure 

7.2). The advantage of multiplexed capture for detecting low concentration samples could take one of 

two forms. Multiple targets could be amplified in a single reaction using either a nonspecific 

intercalating dye (where the signal across targets would be cumulative) or sequence-specific fluorescent 

detection probes (where the detection would also be multiplexed, with unique signals for each target). 

In both cases, multiplexing should help improve detection of low concentration samples that are 

currently near the limit of detection of PCR by increasing the likelihood that at least one target amplifies 

successfully. Multiplexing to include other genomic regions should also improve inclusivity by enabling 

detection of MTB strains lacking IS6110, the prevalence of which varies geographically (129).  

 
Figure 7.2: Rationale for multiplexed capture to increase sensitivity. Detectable fragments are shown in 
purple. 

 

This subsection is adapted from 

Oreskovic A, Lutz BR. Ultrasensitive hybridization capture: reliable detection of <1 copy/mL short cell-

free DNA from large-volume urine samples. PLOS ONE 16(2): e0247851 (2021). 

https://doi.org/10.1371/journal.pone.0247851. 

To demonstrate the potential multiplexing capability of hybridization capture and estimate the 

maximum number of probes (i.e., the minimum concentration per probe) that maintains high recovery, I 

varied the ratio of target to non-target probes while keeping the total probe concentration constant 

(Figure 7.3A). I found that recovery remained the same for conditions representing up to four probes 

https://doi.org/10.1371/journal.pone.0247851
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(two probe sets targeting two dsDNA targets or four individual probes targeting four ssDNA targets). 

Recovery dropped moderately to 63% of the original for 10 probes (targeting five dsDNA targets or 10 

ssDNA targets) and was substantially reduced to 26% of the original for 20 probes (targeting 10 dsDNA 

targets or 20 dsDNA targets). Increasing the hybridization time from 30 minutes to 60 minutes did not 

rescue recovery for the equivalent of 10 probes (Figure 7.3B). Small-scale multiplexing is possible using 

the current protocol, and larger-scale multiplexing may be improved through additional optimization 

specifically for multiplexed capture, such as a higher hybridization temperature or increased bead 

volume. Unique bead pools for each capture probe (rather than multiple probes on all beads) could also 

be explored.  

 

Figure 7.3: Preliminary demonstration of multiplexing capability. (A) Without additional assay 
optimization, multiplexed capture of up to 5 dsDNA targets or 10 ssDNA targets is possible with only 
moderate reduction in recovery compared to single-plex capture. To represent conditions expected 
during multiplexed capture, the ratio of target-specific probes to non-target probes was varied (100:0, 
50:50, 20:80, 10:90) while keeping the total probe concentration constant (50 pmol per 50 µL beads) 
(n=3 technical replicates per condition; 103 copies 50 bp dsDNA input). (B) Increasing the hybridization 
time does not improve recovery when using the equivalent of 10 probes.  

 

Our current assay targets the insertion sequence IS6110 (128, 129), which is present at variable copy 

number (1–28 inserts) in approximately 99% of MTB complex strains (unpublished data courtesy of Dr. 

Norman D. Brault). For the design of new assays, I prioritized other multiple copy genomic elements to 

boost the quantity of cfDNA available for detection. Insertion sequence IS1081 is present in all MTB 

complex strains at a more stable copy number (5–6 inserts) (176, 177). It has been previously used for 

detection of TB cfDNA in plasma (164). The direct repeat (DR) region is present across all MTB strains 
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and contains an estimated 14–63 (average 38) copies of a short repeat sequence (36 bp) separated by 

short (36–42 bp) spacers (178). It has been used previously for detection of TB cfDNA in urine (6).  

I designed new PCR primers and capture probes targeting IS1081 and the DR region (Table 7.1) using the 

design criteria outlined in Section 3.8. For IS1081, I designed two assays targeting different subregions, 

referred to as 5’ and 3’ relative to their location in the insert sequence (GenBank Accession #X61270.1).  

Sequence-specific purification was carried out as described in Section 3.4. qPCR was carried out in a 

CFX96 Touch Real-Time PCR Detection System (Bio-Rad) using an initial incubation period of 94°C for 3 

minutes, followed by 45 amplification cycles of 94°C for 30 seconds, annealing temperature (Ta, Table 

7.1) for 30 seconds, and 68°C for 1 minute. 

Table 7.1: Multiple-copy genomic elements for multiplexed assay development  

Genomic 
element 

Copies 
per 

genome 

Prevalence       
(% of MTB 
complex 
strains) 

Capture probe sequences Primer sequences Positive control 
sequence 

PCR 
Ta 

IS6110 1–28 99% See Chapter 3 64°C 

IS1081 (3’) 

5–6 100% 

/52-
Bio/AAAAAAAAAAAAAAAAAAAA

TCGAGTACCCGATCATA/3SpC3 
CCGAATCAGTTGTTGCCCA 

CCGAATCAGTTGTTGCCC
AACACCATTCAATATGA

TCGGGTACTCGACGC 
57°C 

/52-
Bio/AAAAAAAAAAAAAAAAAAAA

AATCAGTTGTTGCCCA/3SpC3 
GCGTCGAGTACCCGATCATA 

IS1081 (5’) 

/52-
Bio/AAAAAAAAAAAAAAAAAAAA
ATTGACTTTTGCTGGTCG/3SpC3 

TCGCGTGATCCTTCGAAACG 
TCGCGTGATCCTTCGAA
ACGACACCATTCACGAC
CAGCAAAAGTCAATCGA 

58°C 
/52-

Bio/AAAAAAAAAAAAAAAAAAAA
CGTGATCCTTCGAAACG/3SpC3 

TCGATTGACTTTTGCTGGTCG 

Direct 
Repeat 

(DR) region 
14–63 100% 

/52-
Bio/AAAAAAAAAAAAAAAAAAAA

TCAGACCCAAAACCCC/3SpC3 
GTTTCCGTCCCCTCTCG 

GTTTCCGTCCCCTCTCGA
CACCATTCAGGGTTTTG

GGTCTGACGAC 
56°C 

/52-
Bio/AAAAAAAAAAAAAAAAAAAA

TCCGTCCCCTCTCGG/3SpC3 
TCGTCAGACCCAAAACCC 

/52-Bio/ indicates dual biotin modification; /3SpC3/ indicates carbon spacer. Target-specific probe binding sequences are 
underlined. A synthetic spacer region introduced to differentiate the positive controls from the endogenous Mycobacterium 
tuberculosis complex-specific target sequences is bolded.  

 

The performance of the IS1081-5’, IS1081-3’, and DR assays is shown in comparison to the original 

IS6110 assay in Figure 7.4. The new assays averaged 109%, 63%, and 78% recovery, respectively, of 
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positive control DNA spiked into urine (Figure 7.4A). In pooled urine from eight TB-positive patients, an 

average of 8047 copies IS6110 cfDNA, 3691 copies IS1081-5’ cfDNA, 1162 copies IS1081-3’ cfDNA, and 

124 copies DR cfDNA were detected (Figure 7.4B). Although neither IS1081 target outperformed the 

original IS6110 assay in terms of detected cfDNA concentration in pooled urine, IS1081 detection may 

be more consistent across MTB strains given its more stable copy number. It would not be surprising if 

the benefit of including IS1081 as a diagnostic target is more apparent when testing individual TB-

positive samples. Furthermore, it should be noted that, because the samples pooled for this experiment 

were from patients infected with unknown MTB strains (and thus unknown IS6110 copy number), a one-

to-one comparison of IS6110 vs IS1081 concentration is not appropriate and should not be interpreted 

as “superiority” of the IS6110 assay over IS1081. Instead, these results demonstrate that IS1081 is an 

attractive target for inclusion in a future multiplexed assay. Additional testing of IS6110 and IS1081 

detection rates and cfDNA concentrations should be conducted across a panel of TB-positive samples.  

 

Figure 7.4: Performance of assays for new targets. (A) Percent recovery of 1000 copies spiked dsDNA 
positive control for each target using sequence-specific purification (mean, n=3). (B) Detected copies of 
IS6110, IS1081, and DR cfDNA in pooled urine from eight TB-positive individuals (mean, n=3).  

Differences in detected IS1081 cfDNA concentration using the IS1081-5’ and IS1081-3’ assays can likely 

be attributed to differences in percent recovery as well as 3’ truncation of some IS1081 inserts. The 

IS1081-3’ assay had noticeably lower recovery than that of the IS1081-5’ assay, for unknown reasons. I 

designed the IS1081-3’ assay to target the same amplification region as the IS1081 target included in the 

Xpert MTB/RIF Ultra test (180), but this region is truncated in some inserts (for example, 1/6 inserts in 
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the commonly-used reference strain H37Rv). The IS1081-5’ assay, on the other hand, targets a region 

conserved across IS1081 inserts that has been used previously by several groups (181–183). 

Compared to IS6110 and IS1081, the DR assay did not perform as well, with detected cfDNA 

concentration at least an order of magnitude lower. In TB-positive urine, the DR amplicon had higher 

than expected melting temperature (82–83°C vs 73.5°C for the positive control), likely due to 

amplification across multiple repeat units that are in close proximity within the DR region. 

All three new PCRs could benefit from additional specificity optimization. PCR targeting the 5’ subregion 

of IS6110 had amplification in water NTCs (>40 cycles) and negative control urine (equivalent of ~10 

copies). PCR targeting the 3’ subregion of IS6110 had occasional late amplification in water NTCs (>45 

cycles) but not negative control urine. DR PCR had no amplification of water NTCs or negative control 

urine up to 45 cycles but amplification (>40 cycles) of 10 ng spiked human gDNA. For the sake of 

expediency and because these assays will likely need to be updated for inclusion in a multiplexed PCR 

assay, I tolerated sub-optimal specificity in these preliminary experiments. Nonspecific amplification was 

insignificant compared to detected cfDNA concentration and did not affect quantification.  

 

This work demonstrated the relative ease with which sequence-specific purification assays for new 

targets can be developed. Multicopy elements IS6110 and IS1081 but not the DR region should be 

prioritized for inclusion in a multiplexed assay. Assays targeting additional subregions of IS6110 (not 

developed here) should also be considered. Future work should evaluate potential new assay designs 

across individual samples, improve PCR specificity, optimize for higher-plex capture (if desired), and 

develop a multiplexed assay. Ideally, capture and amplification of several targets can be combined into a 

single assay, either with or without multiplexed detection. While multiplexed capture should be 

straightforward, multiplexed PCR of short targets without the footprint for sequence-specific detection 

probes may be more challenging. Strategies for short-target multiplexed PCR include stem-loop primers 

(similar to the 25 bp ultrashort PCR design in Section 7.4, but longer) to create more room for a 

sequence-specific detection probe (79) and double-stranded primers that enable detection via 

separation of fluorophore/quencher pairs (6, 184). Alternatively, a simpler approach would be to use a 

nonspecific DNA binding dye to detect presence or absence of any amplification. This strategy would 

retain the sensitivity benefit of targeting multiple sequences but would lose the ability to distinguish 

which individual targets amplify. The two IS1081 targets (5' and 3' subregions) already have similar 

annealing temperatures and could relatively easily be combined into a single assay in this manner. For 
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all scenarios, LNA-substituted primers may be useful for matching primer melting temperatures across 

targets (149, 185), given the often limited primer design space for short cfDNA targets.  

In addition, while the cost per sample for biotinylated capture probes is low, the up-front cost for new 

probe designs is high ($200–$400). Design of a modular probe system may be an attractive solution to 

reduce cost for higher-plex capture. A universal biotinylated adapter sequence could be used to attach 

non-biotinylated capture sequences. Each capture sequence would contain a region complementary to 

the universal adapter in addition to a target-specific capture region. The primary limiting factor for the 

proposed modular design would be co-elution of capture sequences into PCR because they are not 

immobilized on the bead surface, but it is possible that they could function as a replacement for PCR 

primers if the 3’ carbon spacer that normally blocks extension is removed.    

 ULTRASHORT PCR DESIGN  

Reducing the PCR amplicon length even further should increase the fraction of short, fragmented cfDNA 

molecules that contain both primer sites and can be successfully amplified (Figure 7.5). Decreasing the 

amplicon length has been shown to improve detection sensitivity for other cfDNA targets (4, 78, 79, 81). 

In urine from a TB-positive patient, decreasing PCR amplicon length from 49 to 39 bp led to a greater 

than 10-fold increase in detected TB cfDNA concentration, suggesting that even a relatively small 

decrease in amplicon length may have a disproportionate effect on the detectable fraction of cfDNA. 

This effect may be particularly pronounced for highly fragmented forms of cfDNA, such as bacterial 

cfDNA. In our characterization of TB urine cfDNA using NGS (Chapter 6), we found that TB-derived urine 

cfDNA is significantly shorter than human-derived urine cfDNA. The concentration of TB-derived cfDNA 

increased exponentially with decreasing fragment length, with a peak fragment length of 19 bp for all 

TB-positive samples tested. Because concentrations were highest for the shortest fragments, there may 

still be a substantial sensitivity benefit to be gained by decreasing the amplicon length <40 bp, especially 

for low concentration samples.  
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Figure 7.5: Rationale for ultrashort PCR to increase sensitivity. Detectable fragments are shown in 
purple. 

 

In conventional PCR, the minimum amplicon length is limited to approximately the combined length of 

the two primers (40 bp in the case of the current assay design). I have designed an ultrashort PCR assay 

targeting a 25 bp region of IS6110 that uses a stem-loop primer to enable amplification of shorter 

targets than possible with conventional PCR. The design is based off that described in Shekhtman et al. 

for fetal cfDNA, (79) and mimics a method used for RT-PCR of microRNA (186). The stem-loop primer 

design and ultrashort PCR amplification mechanism are shown in Figure 7.6. Primer and probe 

sequences are given in Table 7.2. During the first stage of PCR (10 cycles), a low annealing temperature 

(45°C) is used to enable partial hybridization of the forward stem-loop primer (10 bp binding region) and 

reverse primer (12 bp binding region) for pre-amplification of a longer intermediate product. During the 

second stage of PCR (40 cycles), the annealing temperature is raised (59°C) for conventional PCR 

amplification of the intermediate product using a universal forward primer, which shares the sequence 

of the loop sequence of the first stage stem-loop primer, and the full length of the original reverse 

primer. Amplification is detected using a short sequence-specific minor groove binder (MGB) TaqMan 

probe (13 bp). The MGB moiety attached to the TaqMan probe enhances affinity so that a shorter probe 

can be used compared to conventional TaqMan probes. During the second stage of PCR (40 cycles), the 

stem-loop structure serves to reduce affinity of the first stage primer for the target, avoiding 

competition for binding with the overlapping MGB TaqMan probe. An iso-dC modified base within the 

loop of the primer blocks polymerase extension so the intermediate product lacks the stem-loop 

structure. The relative concentrations of the stem-loop primer (50 nM) and MGB TaqMan probe (100 

nM) are important to avoid competition between these sequences during their respective stages in PCR. 
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Figure 7.6: Ultrashort PCR design for 25 bp target. (A) First stage stem-loop primer design. (B) Overview 
of two-stage PCR amplification.   

Table 7.2: Probe, primer, and target sequences for ultrashort 25 bp IS6110 target.  

