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ABSTRACT  

Transmission between hosts is crucial for the success and survival of the 

obligate human pathogen and aetiological agent of tuberculosis (TB), 

Mycobacterium tuberculosis (Mtb). Despite this, little is known about how and 

when Mtb is aerosolized nor the key metabolic and morphological determinants 

driving successful transmission.  

To address these knowledge gaps, my doctoral research sought to develop a 

microscopic method for the detection of aerosolized Mtb following liquid-

capture within the respiratory aerosol sampling chamber (RASC). This was 

achieved through the combination of the mycobacterial cell wall probe, 4-N,N-

dimethylamino-1,8-naphthalimide-trehalose (DMN-tre), with the arraying of 

bioaerosol samples on bespoke nanowell devices amenable to fluorescence 

microscopy. With this method, a median of 14 live Mtb bacilli (range 0-36) were 

detected in 90% of confirmed TB patients following 60 minutes of bioaerosol 

sampling. Three distinct DMN-tre staining patterns were identified among 

aerosolized Mtb, strongly suggestive of metabolic heterogeneity. Moreover, a 

low proportion of patients produced Mtb in small clumps. These observations 

highlight the advantages of using microscopy over conventional culture- or 

molecular-based techniques for probing the metabolic and morphological 

characteristics of aerosolized Mtb. 

Applying this method in a second study, we sought to understand how and when 

Mtb is aerosolized. To this end, we aimed to compare the aerosolization of Mtb 

and total particulate matter from patients with TB during three respiratory 

manoeuvres: tidal breathing (TiBr), forced vital capacity (FVC), and cough. 

Although total particle counts were 4.8-fold greater in cough samples than 

either TiBr or FVC, all three manoeuvres returned similar rates of positivity for 

Mtb. No correlation was observed between total particle production and Mtb 

count. Instead, for total Mtb counts, the variability between individuals was 

greater than the variability between sampling manoeuvres. Finally, when 

modelled using 24-hour breath and cough frequencies, our data indicate that 

TiBr might contribute more than 90% of the daily aerosolized Mtb among 

symptomatic TB patients. Assuming the number of viable Mtb organisms 

detected provides a proxy measure of patient infectiousness, this method 

suggests that TiBr is a significant contributor to TB transmission. 

In developing a novel platform for the detection of aerosolized Mtb, this work 

has suggested the need to re-examine old assumptions about Mtb transmission.
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CHAPTER ONE –  MYCOBACTERIUM TUBERCULOSIS  

TRANSMISSION  
 

 

 

 

 

 

 

 

 

 

“…a disease in which death and life are so strangely blended, that death takes 

the glow and hue of life, and life the gaunt and grisly form of death; a disease which 

medicine never cured, wealth never warded off, or poverty could boast exemption 

from; which sometimes moves in giant strides, and sometimes at a tardy sluggish 

pace, but, slow or quick, is ever sure and certain.” 

The Life and Adventures of Nicholas Nickleby, Charles Dickens1    
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TUBERCULOSIS  

BA CK G R O UND  

Tuberculosis (TB) is an infectious disease transmitted via droplet aerosols2 

and has been a significant cause of human morbidity and mortality for 

millennia3. In the pre-antibiotic era, less than one third of TB sufferers 

survived TB, earning it the moniker, “Captain Among these Men of Death.”4,5  

Mycobacterium tuberculosis (Mtb) was discovered as the aetiological agent of 

TB in the 1880s6. This revolutionised our understanding of communicable 

diseases and led to several scientific discoveries and public health 

interventions. Among these were the widespread implementation of the first 

vaccine against TB, Bacille Calmette-Guérin (BCG), and the discovery of 

streptomycin in 19445. However, drug-resistant strains of Mtb began to 

emerge shortly after the introduction of streptomycin7,8. 

Following the limited success of monotherapy, researchers began 

investigating the applicability of treating with combinations of antibiotics – a 

long-standing strategy in TB treatment5. “Triple therapy”, a combination of 

para-aminosalicyclic acid (PAS), isoniazid (INH), and streptomycin, was 

among the first of these combinations8. Since then, further advances in 

combination chemotherapy have significantly increased the chances of 

surviving TB, with the modern treatment regimen reducing the case fatality 

rate to below 10%9-11. However, controlling TB incidence required additional 

developments in public health and social equality11,12, leading to a global 

divide in the distribution of TB between developed and developing countries 

and a strong correlation between TB incidence and a country’s GDP11,13,14.  