Oligonucleotide Sequence  

Capture probe for 25 bp target 5’ - /52-Bio/AAAAAAAAAAAAAAAAAAAAGGTGAGGTCTGCTAC/3SpC3/ - 3’  
25 bp IS6110 target 5’ – CCGGCTGTGGGTAGCAGACCTCACC – 3’ 
1st stage stem-loop forward 
primer 

5’ – GCGTAAGAAT/iMe-isodC/AAACGTCGCTCAACTTCCATT 
CTTACGCCCGGCTGTGG – 3’ 

2nd stage universal forward 
primer 

5’ – AACGTCGCTCAACTTCCATT – 3’ 

Reverse primer 5’ – TTAGAGAAGGTGAGGTCTGC – 3’ 
MGB TaqMan detection probe 5’ – 6FAM/CCGGCTGTGGGTA/MGBNFQ – 3’ 

Target/probe binding regions are underlined. First stage ultrashort PCR primer binding regions are bolded. All oligonucleotides 
were ordered HPLC-purified from IDT, except for the MGB TaqMan probe, which was from Thermo Fisher. 

Sequence-specific purification of the 25 bp target was carried out as described in Chapter 3, using 50 

pmol of the single capture probe per 50 µL beads. The ultrashort PCR protocol given below: 

1. Combine entire neutralized hybridization output (~24 µL) with 1.25 U Hot Start Taq DNA 

Polymerase (NEB), 1X NEB Standard Taq Buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, pH 

8.3) supplemented with an additional 0.5 mM MgCl2 and 70 mM Tris-HCl, 0.8 mM dNTPs (NEB), 

50 nM first stage hairpin forward primer, 700 nM second stage universal forward primer, 700 

nM reverse primer, and 100 nM MGB TaqMan probe (Table 7.2) in total volume of 50 µL. 

2. Amplify in CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with an initial denaturation 

phase (94°C for 5 min), 10 pre-amplification cycles to extend the first stage loop primer (94°C for 

30s and 45°C for 1 min), and 40 amplification cycles (94°C for 30s and 59°C for 1 min). 

3. Determine Cq values at a threshold of 100 RFU and calculate recovered copies by a standard 

curve from 10 – 105 copies. 
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Sequence-specific purification combined with ultrashort PCR recovered an average of 84% of 25 bp DNA 

spiked into 10 mL urine (Figure 7.7A). In urine pooled from eight TB-positive individuals, 25 bp PCR 

detected similar amounts of IS6110 cfDNA compared to 40 bp PCR (Figure 7.7B). Overall, the ultrashort 

25 bp PCR assay was less robust than the conventional 40 bp PCR assay, suffering from two limitations: 

increased susceptibility to PCR inhibition and a lack of specificity (Figure 7.7C-D).  

 

Figure 7.7: Ultrashort PCR performance. (A) Percent recovery of 1000 copies spiked 25 bp and 50 bp 
DNA using sequence-specific purification (mean, n=3). (B) Detected copies of IS6110 cfDNA in pooled 
urine from eight TB-positive individuals (mean, n=3). Note that the 25 bp assay is only capable of 
recovering a single strand of cfDNA, while the 40 bp assay can recover both strands; a similar detected 
copy number of ssDNA indicates at least 2-fold more 25 bp cfDNA than 40 bp cfDNA. (C) PCR 
amplification curves for detection of 25 bp target in pooled TB-positive urine and pooled TB-negative 
urine. Note two limitations: PCR inhibition (evidenced by reduced slope of cfDNA amplification curves) 
and nonspecific amplification in TB-negative sample. (D) Nonspecific amplification of water NTC (n=18) 
and 10 ng human gDNA (n=18).  

Due to the short footprint of the 25 bp target, there is only room for one biotinylated capture probe 

instead of two as used in the 40 bp assay. Addition of a second probe would result in cross-hybridization 

of the two probes. As a result, the 25 bp assay recovers only a single strand of cfDNA rather than both 
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strands. The similar concentrations of 25 bp and 40 bp detected in Figure 7.7B (given as copies of 

ssDNA) thus indicate at least a 2-fold increase in 25 bp cfDNA compared to 40 bp cfDNA. In the results of 

this experiment, the increase in 25 bp cfDNA compared to 40 bp cfDNA was enough to compensate for 

the detection of only a single strand but did not otherwise increase the amount of cfDNA detected.  

The first limitation of the ultrashort PCR design is intermittent and variable PCR inhibition in urine cfDNA 

samples (one representative experiment is shown in Figure 7.7B). It is possible that more 25 bp cfDNA 

was recovered in this experiment, but the PCR inhibition results in ambiguity for quantification. If the 

calculated starting quantity of 25 bp cfDNA was corrected for the lower recovery of the positive control 

seen in this specific experiment (47% for 25 bp vs 80% for 40 bp), the calculated starting quantity of 25 

bp cfDNA rises from 8392 to 14401 ssDNA copies. If, instead, regression analysis was used to calculate 

starting quantity rather than a cycle threshold analysis, as recommended to improve quantification of 

samples with inhibition (187), the calculated starting quantity of 25 bp cfDNA rises from 8392 to 11470 

ssDNA copies. While it is difficult to estimate, based on these analyses I approximate that 25 bp TB 

cfDNA is present at 2–3.6X the rate of 40 bp TB cfDNA. While developing the ultrashort 25 bp PCR assay, 

I found that supplementing the Tris-HCl concentration (to 80 mM final concentration, matching that of 

the 40 bp PCR) in the PCR buffer was necessary for optimal amplification. Further increasing the Tris-HCl 

concentration to 160 mM reduced but did not eliminate the effects of PCR inhibition in urine cfDNA 

samples. Varying the pH of urine cfDNA eluate, however, had no effect on inhibition, so it remains 

unclear what the root cause is.  

The second limitation of the ultrashort PCR design is insufficient specificity. Although a sequence-

specific TaqMan probe is used for detection, only three nucleotides are unique to the probe and not 

contained in the primer sequences. To allow binding and extension of short (10–12 bp) sequences 

during the first 10 cycles of PCR, a low annealing temperature is used. Together, these two design 

requirements make it difficult to ensure specific amplification. When using a nonspecific DNA binding 

dye in place of the TaqMan probe, I consistently observed nonspecific amplification equating to 1–10 

copies of the intended target, with a Tm of 77–78°C. Using the TaqMan probe helps to distinguish 

nonspecific amplification from specific amplification, but the probe still occasionally results in signal 

from nonspecific amplification, likely due to the small number of bases distinguishing the two cases. 

Eluate from sequence-specific purification of TB-negative urine cfDNA often leads to nonspecific 

amplification early enough (equivalent of 10–50 copies of the intended target, Figure 7.7C) that it would 

interfere with detection of low to moderate concentration TB-positive samples. In PCR NTCs and PCR 
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spiked with 10 ng human gDNA (Figure 7.7D), the specificity is slightly better. Nonspecific amplification 

occurs later and/or can be distinguished from specific amplification by the shape of the amplification 

curve. I attempted to improve specificity by optimizing the annealing temperature during the first 10 

cycles of PCR. Surprisingly, PCR efficiency remained high (>90%) well above what would be expected 

based on the estimated Tms of the first stage primer binding regions. The estimated Tms for the first 

stage binding regions for the forward and reverse primer, respectively, are 43.5°C and 51.8°C (calculated 

using OligoAnalyzer, which does not incorporate the effect of ssDNA overhangs). The measured Tms 

were approximately 55°C and 58°C, respectively. The maximum PCR annealing temperature was 57°C, 

nearing that used in the second stage of PCR. For PCR NTCs, increasing the first stage annealing 

temperature did not have an obvious impact on specificity, but I did not test the effect on specificity in 

eluate from sequence-specific purification of TB-negative urine cfDNA. 

 

Decreasing the amplicon length from 40 bp to 25 bp did not have as much of an effect on detected 

concentration as hypothesized, especially considering the NGS fragment length profile of TB cfDNA 

discussed in Chapter 6. However, the exponential rise of short fragments did not start until <20 bp for 

most samples. The difference between fragments of ~40 bp and ~25 bp was more subtle (and most 

fragments will have to be longer than the exact amplicon length to be amplifiable). Given the other 

challenges of the ultrashort 25 bp PCR assay (lack of specificity, PCR inhibition), it may not be worth 

continuing to pursue this approach. It is possible that the minor increase in detectable cfDNA for 25 bp 

PCR compared to 40 bp PCR (estimated 2–3.6X increase) could still benefit the detection of low 

concentration samples near the limit of detection of PCR. For this to be feasible, specificity would need 

to be improved, PCR inhibition would need to be resolved, and a design enabling addition of a second 

capture probe to detect both strands of cfDNA would be required. Increasing first stage annealing 

temperature may improve specificity in urine cfDNA, even if it had no impact on PCR NTCs. Substitution 

of LNA bases may be a viable strategy to increase the maximum annealing temperature and/or to 

reduce the length of primer binding regions (to accommodate more unique bases in the TaqMan probe) 

or biotinylated capture probes (to accommodate a second capture probe without substantial overlap).  

 INCREASED SAMPLE VOLUME 

Increasing the input urine sample volume above 10 mL would proportionally increase the copy number 

of cfDNA targets available for amplification. Unlike the previous two strategies (multiplexing and 

ultrashort PCR), this approach does not rely on expanding the detectable fraction of cfDNA molecules, 
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but rather increasing the concentration factor for the current target. For low concentration samples 

currently near the limit of detection of PCR, scaling up the volume 2–4X may be sufficient to enable 

more confident detection. A disadvantage of this strategy is that it will not help scale down the volume 

to ease future assay simplification.  

To avoid significantly scaling up assay cost, I attempted to increase the sample volume while keeping the 

amount of magnetic beads used the same. I scaled all other reagents (NaCl, Tween-20) proportionally to 

sample volume. To accommodate increased sample volume, I carried out denaturation and hybridization 

in 50 mL tubes rather than 15 mL tubes. To achieve sufficient denaturation of larger sample volumes, a 

boiling water bath was required rather than a 95°C water bath (Figure 7.8). Recovery of ssDNA remained 

high regardless of denaturation protocol, confirming that denaturation was the limiting step. I did not 

test heat block denaturation because we did not have a heat block insert for 50 mL tubes available.  

Figure 7.8B shows the percent recovery for 10, 20, 30, and 40 mL samples using the modified 

denaturation protocol. Recovery for a 20 mL sample (82%) was similar to or slightly lower than that for a 

10 mL sample (100%). Recovery for 30 mL and 40 mL samples decreased moderately (60% and 51%, 

respectively). This experiment included only a single replicate for each volume, so it is unclear if the 

difference in recovery for 10 mL and 20 mL samples is significant, but it is within the normal range of 

assay variation. In an experiment using a less effective denaturation protocol with replicates (Figure 

7.8A), recovery was the same for 10 mL and 20 mL samples. Increasing the hybridization time from 30 

minutes to 60 minutes did not improve recovery for 40 mL samples (not shown).  

 

Figure 7.8: Effect of increasing sample volume on percent recovery. The volume of magnetic beads was 
kept the same (50 µL) regardless of sample volume. (A) Denaturation in 95°C water bath for 15 minutes 
results in insufficient denaturation in 50 mL tubes, regardless of sample volume (n=3; 103 copies 50 bp 
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dsDNA input). (B) Denaturation in boiling water bath for 15 minutes effectively denatures larger samples 
(n=1; 103 copies 50 bp dsDNA input).  

Even given the tradeoff of a drop in percent recovery, analysis of larger sample volumes may be 

worthwhile, as the quantity of cfDNA molecules recovered matters more than the percent recovery. 

However, is unclear whether an increase in sample volume may lead to worsening of PCR inhibition or 

bead behavior problems observed in clinical samples from hospital inpatients but not healthy controls. 

Anecdotally, I observed minor PCR inhibition more frequently with 30 and 40 mL healthy control urine 

samples than with 10 and 20 mL samples. Based on these preliminary results, I recommend exploring 

the use of 20 mL samples in future clinical testing. It should also be investigated whether replicate 

testing versus pooling into larger samples results in more reliable detection of low concentration 

samples when total sample volume is limited.  

 TROUBLESHOOTING BEAD BEHAVIOR  

Processing clinical samples from hospital inpatients (many living with HIV and/or severely ill) presented 

additional challenges not reflected during assay development using healthy control samples. Specifically, 

some samples led to problems with the behavior of the magnetic beads after the denaturation step, 

causing bead loss during wash steps and/or bead transfer to PCR during the elution step due to poor 

accumulation of beads on the magnet. This did not prevent processing of any samples, but occasionally 

made processing the samples more difficult, would complicate hand-off of the assay to less experienced 

users, and could potentially cause false negatives due to bead loss, PCR inhibition from beads, or elution 

of incomplete volume to avoid bead transfer. In cases where wash or elution steps were particularly 

difficult, I used a minicentrifuge to help pellet the beads before removing the wash buffer or eluate and 

sometimes left larger residual volumes to avoid bead loss or transfer to PCR. TB cfDNA was still 

successfully detected in several samples with bead behavior problems, but resolving this issue will 

improve assay usability and potentially improve sensitivity in samples with proteinuria and/or blood.    

 

Visual examples of sample variability and bead behavior problems are shown in Figure 7.9A-E. In 

addition, there was visible coagulation of some samples after heating to denature cfDNA. Quantification 

of the incidence of bead behavior problems indicates that problems were more frequent in samples 

with high levels of protein and/or blood (Figure 7.9F-G). Odds ratios for bead behavior problems in 

samples with high vs. low/no protein and high vs. low/no blood are shown in Table 7.3. The two 

categories of bead problems (bead loss during wash steps and bead transfer during elution step) did not 
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always occur concurrently, and high levels of protein or blood did not guarantee bead problems. There 

was also occasionally inconsistency in bead behavior across replicates of the same sample, but I only 

measured protein and blood concentrations for one replicate per sample. In spike-in experiments, as 

little as 1 µg (0.1 µL) of magnetic beads led to noticeable PCR inhibition.  

 
Figure 7.9: Characterization of sample variability and bead processing problems. Visual examples of 
sample variability, including color (A) and amount of sediment (B), and examples of bead behavior 
problems, including coagulation after heating (C), poor aggregation on the magnet during wash steps 
(D), and poor aggregation on the magnet during elution (E). Incidence of bead behavior problems (bead 
loss during wash steps and/or bead transfer during elution) based on the amount of protein (F) and 
blood (G) measured in urine samples from hospital inpatients in South Africa using Fisherbrand 10SG 
Urine Reagent Strips (healthy controls in USA excluded). (H) Addition of Proteinase K digestion step 
eliminates bead behavior problems and increases recovery in the presence of 0.05% crude BSA. 

Table 7.3: Odds ratios for bead behavior problems based on presence of proteinuria or blood. 
  Odds ratio (95% CI) P-value  

Bead loss during wash steps Protein 4.0 (1.2 – 11.3) 0.030 
Blood 3.5 (1.0 – 11.5) 0.071 

Bead transfer during elution Protein 2.6 (0.83 – 10.5) 0.15 
Blood 3.2 (0.89 – 10.5) 0.097 

Any bead problems Protein 3.3 (1.1 – 10.8) 0.050 
Blood 3.6 (1.0 – 11.6) 0.059 

Odds ratios calculated for protein measurement of ≥100 mg/dL vs <100 mg/dL and blood measurement of ≥”++” vs <”++” using  
Fisherbrand 10 SG Urine Reagent Strips. The Baptista-Pike method was used to calculate 95% Cis and Fisher’s exact test was 
used to calculate p values.  

 

Although the full complexity of what variables contribute to bead behavior problems remains unclear, it 

appears that proteinuria plays a role. This is not an unexpected finding, as adsorption of denatured 
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proteins to the bead surface after heating may cause bead aggregation. I found that spiking in crude BSA 

(but not pure molecular biology grade BSA) somewhat replicated the problem. Up to 0.3% crude BSA, 

there were no difficulties processing samples. At 0.5% crude BSA, it was somewhat more difficult to 

resuspend beads after centrifugation prior to wash steps due to coagulation of the solution. There was 

no difficulty during the wash steps, but significant difficulty during the elution step. Beads had a 

tendency to transfer to PCR, and the full elution volume could not be transferred. The calculated 

percent recovery was 16% (Figure 7.9H). For >0.5% crude BSA, wash steps could not be completed due 

to lack of bead aggregation on the magnet. 

I next tested whether the addition of a proteinase K digestion step prior to denaturation and 

hybridization could avoid bead behavior problems in samples with high protein concentrations. I added 

120 µL of 20 mg/mL proteinase K (NEB) to the urine sample simultaneously with the hybridization 

reagents (beads, NaCl, Tween-20) and incubated at 65°C for 20 minutes. Deactivation of proteinase K 

was then combined with the existing cfDNA denaturation step at 95°C for 15 minutes. Surprisingly, the 

streptavidin-coated magnetic beads with immobilized biotinylated probes were resistant to proteinase K 

digestion and could be added prior to the denaturation step without a loss in performance. Using this 

digestion protocol eliminated the bead handling problems described above in the presence of 0.5% 

crude BSA, leading to a calculated percent recovery of 106%, over 6-fold more than without proteinase 

K (Figure 7.9H). I did not optimize the proteinase K concentration, digestion temperature, or digestion 

time, and did not test effectiveness of the digestion step with higher BSA concentrations.  

In a single clinical urine sample, addition of a proteinase K digestion step eliminated problems with bead 

transfer to PCR during elution and reduced PCR inhibition but did not affect the detected TB cfDNA 

concentration. Proteinase K digestion also eliminated urine sediment, which was otherwise moderate 

for this sample, without the need for an initial centrifugation step to isolate the cell-free urine fraction. 

Proteinase K digestion may have the potential to replace the initial centrifugation step used to remove 

urine sediment that would otherwise be concentrated alongside beads after hybridization. Additional 

volume of known problematic samples was unavailable, so I was unable to complete a thorough 

evaluation of the effects of proteinase K digestion on the ease of sample processing and detection 

sensitivity in clinical samples.  

 

Changes from original denaturation and hybridization protocol are bolded.  
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1. Add 120 µL 20 mg/mL proteinase K, 2.5 mL 5 M NaCl, 127 μL 10% Tween-20, and 50 μL 

prepared beads to each 10 mL urine sample. If spiking in positive control, add it now.  

2. Mix well by inversion.  

3. Digest for 20 minutes in dry bath with 15 mL tube block preheated to 65°C.  

4. Denature cfDNA and deactivate proteinase K for 15 minutes in a dry bath with 15 mL tube block 

preheated to 120°C. Alternatively, a 95°C water bath can be used.  

5. Rotate for 30 minutes at room temperature to hybridize target cfDNA to capture probes.  

 

Addition of a proteinase K digestion step appears likely to mitigate the effects of sample variability, with 

minimal impact on the overall assay workflow. In addition to improving the ease and consistency of 

sample processing and making the assay more amenable to adoption by new users, this change may 

increase sensitivity by enabling more reliable detection in samples that would otherwise suffer from 

bead loss or PCR inhibition. Optimization of the digestion step may allow for a reduced incubation time 

and/or cost (by either reducing proteinase K volume or using less costly proteinase K). If proteinase K 

digestion can replace the initial centrifugation step, which is intended to isolate the cell-free urine 

fraction and avoid sediment that can interfere with downstream processing, it may help decrease 

manual steps, processing time, and sample loss during liquid transfer steps. Although there does not 

seem to be any downside to including a digestion step, testing is needed to gauge its effectiveness 

across varied clinical urine samples. I recommend considering implementation of proteinase K digestion 

in future clinical testing. 

 CONCLUSIONS  

Overall, multiplexed capture was the most promising strategy for increasing assay sensitivity, although 

there may be incremental benefits to be gained from ultrashort PCR and increased sample volume. 

Specifically, IS6110 and IS1081 should be prioritized for inclusion in future development of a multiplexed 

assay. Addition of a proteinase K step needs more validation but has strong potential to lessen the 

effects of sample variability, improve assay usability, and possibly increase sensitivity.  

8. CONCLUSIONS AND FUTURE DIRECTIONS   

The overall goal of my thesis project was to improve the diagnosis of TB from urine cfDNA. We 

hypothesized that we could increase the sensitivity of TB diagnosis from urine cfDNA by improving the 
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retention of short, dilute cfDNA fragments during the sample preparation step using sequence-specific 

purification. To develop a method capable of detecting TB-specific cfDNA in clinical urine samples with 

high sensitivity, I had to invest significant effort in optimizing its analytical performance. The resulting 

assay has <1 copy/mL sensitivity from 10 mL urine samples and the highest diagnostic accuracy for a TB 

urine cfDNA assay reported to date. The results of the studies described here demonstrate the promise 

of our sequence-specific purification approach and will lay the foundation for future clinical validation of 

our assay. In addition, my dissertation work provides several important contributions to the growing 

evidence for urine cfDNA as a diagnostic target for TB, in the forms of both clinical evidence and 

molecular characterization, and collectively motivates and informs continued development of urine 

cfDNA-based assays. A sensitive urine cfDNA-based test built on sequence-specific purification could 

significantly contribute to improving sample availability and expanding access to rapid TB diagnostics.  

While my research primarily focused on TB cfDNA, another overarching theme throughout my graduate 

work was the desire to make my research, and the methods developed from it, relevant, useful, and 

readily accessible to as wide of an audience as possible. To achieve this, I published a detailed, user-

ready protocol for the TB urine cfDNA assay and wrote several of my published papers to target a broad 

audience interested in cfDNA, including applications beyond TB. I hope that the methods described here 

can continue to be used to investigate the myriad applications of cfDNA. 

Key results and conclusions from each segment of my dissertation work are outlined below. 

 DEVELOPMENT OF SEQUENCE-SPECIFIC PURIFICATION METHOD FOR URINE CELL-FREE DNA 

With the goal of developing an improved diagnostic assay for TB urine cfDNA, I designed and optimized 

a sensitive hybridization method that uses sequence-specific oligonucleotide capture probes 

immobilized on magnetic beads to improve extraction of short cfDNA from large-volume urine samples. 

By combining sequence-specific purification with qPCR targeting a short (40 bp) region of the MTB-

specific insertion sequence IS6110, we can detect TB-derived cfDNA in urine. 

The resulting protocol achieves the following performance metrics: 

• Near 100% recovery of short (25–150 bp) DNA spiked into 10 mL urine, independent of 

fragment length and concentration  

• Limit of detection of ≤5 copies of dsDNA in 10 mL urine (0.5 copies/mL) 

• Amplification of cfDNA from 10 mL urine in a single PCR well (500X concentration) 

Several key innovations contribute to the strong performance of this method:  
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• Dual biotinylated capture probes ensure consistent, high recovery by facilitating optimal probe 

density on the bead surface, improving thermostability of the probe-bead linkage, and 

eliminating interference by endogenous biotin. 

• A two-probe system enables recovery of both strands of double-stranded DNA. 

• Surface-based hybridization accommodates larger sample volume than solution-based 

hybridization, while remaining cost-effective. 

• LNA-substituted primers allow for precise tuning of primer melting temperatures, despite 

limited primer design space. Increasing the PCR annealing temperature to slightly above the 

primer melting temperature encourages specific amplification. 

 ANALYTICAL COMPARISON OF URINE CELL-FREE DNA EXTRACTION METHODS 

To build a better understanding of existing methods for urine cfDNA extraction, I compared the 

analytical performance of several lab-based protocols and commercially available kits. This work was 

intended to go beyond the scope of TB, appeal to broader clinical audiences interested in urine cfDNA, 

and help inform selection of optimal urine cfDNA extraction methods. Urine cfDNA extraction methods 

varied widely in ability to capture short, dilute urine cfDNA. Employing sub-optimal methods may 

compromise clinical results due to low recovery, fragment length bias, dependence on urine 

composition, or PCR inhibition.  

Below are the conclusions for each urine cfDNA extraction method included in the comparison: 

• Our in-house sequence-specific purification method outperforms alternate urine cfDNA 

extraction methods by improving recovery of short fragments, motivating continued 

development of our hybridization-based TB urine cfDNA assay. 

• The Wizard/GuSCN method, which was used in previous TB urine cfDNA studies, has limited 

overall recovery (<17%) and is highly dependent on urine pH and background DNA 

concentration. It is likely to fail in a subset of clinical urine samples with non-optimal conditions. 

• The Q Sepharose method improves upon the performance of the Wizard/GuSCN method, with 

high recovery (63–75%) of fragments down to 40 bp. Recovery was still reduced (<10%) for the 

shortest fragments (25 bp). This method is an ideal candidate for extraction of total urine cfDNA 

prior to sequencing, which is not possible using sequence-specific purification.  
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• The Norgen Urine Cell-Free Circulating DNA Purification Kit had high recovery (72%) of the 

shortest (25 bp) fragments but moderate recovery (30–41%) of longer fragments. It led to 

consistent PCR inhibition that makes quantification unreliable. 

• The Qiagen QIAamp Circulating Nucleic Acid Kit did not perform as well in urine as has been 

previously reported for plasma. It had low (18%) recovery of the 150 bp fragment, with almost 

no recovery of shorter fragments (25–80 bp).   

• The Thermo Fisher MagMAX Cell-Free DNA Isolation Kit had recovery inversely proportional to 

fragment length. It had high recovery (66%) of the 150 bp fragment but almost no recovery of 

the 40 bp fragment.  

 DETECTION OF TUBERCULOSIS CELL-FREE DNA IN CLINICAL URINE SAMPLES 

Using sputum Xpert MTB/RIF as the reference standard, our TB urine cfDNA assay had 83.7% sensitivity 

(95% CI: 71.0–91.5%) and 100% specificity (95% CI: 86.2–100%) for diagnosis of active pulmonary TB in 

adults in a clinical cohort study in South Africa (n=74). This is the highest reported diagnostic accuracy 

for a TB urine cfDNA test to date. These results demonstrate that urine cfDNA is a viable biomarker for 

TB diagnosis and support our hypothesis that increasing the recovery of short cfDNA fragments during 

sample preparation improved the sensitivity of TB urine cfDNA detection.  

Additional important results from clinical testing of our TB urine cfDNA assay are as follows: 

• The detected IS6110 cfDNA concentration was low and variable (range 0.14–2804 copies/mL; 

median 14.6 copies/mL) and was inversely correlated with CD4 count and days to culture 

positivity.  

• Sensitivity was non-significantly higher in HIV-positive (88.2%) compared to HIV-negative 

patients (73.3%) but was not dependent on CD4 count. The potential to diagnose patients 

regardless of HIV status and CD4 count is a critical advantage of urine cfDNA over urine LAM.  

• Sensitivity remained high in sputum smear-negative (76.0%) and urine LAM-negative (76.5%) 

patients. Urine cfDNA has the potential to diagnose patients that may be missed by these 

alternate diagnostic methods.  

 NEXT-GENERATION SEQUENCING OF TUBERCULOSIS URINE CELL-FREE DNA 

To better characterize TB-derived cfDNA in urine, validate its use as a biomarker for TB, and inform the 

development of improved TB urine cfDNA diagnostic assays, we investigated the size and composition of 
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TB-derived urine cfDNA using NGS (n=12). To reduce bias against highly fragmented urine cfDNA, we 

used a combination of DNA extraction (Q sepharose) and single-stranded sequence library preparation 

methods (SRSLY) demonstrated to recover short, degraded cfDNA fragments.  

The key findings of our sequencing analysis are as follows:  

• TB-derived urine cfDNA is significantly more degraded than human-derived urine cfDNA, with 

median fragment lengths of ≤19–45 bp and 42–91 bp, respectively.  

• TB-derived cfDNA increases in abundance exponentially with decreasing fragment length, with a 

peak fragment length of ≤19 bp in all samples (the minimum detectable fragment length using 

our analysis methods). This result motivates the continued development of methods (sample 

preparation and amplification) capable of targeting shorter fragments to improve the sensitivity 

of TB urine cfDNA assays. 

• Urine cfDNA fragments span the TB genome with relative uniformity. No de novo diagnostic 

targets over-represented in urine cfDNA were identified. Targeting known multicopy genomic 

elements remains the most promising strategy for inherent signal amplification.  

• Our methodology revealed a larger fraction of short human genomic cfDNA than previously 

reported, with peak fragment lengths of 29–53 bp. The combination of Q Sepharose DNA 

extraction and single-stranded library preparation may prove useful for other applications 

requiring analysis of highly fragmented forms of DNA. 

 MULTIPLEXING AND NEXT STEPS TOWARDS CONTINUED ASSAY DEVELOPMENT  

Despite the strong analytical and clinical performance of the TB urine cfDNA assay, the concentrations of 

TB cfDNA detected in clinical urine samples were low. There remains opportunity to increase assay 

sensitivity and robustness through more reliable detection of low concentration samples. In the final 

portion of my dissertation work, I explored several strategies for continued assay improvement, with the 

objective of determining which strategies were most promising for future development: 

• Multiplexing was identified as the most promising strategy for increasing assay sensitivity. 

Multiplexed capture of 2–5 targets was feasible without assay modifications. Preliminary 

designs targeting two different subregions of multicopy element IS1081 performed well and 

should be prioritized for combination with IS6110 in a multiplexed assay.  

• Ultrashort PCR (25 bp) increased the amplifiable fraction of TB cfDNA molecules by only a 

moderate amount (estimated 2–4X) compared to 40 bp PCR. The 25 bp assay also suffered from 
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several limitations (capture of only a single strand of cfDNA, lack of specificity, and susceptibility 

to PCR inhibition) that would need to be resolved if it is to be implemented.  

• Increasing the input sample volume from 10 mL to 20 mL had minimal effect on percent 

recovery (80–100%) and would double the quantity of TB cfDNA molecules available for 

detection. Recovery remained moderately high (50–60%) for even larger samples (30–40 mL). 

• Addition of a proteinase K digestion step has the potential to mitigate the effects of sample 

variability (proteinuria, blood) on bead handling, with minimal impact on assay workflow, and 

should be considered for implementation in future clinical testing. It may also be able to replace 

the initial centrifugation step required to remove urine sediment.   

 KEY ISSUES TO BE ADDRESSED IN FUTURE WORK 

 

Additional clinical studies with larger sample sizes and expanded scope are needed to better validate 

our TB urine cfDNA and more conclusively compare sensitivity across subgroups. In particular, future 

studies should include Xpert-negative, culture-positive participants and expand enrollment to include 

outpatients. Studies focusing on patient populations who are underserved by existing rapid diagnostics, 

including children, people living with HIV, and individuals with EPTB, will be critical for establishing the 

potential impact of urine cfDNA testing. Specificity should be more thoroughly tested through both 

inclusion of larger control groups and targeted analytical testing with spiked nontuberculous 

mycobacteria (NTM). Finally, our assay could be also used to investigate important questions remaining 

about TB urine cfDNA, including its optimal storage conditions, potential for treatment monitoring, and 

correlation with bacterial load.   