The introduction of antibiotics, therefore, failed to curb the high force of Mtb 

transmission in TB endemic communities15. This is exemplified in South 

Africa, with well over 500 cases of TB per 100,000 population14. 

Consequently, TB remains a leading cause of death owing to an infectious 

agent globally, claiming 1.4 million lives in 202014. As such, cost-effective and 

creative approaches targeted at reducing Mtb transmission may represent 

key ancillary strategies to support the current use of antibiotics to eradicate 

TB16. 

MY C OB A CT ER IUM  T UBE R C ULO SIS  

Mtb is an obligate human pathogen whose life cycle is fully contained within 

its human host3. The only exception is during transmission, where Mtb-

containing aerosols are exhaled from an infected individual and inhaled deep 

within the peripheral lung of a naïve host17. Here, alveolar macrophages 
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phagocytose Mtb, which survives by preventing the fusion of lysosomes to the 

phagosome in which they are encapsulated18. Surviving bacilli then replicate 

freely within the phagosome19, while infected macrophages are transported 

to regional lymph nodes20 resulting in the eventual activation of the adaptive 

immune response21. This leads to a unique TB pathology, whereby the 

recruitment of immune cells to the site of infection leads to the formation of 

a granuloma, which is aimed at containing and preventing bacterial 

replication22-24. In most cases, the host successfully contains the infection, 

even if Mtb bacilli are not eliminated. As such, developing active TB after 

infection represents a relatively rare event25,26. Despite this, 10 million people 

fell ill with TB in 2020 suggesting that improvements in the control of Mtb 

infection are desperately required14,15. 

 

TUBERCULOSIS CONTROL  

The current paradigm for TB control hasn’t changed significantly for several 

decades, relying heavily on combination chemotherapy of ill individuals with 

four antibiotics over six months14. The standard regimen – which consists of 

an intensive phase comprising Rifampicin (RIF), INH, Ethambutol (EMB) and 

Pyrazinamide (PZA) treatment for two months, followed by a four-month 

continuation phase utilizing only RIF and INH14 – has only recently been 

matched in efficacy by a four-month alternative27. This six-month regimen 

performs well in clinical trials, with an efficacy of 95%28,29, however its 

effectiveness in real-world settings is more varied, with an average of 86% of 

individuals successfully completing treatment in 201914. 

TB control is predicated on the use of antibiotics both for the curative 

treatment of ill individuals as well as the disruption of Mtb transmission30. 

Although antibiotic treatment of TB patients dramatically reduces the case 

fatality rate and supresses patient infectiousness within two weeks31 to two 

months32, it has been unsuccessful in achieving its ancillary goal of reducing 

Mtb transmission in high-burden settings14. Broadly, this limited ability to 

control the spread of TB can be attributed to three main categories: factors 

that delay treatment initiation, reduce treatment adherence, and facilitate the 

development of drug resistance. 

TR E A T ME NT  INIT IA T IO N  

TB control is heavily predicated on treatment of passively identified 

individuals with active disease, rendering it vulnerable to factors delaying the 

initiation of treatment9,33. In low-resource settings with high rates of TB, 

treatment-seeking delays of more than 10 weeks from symptom onset are 

common34,35, with some estimates suggesting patients could delay treatment-
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seeking for up to a year36. This is due to the personal and financial costs of 

treatment initiation as well as an inability to recognize symptoms as 

indicative of TB34,35. In general, the barriers to treatment initiation are greater 

for poorer individuals37 and include large travelling distances to attend 

clinics38,39 and social stigma37,40,41, which have contributed greatly to the 

global divide in the distribution of the burden of TB14.  

Once at a health facility, patients require a rapid and accurate diagnosis to 

begin treatment. However, the lack of a definitive diagnostic further 

exaggerates the time between symptom onset and treatment initiation, with 

incorrect diagnoses leading to improperly treated patients9,42,43.  