 

I have developed several new assays (capture probes and PCR) targeting multicopy elements within the 

TB genome, including those present in MTB strains lacking IS6110. Future work should focus on 

improving specificity of the new PCRs and combining targets into a multiplexed assay. While multiplexed 

capture should be relatively straightforward, multiplexed amplification of short targets without the 

footprint for sequence-specific detection probes may be more challenging. Some strategies for short-

target multiplexed PCR are outlined in Section 7.3.4. 
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My work focused specifically on the study of TB cfDNA in urine, but TB cfDNA is also present in blood 

(61, 62, 164). We initially selected urine due to the ease of collection and large available sample volume. 

For some patients, especially children, collection of a blood sample may be more straightforward than 

collection of a urine sample. The concentrations of total cfDNA in urine and blood are expected to be 

similar, but concentrations and fragment lengths of TB-derived cfDNA have not been directly compared 

across the two sample types. It is possible that TB cfDNA is more intact in blood than in urine, which may 

make it easier to detect. Future work should characterize the fragment length distribution of circulating 

TB cfDNA in blood using NGS, adapt the sequence-specific purification method for whole blood, plasma, 

and/or serum samples, and compare detection sensitivity of our cfDNA assay in matched urine and 

blood samples. If successful, detection of cfDNA in blood should be considered for prioritization in 

future clinical testing for pediatric TB. 

 

The goal of my thesis project was to design a maximum sensitivity lab-based assay for TB urine cfDNA, 

which currently requires a trained user, laboratory equipment, and significant hands-on time. For the 

urine cfDNA assay to compete with existing rapid TB tests, substantial simplification of the assay format 

will be necessary. In the future, our lab-based test should be simplified into a format more suitable for 

use in resource-limited settings, possibly by adapting technologies in development for silica-based 

magnetic bead purification for sequence-specific purification. Promising technologies for assay 

simplification include those that employ immiscible phase filtration (188–191) and high-gradient 

magnetic separation (192). Because existing technologies cannot accommodate large input sample 

volumes, the 10 mL volume required for our assay may pose a significant challenge for assay 

simplification. Ideally, further improvements in the ability to detect low concentration samples (for 

example, through multiplexing) will allow for a reduction in sample volume. Alternatively, magnetic 

beads can be concentrated manually by centrifugation or a semi-automated device (such as the nRichDx 

system (193)) prior to processing on a downstream automated device.  
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9. APPENDIX A: PROTOCOLS AND OLIGONUCLEOTIDE SEQUENCES   

 OLIGONUCLEOTIDE SEQUENCES  

Table 9.1: List of oligonucleotide sequences used for detection of TB cfDNA. 

40 bp IS6110 target   

Oligo Sequence  

IS6110 target (40 bp) 5’-CGAACCCTGCCCAGGTCGACACATAGGTGAGGTCTGCTAC-3’ 

Reverse complement of 
IS6110 target (40 bp) 

5’-GTAGCAGACCTCACCTATGTGTCGACCTGGGCAGGGTTCG-3’ 

Synthetic positive 
control (50 bp) 

5’-CGAACCCTGCCCAGGTCGACACCATTCAACACATAGGTGAGGTCTGCTAC-3’ 

Reverse complement of 
positive control (50 bp) 

5’-GTAGCAGACCTCACCTATGTGTTGAATGGTGTCGACCTGGGCAGGGTTCG-3’ 

 

Biotinylated probe #1 
(BP1, targets positive 
control) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAACAGACCTCACCTATGTGT/3SpC3/-3’ 

Biotinylated probe #2 
(BP2, targets reverse 
complement) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAACCCTGCCCAGGTCGA/3SpC3/-3’  

 

Forward primer 5’-CGAACCCTGCCCAGGTCGA-3’ 

LNA-substituted reverse 
primer (recommended)*  

5’- GTA+GCAGA+CCTCACCTATGTGT-3’ 

Reverse primer (no LNA; 
not recommended)* 

5’- GTAGCAGACCTCACCTATGTGT-3’ 

80 bp target (length 
dependence 
experiments)  

5’-
CGAACCCTGCCCAGGTCGACACCATTCAACACATAGGTGAGGTCTGCTACACACCATTCAATTTCATCACT
GCCAATACT-3’ 

150 bp target (length 
dependence 
experiments) 

5’-
CGAACCCTGCCCAGGTCGACACCATTCAACACATAGGTGAGGTCTGCTACACACCATTCAATTTCATCACT
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GCCAATACTCCACTCTCATCTACACAACCCATTAGTACCTTACCTCGCTTCCTATCCCAATTCACTTAATCTT
AAACCG-3’ 

25 bp IS6110 target  

Oligo Sequence  

IS6110 target and 
positive control (25 bp) 

5’-CCGGCTGTGGGTAGCAGACCTCACC-3’ 

Biotinylated probe  5’-/52-Bio/AAAAAAAAAAAAAAAAAAAAGGTGAGGTCTGCTAC/3SpC3/-3’ 

1st stage stem-loop 
forward primer 

5’ – GCGTAAGAAT/iMe-isodC/AAACGTCGCTCAACTTCCATT 

CTTACGCCCGGCTGTGG – 3’ 

2nd stage forward primer 5’ – AACGTCGCTCAACTTCCATT – 3’ 

Reverse primer  5’ – TTAGAGAAGGTGAGGTCTGC – 3’ 

MGB TaqMan probe 5’ – 6FAM/CCGGCTGTGGGTA/MGBNFQ – 3’ 

IS1081 target (5’ subregion) 

Oligo Sequence  

IS1081 5’ target (41 bp) 5’-TCGCGTGATCCTTCGAAACGCGACCAGCAAAAGTCAATCGA-3’ 

Reverse complement of 
IS1081 5’ target (41 bp) 

5’-TCGATTGACTTTTGCTGGTCGCGTTTCGAAGGATCACGCGA-3’ 

Synthetic positive 
control (51 bp) 

5’-TCGCGTGATCCTTCGAAACGACACCATTCACGACCAGCAAAAGTCAATCGA-3’ 

Reverse complement of 
positive control (51 bp) 

5’- TCGATTGACTTTTGCTGGTCGTGAATGGTGTCGTTTCGAAGGATCACGCGA-3’ 

Biotinylated probe #1 
(BP1, targets positive 
control) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAAATTGACTTTTGCTGGTCG/3SpC3-3’ 

Biotinylated probe #2 
(BP2, targets reverse 
complement) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAACGTGATCCTTCGAAACG/3SpC3-3’ 

Forward primer 5’-TCGCGTGATCCTTCGAAACG-3’ 

Reverse primer 5’-TCGATTGACTTTTGCTGGTCG-3’ 

IS1081 target (3’ subregion) 

Oligo Sequence  

IS1081 3’ target (40 bp) 5’-CCGAATCAGTTGTTGCCCAATATGATCGGGTACTCGACGC-3’ 

Reverse complement of 
IS1081 3’ target (40 bp) 

5’- GCGTCGAGTACCCGATCATATTGGGCAACAACTGATTCGG-3’ 

Synthetic positive 
control (50 bp) 

5’-CCGAATCAGTTGTTGCCCAACACCATTCAATATGATCGGGTACTCGACGC-3’ 

Reverse complement of 
positive control (50 bp) 

5’- GCGTCGAGTACCCGATCATATTGAATGGTGTTGGGCAACAACTGATTCGG-3’ 

Biotinylated probe #1 
(BP1, targets positive 
control) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAATCGAGTACCCGATCATA/3SpC3-3’ 
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Biotinylated probe #2 
(BP2, targets reverse 
complement) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAAAATCAGTTGTTGCCCA/3SpC3-3’ 

Forward primer 5’-CCGAATCAGTTGTTGCCCA-3’ 

Reverse primer 5’-GCGTCGAGTACCCGATCATA-3’ 

Direct repeat (DR) target  

Oligo Sequence  

DR target (36 bp) 5’-GTTTCCGTCCCCTCTCGGGGTTTTGGGTCTGACGAC-3’ 

Reverse complement of 
DR target (36 bp) 

5’- GTCGTCAGACCCAAAACCCCGAGAGGGGACGGAAAC-3’ 

Synthetic positive 
control (46 bp) 

5’-GTTTCCGTCCCCTCTCGACACCATTCAGGGTTTTGGGTCTGACGAC-3’ 

Reverse complement of 
positive control (46 bp) 

5’-GTCGTCAGACCCAAAACCCTGAATGGTGTCGAGAGGGGACGGAAAC-3’ 

Biotinylated probe #1 
(BP1, targets positive 
control) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAATCAGACCCAAAACCCC/3SpC3-3’ 

Biotinylated probe #2 
(BP2, targets reverse 
complement) 

5’-/52-Bio/AAAAAAAAAAAAAAAAAAAATCCGTCCCCTCTCGG/3SpC3-3’ 

Forward primer 5’-GTTTCCGTCCCCTCTCG-3’ 

Reverse primer 5’-TCGTCAGACCCAAAACCC-3’ 

*The LNA-substituted IS6110 reverse primer is recommended to improve specificity, but the non-LNA version is also included 
here because it was used for some early experiments.  

/52-Bio/ indicates dual biotin modification; /5Biosg/ indicates single biotin modification; /3SpC3/ indicates carbon spacer; “+G” 
and “+G” indicate locked nucleic acid (LNA) bases. Target-specific probe binding sequences are underlined. A synthetic spacer 
region introduced to differentiate the positive controls from endogenous Mycobacterium tuberculosis complex-specific target 
sequences is bolded. All DNA sequences were ordered from Integrated DNA Technologies (IDT; Coralville, IA, USA) with HPLC 
purification.  

 SEQUENCE-SPECIFIC PURIFICATION PROTOCOLS 

 

See Section 3.4. The final hybridization protocol is also posted at 

http://dx.doi.org/10.17504/protocols.io.bep4jdqw.  

 

This is the optimized solution-based hybridization capture protocol for 1 mL urine samples, described in 

Chapter 3 and used for comparison of urine cfDNA extraction methods in Chapter 4. This protocol was 

not successful in clinical samples due to the small sample volume. Directly scaling up sample volume for 

solution-based hybridization capture was cost prohibitive.  

http://dx.doi.org/10.17504/protocols.io.bep4jdqw
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I. Capture TB-specific cfDNA by hybridization  

1. Add 18.7 µL 1 µM biotinylated capture probe (final concentration 15 nM, 5’-

/5BiosG/AGACCTCACCTATGTGTC/3SpC3/-3’), 224.7 µL 5M NaCl (final concentration 1 

M) and 12.6 µL 1 M Tris-HCl pH 7.5 (final concentration 10 mM) to 1 mL urine in 1.5 mL 

DNA LoBind tube (Eppendorf). If spiking in positive control, add it now.  

2. Denature in heat block at 95°C for 10 minutes. 

3. Hybridize in separate heat block at 45°C for 15 minutes.  

II. Immobilize capture probes on magnetic beads 

1. Briefly spin down and add 83.23 µL Dynabeads MyOne Streptavidin C1 (pre-washed 3x 

with bead wash buffer: 1M NaCl, 10 mM Tris-HCl, 0.05% Tween) to each tube. 

2. Rotate for 15 minutes at room temperature. 

III. Wash to remove urine inhibitors and non-target DNA 

1. Briefly spin down and place on magnetic rack for 1 minute. Remove and discard 

supernatant, then remove tube from magnetic rack.  

2. Wash with 1 mL high salt wash buffer (1 M NaCl, 10 mM Tris-HCl) by inverting 10-20 

times, or until no bead aggregate is left on tube wall. Do not vortex. Spin down briefly. 

3. Place on magnetic rack for 1 minute. Remove and discard supernatant, then remove 

tube from magnetic rack. 

4. Wash with 1 mL high salt wash buffer (1 M NaCl, 10 mM Tris-HCl) by inverting 10-20 

times, or until no bead aggregate is left on tube wall. Do not vortex. Spin down briefly. 

5. Place on magnetic rack for 1 minute. Remove and discard supernatant, then remove 

tube from magnetic rack. 

6. Wash with 1 mL low salt wash buffer (15 mM NaCl, 10 mM Tris-HCl) by inverting 10-20 

times, or until no bead aggregate is left on tube wall. Do not vortex. Spin down briefly. 

7. Place on magnetic rack for 1 minute. Remove and discard supernatant. 

8. Spin down again, place on magnetic rack, and remove as much liquid as possible using 

P20 pipette.  

IV. Elute purified TB cfDNA 

1. Add 20 μL freshly prepared 20 mM NaOH, vortex for 5 seconds, and spin down briefly. 

2. Place on magnetic rack. Transfer as much supernatant as possible (usually 20–21 μL) 

directly to qPCR well or to new DNA LoBind tube (Eppendorf). This contains purified TB 

cfDNA. Avoid transferring any beads to qPCR. 
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3. Partially neutralize with 3.5 μL 100 mM HCl. The qPCR buffer will adjust to final pH and 

tolerates slightly basic pH better than acidic pH.  

4. Proceed directly to qPCR. 

 

This is an early version of the surface-based hybridization capture protocol for 10 mL urine samples, 

prior to optimization. This protocol (with minor modifications over time) was used in the clinical pilot 

study described in Section 5.3. Recovery with this protocol was variable (approximately 25–60%). Major 

improvements from this version of the protocol to the current final version included switching from 

single to dual biotin modified probes, improving retention of beads during wash and elution steps, and 

adding a second capture probe to recover both strands of dsDNA. Minor changes include addition of 

beads before denaturation, denaturation at higher temperature in heat block rather than water bath, 

and hybridization at room temperature instead of 45°C. The final hybridization capture protocol 

increased detectable TB cfDNA by 4–8X (near 100% recovery of dsDNA vs 25–60% recovery of ssDNA). 

I. Immobilize capture probes on magnetic beads 

1. Vortex Dynabeads MyOne Streptavidin C1 (Thermo Fisher) for 30 seconds to ensure that 

beads are evenly dispersed in solution.  

2. Pipette beads into a 1.5 mL DNA LoBind tube (Eppendorf). Prepare 50 μL (0.5 mg) beads 

per 10 mL urine sample to be analyzed.   

3. Wash beads three times with an equal volume of high salt wash buffer (1M NaCl, 10 mM 

Tris-HCl pH 8, 0.05% Tween-20).  

i.  Place beads on magnetic rack for 1 minute; remove and discard supernatant. 

ii.  Add an equal volume of high salt wash buffer (1M NaCl, 10 mM Tris-HCl pH 8, 

0.05% Tween-20), vortex for 5 seconds, and briefly spin down. 

iii.  Repeat twice for a total of three washes. 

4. Resuspend beads in an equal volume of high salt wash buffer (1M NaCl, 10 mM Tris-HCl 

pH 8, 0.05% Tween-20). 

5. Add single biotinylated capture probe (5’-

/5BiosG/AAAAACAGACCTCACCTATGTGT/3SpC3/-3’) to beads and immediately vortex 

for 5 seconds. Use 50 pmol probe per 50 μL beads (0.5 μL of 100 μM stock).  

6. Rotate for 15 minutes at room temperature to immobilize probes on beads.  

7. Briefly spin down.  
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8. Wash beads three times with an equal volume of high salt wash buffer (1M NaCl, 10 mM 

Tris-HCl pH 8, 0.05% Tween-20).  

i.  Place beads on magnetic rack for 1 minute; remove and discard supernatant. 

ii.  Add an equal volume of high salt wash buffer (1M NaCl, 10 mM Tris-HCl pH 8, 

0.05% Tween-20), vortex for 5 seconds, and briefly spin down.  

iii.  Repeat twice for a total of three washes.  

9. Resuspend beads in an equal volume high salt wash buffer. 

II. Capture TB-specific urine cfDNA by hybridization   

1. Add 2.5 mL 5 M NaCl (final concentration 1 M) to each 10 mL urine sample. If spiking in 

positive control, add it now.  

2. Mix well by inversion.  

3. Denature in water bath set to 95°C for 10 minutes (actual temp >80°C). 

4. Add 127 μL 10% Tween 20 (final concentration 0.1%) and 50 μL prepared beads and 

gently mix. 

5. Rotate for 30 minutes at 45°C in incubator to hybridize. 

III. Wash to remove urine inhibitors and non-target DNA 

1. Place on magnetic rack for 15 mL tubes and remove supernatant. 

2. Add 5 mL high salt wash buffer (1 M NaCl, 10 mM Tris-HCl pH 8, 0.05% Tween-20) and 

wash by inverting until no bead aggregate is left on tube wall. Do not vortex.  

3. Place on magnetic rack and remove supernatant.  

4. Add 5 mL high salt wash buffer (1 M NaCl, 10 mM Tris-HCl pH 8, 0.05% Tween-20) and 

wash by inverting until no bead aggregate is left on tube wall. Do not vortex.  

5. Place on magnetic rack and remove supernatant.  

6. Add 5 mL low salt wash buffer (15 mM NaCl, 10 mM Tris-HCl pH 8, no Tween-20) and 

wash by inverting until no bead aggregate is left on tube wall. Do not vortex.  

7. Remove all but ~1 mL wash buffer. Use remaining buffer to resuspend beads and 

transfer to new 1.5 mL DNA LoBind tubes. 

8. Place tubes on magnetic rack for 1.5 mL tubes and remove supernatant.  

9. Spin down again, place on magnetic rack, and remove as much liquid as possible using 

P20 pipette.  

IV. Elute purified TB cfDNA 

1. Add 20 μL freshly prepared 20 mM NaOH, vortex for 5 seconds, and spin down briefly. 
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2. Place on magnetic rack. Transfer as much supernatant as possible (usually 20–21 μL) 

directly to qPCR well or to new DNA LoBind tube (Eppendorf). This contains purified TB 

cfDNA. Avoid transferring any beads to qPCR. 

3. Partially neutralize with 3.5 μL 100 mM HCl. The qPCR buffer will adjust to final pH and 

tolerates slightly basic pH better than acidic pH.  

4. Proceed directly to qPCR. 

 

This protocol was used to covalently immobilize probes on beads rather than using biotin/streptavidin. It 

reduced the cost of beads required (from $9 to $4) but had limited recovery (~30–50%). 

I. Immobilize probes using one step EDC coupling  

1. Wash Dynabeads MyOne Carboxylic Acid (50 µL per 10 mL urine sample) twice in equal 

volume 100 mM MES pH 4.8. 

2. Resuspend in 7.5 µL of 100 mM MES pH 4.8 per original 50 µL bead volume. 

3. Prepare fresh 1.25 M EDC-HCl solution in cold 100 mM MES pH 4.8 (24 µg EDC-HCl + 100 

µL MES). 

4. Per 50 µL bead equivalent: Pre-mix 4 µL EDC-HCl with 900 pmol amine-modified probe 

(5’-/5AmMC6/AAAAAAAAAAAAAAAAAAAACAGACCTCACCTATGTGT/3SpC3/-3’; 

resuspended in amine-free buffer) and additional 100 mM MES pH 4.8. Total volume 

should be 12.5 µL per 50 µL bead equivalent. 

5. Add EDC/probe mix to beads and vortex for 10 seconds. Total coupling volume should 

be 20 µL per original 50 µL bead equivalent. 

6. Rotate at room temperature overnight. 

7. Wash 3x with TT buffer (250 mM Tris-HCL pH 7.5, 0.01% Tween-20) for 30 minutes. 

8. Resuspend in TE+Tween buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.1% Tween-20). 

9. Store at 4°C until use. 

II. Proceed with surface-based hybridization capture (10 mL) protocol as described in Section 3.4. 

 PCR PROTOCOLS  

 

This protocol is used for conventional PCR of short (~40 bp) targets: IS6110, IS1081 5’, IS1081 3’, and DR. 

Primer sequences for each target are given in Table 9.1. 
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1. Analyze the entire eluate (approximately 24 μL) from each 10 mL urine sample in a 

single qPCR well. Each 50 μL reaction should contain 1.25 U OneTaq Hot Start DNA 

Polymerase (NEB), 1X OneTaq GC Reaction Buffer (NEB; 80 mM Tris-SO4, 20 mM 

(NH4)2SO4, 2 mM MgSO4, 5% glycerol, 5% DMSO, 0.06% IGEPAL CA-630, 0.05% Tween-

20, pH 9.2), 0.8 mM dNTPs (NEB), 0.4X EvaGreen (Biotium), 200 nM forward primer 

(Table 9.1), and 200 nM reverse primer (Table 9.1). 

2. Amplify in CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, 

Hercules, CA, USA) using an initial denaturation of 94°C for 3 min followed by 45 

amplification cycles (94°C for 30s, annealing temperature [see below] for 30s, and 68°C 

for 1 min).  

Target PCR annealing temperature  
IS6110 (LNA)* 64°C 

IS6110 (no LNA)* 58°C 
IS1081 (5’) 58°C 
IS1081 (3’) 57°C 

DR 56°C 
*The LNA-substituted IS6110 reverse primer is recommended to improve specificity, but the non-LNA version 
is also included here because it was used for some early experiments.  
 

3. Conduct post-amplification melt analysis from 65°C to 95°C in 0.5°C increments every 5 

seconds. 

4. Determine Cq values at a threshold of 500 RFU, calculate recovered copies using a 

standard curve (0, 10, 102, 103, 104, and 105 copies positive control) run for each 

experiment, and verify that melting temperature (Tm) matches that of expected 

amplicon. 

 

This protocol is used for amplification of a 25 bp target within IS6110. Preliminary experiments suggest 

that the annealing temperature for the initial 10 cycles could be increased from 45°C to up to 57°C 

without reducing amplification efficiency.  

1. Analyze the entire eluate (approximately 24 μL) from each 10 mL urine sample in a 

single qPCR well. Each 50 μL reaction should contain 1.25 U Hot Start Taq DNA 

Polymerase (NEB), 1X NEB Standard Taq Buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM 

MgCl2, pH 8.3) supplemented with an additional 0.5 mM MgCl2 and 70 mM Tris-HCl, 0.8 

mM dNTPs (NEB), 50 nM first stage hairpin forward primer, 700 nM second stage 
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universal forward primer, 700 nM reverse primer, and 100 nM MGB TaqMan probe 

(Table 9.1). 

2. Amplify in CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with an initial 

denaturation phase (94°C for 5 min), 10 pre-amplification cycles to extend the first stage 

loop primer (94°C for 30s and 45°C for 1 min), and 40 amplification cycles (94°C for 30s 

and 59°C for 1 min). 

3. Determine Cq values at a threshold of 100 RFU and calculate recovered copies by a 

standard curve from 10–105 copies. 

10. APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER 3   

In this appendix, I give additional assay development details about minor design considerations. During 

the assay development process, I tested many probe designs (different capture sequences, spacers, 

biotin modifications), protocol modifications (blocking steps, denaturation methods, hybridization time 

and temperature, wash volumes, bead volume, bead manufacturer), and other variables (Tween-20 

concentration, elution pH). While these optimization experiments were individually less impactful than 

the “key design features” described in Chapter 3, they collectively contributed to achieving the strong 

performance of the final hybridization capture protocol. Many experiments in this section included few 

replicates because they were designed to quickly make decisions about the protocol rather than to 

definitively compare variables. Experiments were also conducted concurrently, so incremental 

improvements to the protocol during this time make direct comparison across experiments difficult.  

 

Thorough denaturation of large volume samples is essential for maximum recovery of dsDNA. Initially, I 

used a water bath set to 95°C for 10 minutes (actual temperature usually did not reach 95°C), which 

resulted in sample temperature reaching >80°C. Switching the denaturation protocol to a heat block set 

to 120°C for 15 minutes resulted in sample temperature reaching >90°C. The estimated Tm for the 50 bp 

synthetic positive control sequence in hybridization conditions (1M NaCl) is 82°C. The Tm of TB cfDNA in 

clinical samples may be higher for fragments longer than the target amplicon. Ensuring sample 

temperature of at least 85–90°C is recommended to ensure that all native TB cfDNA denatures despite 

the high salt concentration. I switched to using a heat block for denaturation around the same time I 

introduced the dual biotin modification (Section 3.7.2) and began concentrating beads to a 1 mL volume 

by centrifugation prior to washing (Section 10.1.6); together the three changes increased recovery from 
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50–60% to near 100%. Follow-up experiments confirmed that denaturation in a 95°C water bath (actual 

measured temperature) for 15 minutes is a suitable substitute for denaturation in a heat block of 15 mL 

heat block inserts are unavailable (Figure 10.1). If sample volume is to be increased >10mL, then 

denaturation in a boiling water bath is required (Section 7.5).  

 
Figure 10.1: Effect of denaturation method on recovery. Mean of n=3 shown for each method (103 

copies 50 bp dsDNA input). Although not shown here, ≤95°C water bath for 10 min was not effective for 
denaturation.  

 

In an attempt to reduce assay cost, I evaluated whether the volume of beads used per 10 mL sample 

could be reduced to <50 µL. Threre was no significant decrease in recovery when using 25 µL beads 

(~$4.5) compared to 50 µL beads (~$9) (Figure 10.2). Recovery decreased for 10 µL or 5 µL beads. To 

ensure maximum recovery during early validation of the protocol, I kept 50 µL as the bead volume for 

now. In the future, reducing to 25 µL could be considered to reduce cost.  
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Figure 10.2: Effect of bead volume on recovery. 50, 25, 10, or 5 µL of beads were used per 10 mL urine 
sample (mean, n=3; 103 copies 50 bp ssDNA input). The difference in recovery for 50 vs 25 µL beads was 
not statistically significant (p=0.7, Mann-Whitney test).   

 

Dynabeads MyOne Streptavidin C1 (Thermo Fisher) resulted in higher recovery than ProMag 1 Series 

Streptavidin (Bangs Laboratories) (Figure 10.3). Anecdotally, Dynabeads MyOne Streptavidin T1 had 

similar performance to Dynabeads MyOne Streptavidin C1. The surface of the C1 beads is negatively 

charged to minimize nonspecific binding of nucleic acids, while the T1 beads have a neutral surface. 

 

Figure 10.3: Effect of bead type on recovery. Mean of n=2 shown for each bead type (103 copies 50 bp 
ssDNA input). 



153 
 

 

Capture probe designs I tested are listed in Table 10.1. All probe sequences are truncated versions of the 

PCR primer sequence. The tested probes vary in biotin modification (single or dual), biotin linker 

(standard C6 or TEG), and poly(A) spacer length (0, 5, or 20 bp). I tested the TEG linker, which extends 

the distance between the biotin and the probe sequence by 5 atoms compared to the standard C6 

linker, to see if it reduced steric hindrance during hybridization. It did lead to a slight increase in 

recovery but was less stable in storage leading to variable performance. I returned to the standard C6 

linker but added a 5 bp or 20 bp poly(A) spacer to further increase distance from the probe surface. This 

led to another slight increase in sensitivity to 40–60%. There was no apparent difference between the 5 

bp and 20 bp poly(A) spacer for the 50 bp target, although I did not test recovery of longer fragments 

that would be more likely to be affected by steric hindrance. I then switched from a single biotin 

modification to a dual biotin modification, which reduced reliance on probe density and increased 

thermostabilty. The difference between single and dual biotin modification is not that apparent here 

(10–20% increase in recovery for dual biotin), but the difference is most noticeable in the reduced 

variability of the assay, likely due to improved density and distribution of probes. The dual biotin 

modification is discussed in detail in Section 3.7.2. I was making other simultaneous improvements to 

the method over the time that I designed and tested these probes, so, combined with the inherent 

variability of the method, it is difficult to directly attribute increases in recovery to the probe design. For 

example, switching to the dual biotinylated probe, combined with more effective denaturation using a 

heat block and introduction of a centrifuge step to concentrate beads prior to washing (1 mL wash 

instead of 10 mL wash) increased recovery to near 100%.  

Table 10.1: Capture probes tested for surface-based hybridization.  

Sequence Biotin 
modification 

Biotin 
linker 

PolyA 
spacer Rationale Performance 

/5BiosG/AGACCTCACCTATGTGTC/3SpC3/ Single C6 none 

Original probe 
design carried 

over from 
solution-based 
hybridization 

10–15% recovery 

/5BioTinTEG/CAGACCTCACCTATGTGT/3Sp
C3/ Single TEG none 

Increase probe 
distance from 

bead surface to 
reduce steric 

hindrance 

TEG linker less 
stable (30–50% 

recovery) 

/5BioTinTEG/CAGACCTCACCTATGTGTTTTT
TCAGACCTCACCTATGTGTTTTTTCAGACCTC
ACCTATGTGTTTTTTCAGACCTCACCTATGTG

T/3SpC3/ 

Single TEG none 

Include multiple 
target binding 

regions to 
increase binding 

capacity (possibly 

Residual probe in 
PCR caused NTC 
amplification (no 

increase in 
recovery) 
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reduce bead 
volume) 

/5BiosG/AAAAACAGACCTCACCTATGTGT/3
SpC3/ Single C6 5 bp Increase probe 

distance from 
bead surface to 

reduce steric 
hindrance 

 

Slight increase in 
recovery (40–60% 

recovery) 

/5BiosG/AAAAAAAAAAAAAAAAAAAACAG
ACCTCACCTATGTGT/3SpC3/ Single C6 20 bp 

Slight increase in 
recovery, but no 
more than 5 bp 
spacer (40–60% 

recovery) 
/52-

Bio/AAAAACAGACCTCACCTATGTGT/3SpC
3/ 

Dual C6 5 bp Reduce reliance 
on probe density 

and increase 
thermostabilty 

 

Reduced variation; 
10–20% increase 

in recovery 
compared to 
single biotin 

modificationa 

/52-
Bio/AAAAAAAAAAAAAAAAAAAACAGACCT

CACCTATGTGT/3SpC3/ 
Dual C6 20 bp 

a Dual biotinylated probes combined with switching to 1 mL wash volume (by centrifuging to concentrate beads after 
hybridization, see Section 10.1.6) and using a heat block instead of water bath for denaturation (Section ) led to near 100% 
recovery.  

 

The optimal hybridization temperature would achieve both a high percent of bound target (increases 

with decreasing temperature) and high rate of diffusion to encourage fast probe binding (increases with 

increasing temperature). A general rule of thumb for hybridization is that a temperature approximately 

15–20°C below the probe Tm achieves the optimal balance between these two criteria. For IS6110 

capture probe Tms of 58°C and 60°C (calculated for 2 nM probe in 1M NaCl), this corresponds to a 

hybridization temperature of ~45°C. Because samples must be mixed during hybridization, hybridizing 

above room temperature required placing the entire tube rotisserie unit within an incubator. To make 

processing samples easier at other sites where this may not be possible, I tested whether room 

temperature hybridization would result in a loss in performance. I also wanted to ensure that, regardless 

of temperature, near complete hybridization could occur during the duration of the incubation. 

Comparison of hybridization at 45°C and room temperature showed no difference in recovery and 

increasing the hybridization time from 30 min to 60 min did not significantly increase recovery for either 

temperature (Figure 10.4). 30 min hybridization at room temperature was selected for the final 

hybridization capture protocol.  
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Figure 10.4: Increasing hybridization temperature (RT vs 45°C) or time (30 min vs 60 min) has no effect 
on recovery. 1000 copies of positive control target were extracted from 10 mL pooled urine with 
hybridization at room temperature or 45°C for 30 min or 60 min (mean of n=3).  

 

A small procedural change that had high impact on performance was the switch to a smaller wash 

volume. When I originally increased volume to 10 mL urine samples, I used a 3D-printed magnetic rack 

to wash the beads in 5–10 mL wash buffer (Figure 10.5). While the beads appeared to aggregate fully on 

the magnet, I later realized this format led to bead loss. I switched to smaller wash volumes (1 mL) by 

concentrating the beads by centrifugation after hybridization. This reduced bead loss, increasing 

recovery and reducing inter-assay variability. I made this change around the same time I introduced the 

dual biotin modification (Section 3.7.2) and switched to using a heat block for denaturation (Section 

10.1.1); together the three changes increased recovery from 50-60% to near 100%. To avoid 

concentration of cellular debris along with magnetic beads, I also added a pre-hybridization 

centrifugation step to isolate cell-free urine at this time.  
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Figure 10.5: Magnetic rack for large volume wash steps. 

 

Because the exact volume of eluate varies with residual wash buffer left on the beads, the pH after 

neutralization also varies. I found that the PCR tolerated high pH better than low pH, which makes sense 

given the slightly basic pH of the PCR buffer. To minimize effects of eluate pH variability, I made two 

changes. First, I only partially neutralized the eluate prior to PCR. The cfDNA is eluted in 20 µL 20 mM 

NaOH, which would require 4 µL 100 mM HCl for complete neutralization. Instead, I partially neutralize 

the eluate using 3.5 µL 100 mM HCl. Second, I use a PCR buffer with a relatively high concentration of 

the buffering component (80 mM Tris-SO4) to effectively adjust to optimal pH prior to PCR.  

11. APPENDIX C: SUPPLEMENTAL INFORMATION FOR CHAPTER 4 

Table 11.1: Dependence of urine cfDNA extraction methods on sample pH, background DNA, and salt 
concentration. For each experiment, 104 copies of 150 bp target were spiked into PBS (hybridization, 
Wizard/GuSCN, Norgen, MagMAX) or TBS (Q Sepharose) prior to extraction. Hybridization, Norgen, 
QIAamp, and MagMAX appear to be independent of sample composition within the expected biological 
range for urine. The Wizard/GuSCN method was highly dependent on urine composition, particularly pH 
and background DNA. The Q Sepharose method was moderately dependent on background DNA 
concentration in buffer but had consistent performance across biological urine replicates. 

Extraction 
Method Condition pH Background 

DNA NaCl Percent Recovery 
from Buffer 

Hybridization 

pH 5 (normal background DNA, normal 
salt) 5 100 ng/mL 137 mM 126% 

pH 6 (normal background DNA, normal 
salt) 6 100 ng/mL 137 mM 117% 

pH 7 (normal background DNA, normal 
salt) 7 100 ng/mL 137 mM 116% 

pH 8 (normal background DNA, normal 
salt) 8 100 ng/mL 137 mM 116% 

No background DNA (pH 6, normal salt) 6 0 ng/mL 137 mM 113% 
High background DNA (pH 6, normal salt) 6 1000 ng/mL 137 mM 126% 
Low salt (pH 6, normal background DNA) 6 100 ng/mL 13.7 mM 94.7% 
High salt (pH 6, normal background DNA) 6 100 ng/mL 500 mM 97.4% 
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Wizard/GuSCNa 

 

pH 5 (normal background DNA, normal 
salt) 5 100 ng/mL 137 mM 4.47% 

pH 6 (normal background DNA, normal 
salt) 6 100 ng/mL 137 mM 5.96% 

pH 7 (normal background DNA, normal 
salt) 7 100 ng/mL 137 mM 5.88% 

pH 8 (normal background DNA, normal 
salt) 8 100 ng/mL 137 mM 2.80% 

No background DNA (pH 6, normal salt) 6 0 ng/mL 137 mM 2.86% 
High background DNA (pH 6, normal salt) 6 1000 ng/mL 137 mM 22.0% 
Low salt (pH 6, normal background DNA) 6 100 ng/mL 13.7 mM 4.80% 
High salt (pH 6, normal background DNA) 6 100 ng/mL 500 mM 8.81% 

Q Sepharoseb  

pH 5 (normal background DNA, normal 
salt) 5 100 ng/mL 137 mM 20.6% 

pH 6 (normal background DNA, normal 
salt) 6 100 ng/mL 137 mM 18.4% 

pH 7 (normal background DNA, normal 
salt) 7 100 ng/mL 137 mM 21.6% 

pH 8 (normal background DNA, normal 
salt) 8 100 ng/mL 137 mM 24.8% 

No background DNA (pH 6, normal salt) 6 0 ng/mL 137 mM 6.70% 
High background DNA (pH 6, normal salt) 6 1000 ng/mL 137 mM 30.0% 
Low salt (pH 6, normal background DNA) 6 100 ng/mL 13.7 mM 5.71% 
High salt (pH 6, normal background DNA) 6 100 ng/mL 500 mM 15.1% 

Norgen 

pH 5 (normal background DNA, normal 
salt) 5 100 ng/mL 137 mM 2.17% 

pH 6 (normal background DNA, normal 
salt) 6 100 ng/mL 137 mM 3.54% 

pH 7 (normal background DNA, normal 
salt) 7 100 ng/mL 137 mM 7.39% 

pH 8 (normal background DNA, normal 
salt) 8 100 ng/mL 137 mM 4.85% 

No background DNA (pH 6, normal salt) 6 0 ng/mL 137 mM 4.24% 
High background DNA (pH 6, normal salt) 6 1000 ng/mL 137 mM 5.02% 
Low salt (pH 6, normal background DNA) 6 100 ng/mL 13.7 mM 4.04% 
High salt (pH 6, normal background DNA) 6 100 ng/mL 500 mM 3.54% 

QIAamp 

pH 5 (normal background DNA, normal 
salt) 5 100 ng/mL 137 mM 15.9% 

pH 6 (normal background DNA, normal 
salt) 6 100 ng/mL 137 mM 25.8% 

pH 7 (normal background DNA, normal 
salt) 7 100 ng/mL 137 mM 15.2% 

pH 8 (normal background DNA, normal 
salt) 8 100 ng/mL 137 mM 14.1% 

No background DNA (pH 6, normal salt) 6 0 ng/mL 137 mM 12.5% 
High background DNA (pH 6, normal salt) 6 1000 ng/mL 137 mM 25.5% 
Low salt (pH 6, normal background DNA) 6 100 ng/mL 13.7 mM 23.8% 
High salt (pH 6, normal background DNA) 6 100 ng/mL 500 mM 16.6% 

MagMAX 

pH 5 (normal background DNA, normal 
salt) 5 100 ng/mL 137 mM 62.9% 

pH 6 (normal background DNA, normal 
salt) 6 100 ng/mL 137 mM 73.1% 

pH 7 (normal background DNA, normal 
salt) 7 100 ng/mL 137 mM 66.3% 

pH 8 (normal background DNA, normal 
salt) 8 100 ng/mL 137 mM 72.6% 

No background DNA (pH 6, normal salt) 6 0 ng/mL 137 mM 63.7% 
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High background DNA (pH 6, normal salt) 6 1000 ng/mL 137 mM 67.7% 
Low salt (pH 6, normal background DNA) 6 100 ng/mL 13.7 mM 58.3% 
High salt (pH 6, normal background DNA) 6 100 ng/mL 500 mM 56.4% 

a See Figure 4.3 for results of testing Wizard/GuSCN dependence on pH and background DNA with additional technical 
replicates.  
b See Figure 4.4 for results of testing Q Sepharose dependence on background DNA with additional technical replicates. 

12. APPENDIX D: SUPPLEMENTAL INFORMATION FOR CHAPTER 5 

In this appendix, I give the complete results for clinical testing described in Chapter 5. 

 PILOT CLINICAL STUDY (TB CONTROL PROGRAM, PUBLIC HEALTH – SEATTLE & KING CO) 

Table 12.1: Detection of urine cfDNA in 75% of pilot clinical samples from TB Control Program, Public 
Health – Seattle & King Co. Urine was collected from HIV-negative patients with suspected TB and <7 
days anti-TB treatment and stored up to 3 years at -80°C with 100 mM EDTA before analysis. TB urine 
cfDNA was extracted from 10 mL urine using an early version of the surface-based hybridization capture 
method (protocol in Appendix 9.2.3). Samples were classified as confident positive (detection in all 
replicates; dark green), weak positive (detection in single replicate or at unrealistically low 
concentration; light green), or negative (no TB cfDNA or incorrect melt; pink).  

Sample 
Date 

Collected 

Urine 

Culture 

Result 

Treatment 

Status 

Copies/mL detected 

#1 #2 #3 #4 #5 Mean SD 

Healthy control various n/a n/a 0 0 0 0 0 0.00 0.00 

Sputum 

culture-

negative 

(not TB) 

UTB02 12/29/2015 - 
Treatment 

naïve 
0 0 0 n/t n/t 0.00 0.00 

UTB03 1/19/2016 - Day 1 0 0 n/t n/t n/t 0.00 0.00 

UTB04a 3/22/2016 - Day 4 0.04 1.3* 

0.83 

(7 

mL) 

6.3 n/t 0.255 0.331 

Sputum 

culture-

positive 

UTB01 11/24/2015 - Day 1 0 0 0 0 n/t 0.00 0.00 

UTB05 4/5/2016 - 
Treatment 

naïve 
9.03 7.8 16.7 n/t n/t 1.12 0.482 

UTB06 5/19/2016 - Day 4 65.6 38.1 30 n/t n/t 4.46 1.87 

UTB07 5/19/2016 - Day 4 0 2.3 0 0.003 n/t 0.058 0.115 

UTB08 6/21/2016 - Day 4 1038 561.5 n/t n/t n/t 80.0 33.7 
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UTB09 6/24/2016 - Day 3 225 150.3 n/t n/t n/t 18.8 5.28 

UTB10 7/28/2016 - Day 4 0.38* 0.79* 

0 

(3 

mL) 

n/t n/t 0.059* 0.029 

UTB11  - 
Treatment 

naïve 
1.93 3.3 0.61 n/t n/t 0.195 0.135 

UTB12 8/22/2016 - Day 7 6.26 0.78 0.11 4.4 1.7 0.265 0.260 

UTB13 8/22/2016 - 
Treatment 

naïve 
1.49* 0.11* 0.02* 0 

0.2 

(8 mL) 
0.041* 0.072 

UTB14 9/1/2016 - 
Treatment 

naïve 
0.04 

0.004 

(6 

mL) 

n/t n/t n/t 0.002 0.003 

UTB15 9/13/2016 - 
Treatment 

naïve 
0.57 0.76 0.78 n/t n/t 0.070 0.012 

*Indicates Tm higher than that of expected amplicon (called as negative; was due to nonspecific amplification of residual human 
genomic DNA, which I resolved after this pilot study by redesigning the PCR primers and increasing the annealing temperature).  
n/t indicates not tested due to insufficient sample volume.  
Samples with insufficient volume for 10 mL have analyzed volume indicated in parentheses.   
a Patient UTB04 had previous TB infection that may have led to detection of residual TB cfDNA. 

 CLINICAL STUDY: ADULT PULMONARY TB (EDENDALE HOSPITAL, SOUTH AFRICA)  

Full results can also be found as an Excel spreadsheet in the supplemental information for the following 

publication: 

Oreskovic A, Panpradist N, Marangu D, Ngwane MW, Magcaba ZP, Ngcobo S, Ngcobo Z, Horne DJ, 

Shapiro AE, Wilson DPK, Drain PK, Lutz BR. Diagnosing pulmonary tuberculosis using sequence-specific 

purification of urine cell-free DNA. Journal of Clinical Microbiology 59(8):e00074-21 (2021). 

https://doi.org/10.1128/jcm.00074-21.  

 

 

 

 

 

https://doi.org/10.1128/jcm.00074-21


160 
 

Table 12.2: Demographic data, clincial data, and cfDNA detection result by participant 

 

 

  

Copies 
detected

Correct 
Tm?

Result
(+/-)

Copies 
detected

Correct 
Tm?

Result
(+/-)

Copies 
detected

Correct 
Tm?

Result
(+/-)

Positive 
defined as ≥2 
of 3 replicates 
with detected 

TB cfDNA

Mean SD Sex HIV status CD4 count
History of 
prior TB

Days of TB 
treatment

Xpert result
Culture 
result

Days to 
culture 

positivity

AFB smear 
result

Alere LAM 
result

1 HC01 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male unknown unknown no n/a No result No result n/a No result No result
2 HC02 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male unknown unknown no n/a No result No result n/a No result No result
3 HC03 healthy control (USA) 0.0 n/a - 2.3 yes + 0.0 n/a - 1 - true negative 0.8 1.3 male unknown unknown no n/a No result No result n/a No result No result
4 HC04 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male unknown unknown no n/a No result No result n/a No result No result
5 HC05 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female unknown unknown no n/a No result No result n/a No result No result
6 HC06 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female unknown unknown no n/a No result No result n/a No result No result
7 HC07 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male unknown unknown no n/a No result No result n/a No result No result
8 HC08 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male unknown unknown no n/a No result No result n/a No result No result
9 HC09 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male unknown unknown no n/a No result No result n/a No result No result

10 HC10 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male unknown unknown no n/a No result No result n/a No result No result
11 HC11 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male unknown unknown no n/a No result No result n/a No result No result
12 HC12 healthy control (USA) 3.2 no - 4.2 no - 0.0 n/a - 0 - true negative 2.5 2.2 female unknown unknown no n/a No result No result n/a No result No result
13 HC13 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female unknown unknown no n/a No result No result n/a No result No result
14 HC14 healthy control (USA) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female unknown unknown no n/a No result No result n/a No result No result
15 1083 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female + 1356 no 0 No result Negative n/a Negative Negative
16 1085 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female + 259 no 0 No result Negative n/a Negative Negative
17 1091 TB-negative control (South Africa) 0.0 n/a - 8.2 no - <1 yes - 0 - true negative 4.1 5.8 female + 808 no 0 No result Negative n/a Negative Negative
18 1094 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male + 766 yes 0 No result Negative n/a Negative Negative
19 1095 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 male + 16 no 0 No result Negative n/a Negative Negative
20 1099 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female + 256 yes 0 No result Negative n/a No result Negative
21 1109 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female + 290 no 0 No result No result n/a No result Negative
22 1112 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female + 201 yes 0 No result Negative n/a No result Negative
23 1114 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 2.7 yes + 1 - true negative 0.9 1.5 female + 345 yes 0 No result Negative n/a No result Negative
24 1118 TB-negative control (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - true negative 0.0 0.0 female + 684 yes 0 No result Negative n/a No result Negative
25 1048 TB-positive (South Africa) 1975.0 yes + 2718.5 yes + 1937.6 yes + 3 + true positive 2210.4 440.5 female + 545 yes 0 Positive Positive 14 Positive (3+) Negative
26 1049 TB-positive (South Africa) 21.1 yes + 211.1 yes + 35.0 yes + 3 + true positive 89.1 105.9 female + 42 no 3 Positive Positive 35 Negative Positive (2+)
27 1050 TB-positive (South Africa) 1.6 no - 1.7 yes + 0.0 n/a - 1 - false negative 1.1 0.9 female - unknown no 0 Positive Negative n/a Negative Negative
28 1051 TB-positive (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - false negative 0.0 0.0 female - unknown no 0 Positive Positive 20 Negative Negative
29 1052 TB-positive (South Africa) 4.4 yes + 28.1 yes + 10.7 yes + 3 + true positive 14.4 12.3 female + 475 yes 0 Positive Positive 19 Positive (1+) Negative
30 1053 TB-positive (South Africa) 39.1 yes + 15.5 yes + 63.2 yes + 3 + true positive 39.2 23.9 male + 41 yes 0 Positive Negative n/a Negative Negative
31 1054 TB-positive (South Africa) 95.3 yes + 577.7 yes + 386.6 yes + 3 + true positive 353.2 242.9 male + 42 no 2 Positive Negative n/a Negative Negative
32 1055 TB-positive (South Africa) 17090.0 yes + 40279.6 yes + 26763.4 yes + 3 + true positive 28044.3 11647.7 female + 43 yes 0 Positive No result n/a Negative Positive (2+)
33 1056 TB-positive (South Africa) 4.7 yes + 4.4 yes + 214.7 yes + 3 + true positive 74.6 121.3 female - unknown no 0 Positive Positive 17 Negative Negative
34 1057 TB-positive (South Africa) 399.8 yes + 27.4 yes + 128.4 yes + 3 + true positive 185.2 192.6 female + 75 yes 0 Positive Positive 8 Positive (1+) Positive (2+)
35 1058 TB-positive (South Africa) 0.0 n/a - 0.0 n/a - 1.8 yes + 1 - false negative 0.6 1.0 male + 47 yes 0 Positive Positive 16 Negative Negative
36 1059 TB-positive (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - false negative 0.0 0.0 female + 577 no 0 Positive No result n/a No result Negative
37 1060 TB-positive (South Africa) 22.0 yes + 2481.7 yes + 771.2 yes + 3 + true positive 1091.6 1260.8 female + 89 no 3 Positive Positive 10 No result Positive (3+)
38 1061 TB-positive (South Africa) 0.0 n/a - 2.2 yes + 2.0 yes + 2 + true positive 1.4 1.2 female + 553 no 0 Positive Negative n/a Negative Negative
39 1062 TB-positive (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - false negative 0.0 0.0 female - unknown no 0 Positive No result n/a Negative Negative
40 1064 TB-positive (South Africa) 0.0 n/a - 0.0 n/a - 0.0 n/a - 0 - false negative 0.0 0.0 male + 499 yes 0 Positive Positive 14 Negative Negative
41 1066 TB-positive (South Africa) 2226.7 yes + 4434.5 yes + 3689.1 yes + 3 + true positive 3450.1 1123.1 male + 18 yes 0 Positive Positive 8 Negative Positive (2+)
42 1067 TB-positive (South Africa) 658.0 yes + 808.7 yes + 921.9 yes + 3 + true positive 796.2 132.4 male + 61 no 3 Positive Positive 16 No result Positive (3+)
43 1068 TB-positive (South Africa) 5831.6 yes + 3653.1 yes + 2954.7 yes + 3 + true positive 4146.5 1500.5 male - unknown yes 0 Positive Positive 5 Positive (3+) Negative
44 1069 TB-positive (South Africa) 17.3 yes + 13.1 yes + 0.0 n/a - 2 + true positive 10.1 9.0 male - unknown yes 0 Positive Positive 10 Positive (2+) Negative
45 1070 TB-positive (South Africa) <1 yes - 0.0 n/a - 3.2 yes + 1 - false negative 1.6 2.2 male - unknown no 0 Positive Positive 8 Negative Negative
46 1071 TB-positive (South Africa) 45.6 yes + 24.5 yes + 46.9 yes + 3 + true positive 39.0 12.6 male - unknown no 0 Positive No result n/a Positive (3+) Negative
47 1072 TB-positive (South Africa) 387.4 yes + 351.1 yes + 380.5 yes + 3 + true positive 373.0 19.2 male - unknown no 0 Positive Positive 17 Negative Negative
48 1073 TB-positive (South Africa) 444.8 yes + 819.5 yes + 465.6 yes + 3 + true positive 576.6 210.6 male + 18 yes 0 Positive Positive 15 Negative Positive (1+)
49 1074 TB-positive (South Africa) 6.0 yes + 3.1 yes + 2.7 yes + 3 + true positive 3.9 1.8 female + 161 no 3 Positive Negative n/a Negative Negative
50 1075 TB-positive (South Africa) 43.7 yes + 88.5 yes + 351.7 yes + 3 + true positive 161.3 166.4 female + 101 no 3 Positive Negative n/a Negative Negative
51 1076 TB-positive (South Africa) 0.9 yes - 5.0 yes + 7.9 yes + 2 + true positive 4.6 3.5 female + 350 no 0 Positive Positive 8 Positive (2+) Negative
52 1078 TB-positive (South Africa) 45.2 yes + 1150.9 yes + 293.0 yes + 3 + true positive 496.3 580.3 male - unknown no 0 Positive Positive 5 Positive (3+) Negative
53 1079 TB-positive (South Africa) 392.3 yes + 1754.4 yes + 1966.8 yes + 3 + true positive 1371.2 854.4 male + 2 no 3 Positive Positive 15 Negative Positive (3+)
54 1080 TB-positive (South Africa) 2.2 yes + 0.0 n/a - <1 yes - 1 - false negative 1.1 1.6 male + 102 no 0 Positive Negative n/a No result Negative
55 1081 TB-positive (South Africa) 218.8 yes + 329.7 yes + 161.1 yes + 3 + true positive 236.5 85.7 male + 24 no 0 Positive Positive n/a Positive (1+) Negative
56 1082 TB-positive (South Africa) 139.3 yes + 235.5 yes + 38.3 yes + 3 + true positive 137.7 98.6 female + 329 yes 0 Positive Positive 6 Positive (3+) Positive (1+)
57 1084 TB-positive (South Africa) 2.3 yes + 8.2 yes + 1.1 yes + 3 + true positive 3.9 3.8 male + 81 yes 0 Positive No result n/a Negative Negative
58 1086 TB-positive (South Africa) 956.9 yes + 1100.3 yes + 954.5 yes + 3 + true positive 1003.9 83.5 male - unknown yes 0 Positive Negative n/a Negative Negative
59 1087 TB-positive (South Africa) 14.4 yes + 27.2 yes + 9.6 yes + 3 + true positive 17.1 9.1 male - unknown no 0 Positive Positive 22 Negative Negative
60 1089 TB-positive (South Africa) 1.7 yes + 3.1 yes + 10.3 yes + 3 + true positive 5.0 4.6 female + 222 no 0 Positive Positive 22 Positive (3+) Negative
61 1090 TB-positive (South Africa) 4.6 yes + 0.0 n/a - 3.5 yes + 2 + true positive 2.7 2.4 male + 380 no 0 Positive Positive 22 Negative Negative
62 1092 TB-positive (South Africa) 17980.0 yes + 18839.7 yes + 18783.4 yes + 3 + true positive 18534.4 480.9 male + 5 no 1 Positive No result n/a Positive (1+) Positive (2+)
63 1093 TB-positive (South Africa) 7.8 yes + 4.8 yes + 7.5 yes + 3 + true positive 6.7 1.6 male - unknown yes 0 Positive Positive 14 Positive (3+) Negative
64 1101 TB-positive (South Africa) 15.5 yes + 20.1 yes + 80.4 yes + 3 + true positive 38.7 36.2 female + 78 no 0 Positive Positive 8 Negative Negative
65 1103 TB-positive (South Africa) 5257.5 yes + 5320.6 yes + 4484.0 yes + 3 + true positive 5020.7 465.9 male - unknown no 2 Positive Positive 8 Positive (3+) Negative
66 1105 TB-positive (South Africa) 3590.6 yes + 2004.6 yes + 1414.4 yes + 3 + true positive 2336.5 1125.4 female + 17 no 0 Positive No result n/a ositive (scantyPositive (1+)
67 1106 TB-positive (South Africa) 5.0 yes + 0.0 n/a - 6.5 yes + 2 + true positive 3.8 3.4 female - unknown yes 0 Positive Positive 5 No result Negative
68 1107 TB-positive (South Africa) 20.5 yes + 71.9 yes + 45.4 yes + 3 + true positive 45.9 25.7 male + 58 no 1 Positive Positive 13 Negative Positive (1+)
69 1110 TB-positive (South Africa) 76.7 yes + 118.1 yes + 161.0 yes + 3 + true positive 118.6 42.2 female + 115 no 2 Positive Positive 9 Positive (1+) Positive (3+)
70 1115 TB-positive (South Africa) 165.3 yes + 165.5 yes + 106.3 yes + 3 + true positive 145.7 34.1 male + 265 no 0 Positive Positive 4 Positive (3+) Negative
71 1116 TB-positive (South Africa) 1950.0 yes + 3100.1 yes + 3504.1 yes + 3 + true positive 2851.4 806.3 male + 653 no 1 Positive Positive 4 Positive (3+) Positive (1+)
72 1117 TB-positive (South Africa) 407.0 yes + 1634.9 yes + 1886.8 yes + 3 + true positive 1309.5 791.7 male + 455 no 1 Positive Positive n/a Negative Negative
73 1119 TB-positive (South Africa) 15.4 yes + 24.8 yes + 43.6 yes + 3 + true positive 27.9 14.4 female + 29 no 0 Positive Positive 17 Positive (3+) Positive (3+)

Sample IDReference #

Demographic and clinical data

Positive 
replicates

TB cfDNA 
status (+/-)

Accuracy

Copies detected

Result by participant 
Positive defined as ≥1 copy of TB cfDNA detected AND Tm matching 

expected TB amplicon
#1 #2 #3

TB status

Result by replicate
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Table 12.3: Urine characteristics, bead behavior problems, and cfDNA detection by participant 

 

color glucose billirubin ketone
specific 
gravity

blood pH protein urobilinogen nitrite leukocytes

1 HC01 healthy control (USA) true negative 3.5 - + - 1.025 - 6.0 - 0.2 - -
2 HC02 healthy control (USA) true negative 2 - - - 1.010 - 7.5 - 0.2 - -
3 HC03 healthy control (USA) true negative 2 - - - 1.000 - 9.0 - 0.2 - -
4 HC04 healthy control (USA) true negative 2 - - - 1.005 - 7.5 - 0.2 - -
5 HC05 healthy control (USA) true negative 2.5 - - - 1.010 - 6.5 - 0.2 - -
6 HC06 healthy control (USA) true negative 2 - - - 1.000 - 9.0 - 0.2 - -
7 HC07 healthy control (USA) true negative 2.5 - + - 1.010 - 6.5 - 0.2 - -
8 HC08 healthy control (USA) true negative 2 - - - 1.000 - 9.0 - 0.2 - -
9 HC09 healthy control (USA) true negative 2 - - - 1.000 - 8.0 - 0.2 - -

10 HC10 healthy control (USA) true negative 2 - - - 1.000 - 8.0 - 0.2 - -
11 HC11 healthy control (USA) true negative 2 - - - 1.000 - 8.0 - 0.2 - -
12 HC12 healthy control (USA) true negative 2 - - - 1.000 - 8.0 - 0.2 - -
13 HC13 healthy control (USA) true negative 2 - - - 1.000 +/- 8.0 - 0.2 - -
14 HC14 healthy control (USA) true negative 2 - - - 1.000 - 8.0 - 0.2 - -
15 1083 TB-negative control (South Africa) true negative 2.5 - - - 1.020 + 5.0 + 0.2 - +
16 1085 TB-negative control (South Africa) true negative 2.5 - - - 1.005 - 7.5 + 0.2 - -
17 1091 TB-negative control (South Africa) true negative 2 - + - 1.000 - 9.0 ++ 0.2 - -
18 1094 TB-negative control (South Africa) true negative 2 - - - 1.005 - 6.5 +/- 0.2 - -
19 1095 TB-negative control (South Africa) true negative 2 - - - 1.005 +++ 7.5 ++ 0.2 - -
20 1099 TB-negative control (South Africa) true negative 3 - - - 1.015 ++ 6.5 + 0.2 - -
21 1109 TB-negative control (South Africa) true negative 2 - - - 1.015 - 6.5 +/- 0.2 - -
22 1112 TB-negative control (South Africa) true negative 2 - - - 1.005 - 8.0 +/- 0.2 - -
23 1114 TB-negative control (South Africa) true negative 2 - - - 1.005 +/- 8.0 +/- 0.2 - ++
24 1118 TB-negative control (South Africa) true negative 1.5 - - - 1.010 - 7.0 + ≤1 - -
25 1048 TB-positive (South Africa) true positive 2.5 - - - 1.020 +++ 6.5 ++ 0.2 - -
26 1049 TB-positive (South Africa) true positive 2.5 - - - 1.015 ++ 6.5 ++ 0.2 - -
27 1050 TB-positive (South Africa) false negative 2 - - - 1.010 - 7.0 +/- 0.2 - -
28 1051 TB-positive (South Africa) false negative 3 - + - 1.010 - 6.0 + 1 - -
29 1052 TB-positive (South Africa) true positive 3 - - - 1.010 - 6.0 + 0.2 - -
30 1053 TB-positive (South Africa) true positive 3 +/- + - 1.025 - 6.0 +++ 0.2 - -
31 1054 TB-positive (South Africa) true positive 3.5 - + - 1.020 - 6.0 ++ 0.2 - -
32 1055 TB-positive (South Africa) true positive 3 - - - 1.015 ++ 6.0 ++ 0.2 - -
33 1056 TB-positive (South Africa) true positive 2.5 - - - 1.015 - 6.0 +/- 0.2 - +
34 1057 TB-positive (South Africa) true positive 3.5 - - - 1.015 ++ 6.0 ++ 0.2 - -
35 1058 TB-positive (South Africa) false negative 2.5 - - - 1.015 - 6.0 +/- 0.2 - -
36 1059 TB-positive (South Africa) false negative 2.5 - - - 1.020 + 6.0 +/- 0.2 - -
37 1060 TB-positive (South Africa) true positive 3 - - - 1.005 - 7.5 +/- 0.2 - -
38 1061 TB-positive (South Africa) true positive 3 - - - 1.010 - 6.5 +/- 0.2 - -
39 1062 TB-positive (South Africa) false negative 2.5 - - - 1.010 + 7.5 +/- 0.2 - -
40 1064 TB-positive (South Africa) false negative 2.5 - - - 1.010 - 7.5 +/- 0.2 - -
41 1066 TB-positive (South Africa) true positive 2.5 - - - 1.010 - 6.0 + 0.2 - -
42 1067 TB-positive (South Africa) true positive 3 - + - 1.020 - 6.0 ++ 0.2 - -
43 1068 TB-positive (South Africa) true positive 3 - - - 1.010 - 6.5 +/- 0.2 - -
44 1069 TB-positive (South Africa) true positive 3 - - - 1.015 - 6.5 ++ 0.2 - -
45 1070 TB-positive (South Africa) false negative 1 - - - 1.000 - 7.5 +/- 0.2 - -
46 1071 TB-positive (South Africa) true positive 2.5 - - - 1.025 - 5.0 +/- 0.2 - -
47 1072 TB-positive (South Africa) true positive 2.5 - - - 1.005 - 7.5 +/- 0.2 - -
48 1073 TB-positive (South Africa) true positive 3 - + - 1.020 - 6.0 +++ 0.2 - -
49 1074 TB-positive (South Africa) true positive 2.5 - - - 1.010 - 7.0 + 0.2 - -
50 1075 TB-positive (South Africa) true positive 3.5 - + - 1.020 - 8.0 +++ 0.2 - +++
51 1076 TB-positive (South Africa) true positive 2.5 - + - 1.010 - 7.0 + 0.2 - -
52 1078 TB-positive (South Africa) true positive 2.5 - + - 1.015 - 5.0 + 0.2 - -
53 1079 TB-positive (South Africa) true positive 2.5 - + - 1.015 - 5.0 + 0.2 - -
54 1080 TB-positive (South Africa) false negative 2.5 - - - 1.010 - 7.5 + 0.2 - -
55 1081 TB-positive (South Africa) true positive 2 - - - 1.010 - 6.0 + 0.2 - -
56 1082 TB-positive (South Africa) true positive 2.5 - - - 1.005 - 6.5 + 0.2 - -
57 1084 TB-positive (South Africa) true positive 3 - + - 1.025 +++ 5.0 ++ 0.2 - -
58 1086 TB-positive (South Africa) true positive 2.5 - - - 1.005 - 7.5 + 0.2 - ++
59 1087 TB-positive (South Africa) true positive 3 - - - 1.010 - 7.0 +/- 0.2 - -
60 1089 TB-positive (South Africa) true positive 2 - - - 1.005 ++ 6.5 +/- 0.2 - ++
61 1090 TB-positive (South Africa) true positive 3 - - - 1.015 + 6.5 + 0.2 - -
62 1092 TB-positive (South Africa) true positive 3 - ++ - 1.020 - 6.0 + 2 - -
63 1093 TB-positive (South Africa) true positive 2 - - - 1.010 - 6.5 +/- 0.2 - -
64 1101 TB-positive (South Africa) true positive 2.5 - - - 1.015 +++ 6.5 + 0.2 - -
65 1103 TB-positive (South Africa) true positive 3.5 ++++ - - 1.010 - 7.5 + 0.2 - -
66 1105 TB-positive (South Africa) true positive 3 - - - 1.010 - 6.5 ++ 0.2 - -
67 1106 TB-positive (South Africa) true positive 2.5 - - - 1.005 - 8.0 + 0.2 - -
68 1107 TB-positive (South Africa) true positive 2.5 - - - 1.005 +++ 6.5 ++ 0.2 - -
69 1110 TB-positive (South Africa) true positive 3.5 - + - 1.015 + 6.0 + 0.2 - ++
70 1115 TB-positive (South Africa) true positive 2.5 - - - 1.010 - 7.5 +/- 0.2 - -
71 1116 TB-positive (South Africa) true positive 4 - - - 1.020 - 6.0 + 0.2 - -
72 1117 TB-positive (South Africa) true positive 2.5 - - - 1.015 - 6.5 ++ ≤1 - -
73 1119 TB-positive (South Africa) true positive 3 - - - 1.015 +++ 6.5 ++ ≤1 - -

Urine characteristics
(color on a subjective scale of 1 = very light, 2 = light, 3 = medium, 4 = dark; 

others read visually using Fisherbrand 10-SG Urine Reagent Strips)

Sample IDReference #
Accuracy

TB status
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Figure 12.1: Additional correlations with detected concentrations of TB-specific urine cfDNA. For all 
plots, each dot represents one of three replicates per sample, processed on different days. Cyan dots 
represent positive replicates with ≥1 copy detected and melting temperature matching the expected 
IS6110 amplicon. Red dots represent negative replicates. At least two out of three replicates were 
required to be positive for a sample to be called as positive. (A) Stratified by treatment status and ranked 
by days of treatment (no correlation). (B) Stratified by culture result and ranked by days to culture 
positivity (Spearman’s ρ = -0.36 [95% CI: -0.64 to -0.0060], p = 0.041). (C) Stratified by smear result and 
ranked by smear score (no correlation). (D) Stratified by Alere urine LAM result and ranked by Alere urine 
LAM score (no correlation).   
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Table 12.4: Diagnostic odds ratios indicating associations with a positive urine cfDNA result. 

Variable Comparison Odds ratio (95% CI)a P-valueb  
HIV status positive vs negative 2.7 (0.68 – 10.5) 0.23 
CD4 countc ≤200 vs >200 cells/mm3 2.0 (0.28 – 13.9) 0.60 
TB treatment status treatment-naïve vs some treatment infinity (0.79 – infinity) 0.090 
Sputum culture result  positive vs negative 2.5 (0.39 – 14.7) 0.32 
AFB sputum smear result  positive vs negative infinity (1.6 – infinity) 0.029* 
Alere urine LAM result positive vs negative infinity (1.0 – infinity) 0.087 

* Indicates P < 0.05 
a Diagnostic odds ratio of >1 indicates variables associated with higher likelihood of a positive cfDNA result. 95% confidence 
intervals calculated using the Baptista-Pike method.  
b Diagnostic odds ratios were compared to a value of 1 using Fisher’s exact test.  
c CD4 count was measured for HIV-positive patients only. 

Table 12.5: Correlations with detected TB-specific cfDNA concentration. 

Variable Spearman’s rank correlation coefficient (95% CI) P-value  
CD4 counta -0.43 (-0.68 to -0.10) 0.011* 

Days of TB treatmentb -0.36 (-0.77 to 0.26) 0.23 
Days to sputum culture positivity -0.36 (-0.64 to -0.0060)  0.041* 

AFB sputum smear scorec -0.37 (-0.77 to 0.24) 0.21 
Alere urine LAM scored -0.094 (-0.59 to 0.45) 0.76 

* Indicates P < 0.05 
a CD4 count was measured for HIV-positive patients only. 
b Correlation calculated only for patients with some treatment (1 – 3 days). Treatment-naïve patients were excluded. 
c Correlation calculated only for smear-positive patients (AFB score ≥1). Smear-negative patients were excluded.  
d Correlation calculated only for LAM-positive patients (Alere LAM score ≥1). LAM-negative patients were excluded.  
 

Table 12.6: Comparison of detected TB-specific cfDNA concentration across groups.  

Variable Groups for comparison of detected 
cfDNA concentration P-valuea  

HIV status positive vs negative 0.8007 
CD4 countb ≤200 vs >200 cells/mm3 0.1946 

TB treatment status treatment-naïve vs some treatment 0.0447* 
Sputum culture result positive vs negative 0.3709 

AFB sputum smear result positive vs negative 0.7013 
Alere urine LAM result positive vs negative 0.0045** 

Gender female vs male 0.1081 
* Indicates P < 0.05; ** Indicates P < 0.01 

a P-values calculated using Mann-Whitney test comparing sample means of cfDNA-positive samples. 
b CD4 count was measured for HIV-positive patients only. 

13. APPENDIX E: SUPPLEMENTAL INFORMATION FOR CHAPTER 6   

In this appendix, I give the complete results for NGS of urine cfDNA described in Chapter 6. 

Full results can also be found as Excel spreadsheets in the supplemental information for the following 

publication: 
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Unbiased sequencing of Mycobacterium tuberculosis urinary cell-free DNA reveals extremely short 

fragment lengths. Oreskovic A, Waalkes A, Holmes EA, Rosenthal CA, Wilson DPK, Shapiro AE, Drain PK, 

Lutz BR, Salipante SJ (manuscript in preparation for submission to Journal of Clinical Microbiology). 

Table 13.1: Demographic and clincial data by participant 

 

Table 13.2: Sequencing library metrics by participant 

 

Table 13.3: cfDNA characterization results by participant 

 

 

  

Gender HIV status
CD4 

count
Days on TB 
treatment

Culture result
Days to culture 

positivity
Alere LAM 

result

01 016 TB-positive cfDNA-positive Male HIV-positive 82 0 culture-negative n/a Negative
02 052 TB-positive cfDNA-positive Female HIV-positive 623 0 culture-positive 16 Negative
03 071 TB-positive cfDNA-positive Male HIV-positive 18 0 culture-positive 8 Positive (4+)
04 101 TB-positive cfDNA-positive Male HIV-positive 21 0 culture-negative n/a Positive (3+)
05 112 TB-positive cfDNA-positive Female HIV-positive 43 0 culture-positive 12 Positive (2+)
06 137 TB-positive cfDNA-positive Male HIV-positive 141 1 culture-negative n/a Positive (2+)
07 138 TB-positive cfDNA-positive Male HIV-positive 249 0 culture-positive 6 Negative
08 161 TB-positive cfDNA-positive Female HIV-positive 75 0 culture-positive 12 Positive (2+)
09 260 TB-positive cfDNA-positive Female HIV-positive unknown 0 culture-positive 7 Negative
10 008 TB-positive cfDNA-negative Male HIV-positive 783 0 culture-negative n/a Negative
11 005 TB-negative cfDNA-negative Male HIV-positive 648 0 culture-negative n/a Negative
12 006 TB-negative cfDNA-negative Female HIV-positive 409 0 culture-negative n/a Negative

Demographic and clinical data

Participant ID
TB status (Xpert 
MTB/RIF Ultra)

TB cfDNA qPCR 
result (IS6110)

Sample ID

Total reads Final reads Library complexity
Number of fragments 
classifed as bacteria

% of fragments 
classified as bacteria

Number of fragments 
classified as TB

% of fragments classified 
as TB (after mapping)

Number of fragments 
classified as Homo sapiens

% of fragments classified 
as Homo sapiens

Number of fragments 
mapped to TB

% of fragments 
mapped to TB

Number of fragments 
mapped to human

% of fragments 
mapped to human

01 016 TB-positive cfDNA-positive 101760688 89531271 0.983 663623 0.741219233 61 6.8133E-05 74291145 82.97787373 667 0.000744991 88426571 98.76612943
02 052 TB-positive cfDNA-positive 77245725 63353734 0.966 2339531 3.692806804 7 1.1049E-05 58977843 93.0929233 38250 0.060375289 61879693 97.6733163
03 071 TB-positive cfDNA-positive 113742998 97162514 0.926 555380 0.571599043 19547 2.0118E-02 88142654 90.71672847 78240 0.080524882 96637068 99.45920913
04 101 TB-positive cfDNA-positive 58587870 46041712 0.955 1161042 2.521717698 145 3.1493E-04 45684934 99.22509832 7784 0.016906409 45684934 99.22509832
05 112 TB-positive cfDNA-positive 64186517 50359835 0.981 1346265 2.673291126 118 2.3431E-04 47619646 94.55878082 2281 0.004529403 49923505 99.1335754
06 137 TB-positive cfDNA-positive 102162546 87190778 0.952 1212771 1.390939533 2184 2.5049E-03 73679886 84.50421901 26964 0.030925289 86069747 98.71427802
07 138 TB-positive cfDNA-positive 82446286 67584770 0.984 653814 0.967398424 54 7.9900E-05 63648486 94.1757825 255 0.000377304 66373618 98.20795129
08 161 TB-positive cfDNA-positive 109109767 99091322 0.969 1156416 1.167020458 1078 1.0879E-03 93892556 94.75356076 22222 0.022425778 98213009 99.11363278
09 260 TB-positive cfDNA-positive 106467683 93679790 0.969 1553153 1.657938174 126 1.3450E-04 88549265 94.52333849 48786 0.052077401 92270660 98.4958015
10 008 TB-positive cfDNA-negative 50209616 40010907 1.000 423117 1.057504145 4 9.9973E-06 38140481 95.3252097 4 9.99727E-06 39774497 99.40913611
11 005 TB-negative cfDNA-negative 34496174 28263144 1.000 793799 2.808601195 0 0.0000E+00 26946143 95.34021763 9 3.18436E-05 28086587 99.37531012
12 006 TB-negative cfDNA-negative 29951750 23576658 0.974 289050 1.226000733 0 0.0000E+00 21608917 91.65385951 42 0.000178142 23359736 99.07992897

Sequencing library metrics metagenomic classification analysis (kraken2) mapping-based analysis

Participant ID
TB status (Xpert 
MTB/RIF Ultra)

TB cfDNA qPCR 
result (IS6110)

Sample ID

TB cfDNA in eluate
(IS6110 copies/uL)

TB cfDNA in urine 
(IS6110 copies in 10 

mL urine, calculated)

Total cfDNA in 
eluate (ng/uL)

Total cfDNA in urine 
(ng/mL, calculated)

mode human 
fragment length (bp)

mode TB fragment 
length(s) (bp)

median (IQR) human 
fragment length (bp)

median (IQR) TB 
fragment length (bp)

mode human 
fragment length (bp)

mode TB fragment 
length(s) (bp)

median (IQR) human 
fragment length (bp)

median (IQR) TB 
fragment length (bp)

01 016 TB-positive cfDNA-positive 5.7 283 24.2 121 38 19 59 (42-106) 21 (19-41) 28 52, 61, 432* 67 (42-127) 76 (50-171)*
02 052 TB-positive cfDNA-positive 2.1 106 9.06 45.3 53 19 92 (60-160) 19 (19-21) 53 40, 97, 105* 97 (63-176) 97 (40-105)*
03 071 TB-positive cfDNA-positive 792 39575 7.98 39.9 29 19 42 (37-50) 22 (20-30) 29 38 45 (38-65) 44 (39-50)
04 101 TB-positive cfDNA-positive 20.2 1010 5.00 25 29 19 89 (51-144) 19 (19-20) 29 39 95 (54-154) 39 (36-43)
05 112 TB-positive cfDNA-positive 21.2 1062 2.14 10.7 41 19 67 (47-106) 19 (19-20) 41 43 72 (49-130) 42 (37-63)
06 137 TB-positive cfDNA-positive 358 17893 2.8 14 38 19 53 (40-95) 19 (19-21) 38 39, 43 69 (42-135) 61 (44-106)
07 138 TB-positive cfDNA-positive 5.4 270 2.9 14.5 42 32 86 (54-136) 45 (36-58) 41 38 93 (57-152) 39 (36-44)
08 161 TB-positive cfDNA-positive 14.8 738 39.2 196 41 19 73 (49-147) 19 (19-20) 40 39 82 (51-171) 45 (40-52)
09 260 TB-positive cfDNA-positive 6.8 338 4.2 21 41 19 85 (53-142) 19 (19-20) 42 38 92 (55-155) 39 (37-45)
10 008 TB-positive cfDNA-negative 0 0 30.0 150 41 35, 42, 61, 70* 92 (56-148) 52 (39-66)* 42 61, 71* 93 (57-149) 66 (61-70)*
11 005 TB-negative cfDNA-negative 0 0 7.04 35.2 42 n/a 73 (51-106) n/a 42 n/a 78 (52-123) n/a
12 006 TB-negative cfDNA-negative 0 0 9.28 46.4 41 n/a 73 (49-119) n/a 41 n/a 73 (50-124) n/a

* indicates samples with low TB read count, which may have hindered accurate determination of mode, median, and IQR fragment lengths

cfDNA fragment length (by kraken2 metagenomic classification analysis)cfDNA fragment length (by mapping-based analysis)cfDNA concentration

Participant ID
TB status (Xpert 
MTB/RIF Ultra)

TB cfDNA qPCR 
result (IS6110)

Sample ID
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Figure 13.1: Fragment length distribution of cfDNA mapped to the human genome in each sample. 
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Figure 13.2: Fragment length distribution of cfDNA mapped to the TB genome in each sample. Sample 
10 had a low number of reads that mapped to the TB genome, but was confirmed to contain reads 
specific to TB by metagenomic classification. Neither TB-negative sample (Sample 11 or Sample 12, 
excluded here) contained reads specific to TB by metagenomic classification. 
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