TR E A T ME NT  A DHE RE NCE  

Retaining patients for the duration of treatment (four to six months) is 

difficult; with fewer than 50% completing treatment in some settings9,44. The 

significant loss of patients on treatment represents, in part, a failure of health 

systems to appropriately manage patients with TB44. Similar to treatment 

initiation, the relative cost burden of continued treatment seeking is 

exaggerated for the most severely socio-economically disadvantaged37. This 

imposes a great financial and personal burden on poorer individuals who 

wish to receive treatment. Exacerbating this problem, patients feel better 

within the first two weeks of a six month treatment regimen with toxic side-

effects9,40. As such, the perceived need for treatment decreases while the 

personal burden persists. 

Treatment shortening, therefore, represents a major goal in TB drug 

discovery45. Although, in principle, combination therapy is simple, it is 

complicated by the existence of antagonistic drug-drug interactions46 and the 

complex pathology associated with TB47. This pathology prevents the uniform 

distribution of antibiotics throughout the lungs, reducing the effectiveness of 

the combination as a whole and necessitating extended treatment 

durations47-49. 

Even in situations where bacteria are uniformly susceptible to an antibiotic, 

suboptimal drug concentrations at sites of infection are problematic50. This is 

further complicated by the presence of antibiotic persistent or tolerant Mtb 

cells that exhibit temporary, phenotypic resistance to antibiotics and are 

thought to contribute to the extended duration of treatment51,52. These 

resistant phenotypes are distinguishable from resistant genotypes as they are 

typically considered non-heritable and arise in a sub-population of bacilli 

through stochastic variation between cells or as a consequence of an 

environmental stimulus (e.g., low pH, hypoxia, etc.)52,53. This is exemplified in 

the differential susceptibility to antibiotics arising from asymmetric binary 
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fission54, or epigenic alterations in DNA organization55. In some instances, the 

genetic and molecular mechanisms yielding increased proportions of tolerant 

phenotypes have been determined, for example altered propionate 

metabolism as a result of mutations in the prpR gene56. The occurrence of 

phenotypic resistance, the formation of antibiotic concentration gradients, 

and limited antibiotic adherence together contribute to the development of 

drug resistance, significantly undermining efforts to control TB50,57-59. 

DR UG  R ES IST A NCE  

Complete cure of patients is key to the success of the current TB control 

strategy and the development and transmission of antibiotic resistant strains 

of Mtb is fuelling an even more challenging epidemic9,60,61. The severity of 

drug-resistant (DR)-TB cannot be understated, with some mortality rate 

estimates as high as 40%9, while the WHO suggest that only 59% of 

individuals successfully complete treatment for DR-TB, compared to 86% for 

drug-sensitive TB14. Moreover, RIF-resistant strains alone account for one 

quarter of the deaths among all antimicrobial resistant infections globally62.  

DR-TB is classified according to five categories by the WHO14: INH-resistant, 

RIF-resistant, multidrug-resistant (MDR), pre-extensively drug-resistant 

(pre-XDR), and extensively drug-resistant (XDR). RIF and INH are key 

frontline drugs, resistance to which complicates treatment even in mono-

resistant strains14. A strain is defined as MDR if it is resistant to both INH and 

RIF, and as pre-XDR if it carries RIF resistance plus resistance to any 

fluoroquinolone (a class of second-line antibiotics). XDR strains of Mtb are 

resistant to RIF, any fluoroquinolone, and either bedaquiline or linezolid14. In 

addition to these categories, many researchers have recognised strains 

resistant to all first- and second-line antibiotics, termed totally drug-resistant 

TB (TDR-TB)63,64.  

Unlike many other pathogenic bacterial species, Mtb lacks classical 

resistance-conferring adaptations, such as horizontal gene transfer65,66 and 

episomally encoded resistance67. As such, the primary method of resistance 

acquisition in Mtb is through the accumulation of resistance-conferring 

mutations67,68. Despite the high degree of sequence similarity in the Mtb 

complex (MTBC) and their relatively low mutations rates3,66, strains that are 

resistant to multiple antibiotics continue to arise. Problematically, the current 

treatment regimens for resistant strains are longer, less effective, and impose 

a greater cost on both the health system and patient9,14,69. 

Despite the undeniable impact that the introduction of antibiotics has had on 

controlling TB11, they have failed to perform their ancillary task of reducing 

TB transmission in high burden settings11,30. Improved antibiotics and a 
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shorter treatment regimen may aid in reducing TB incidence, however factors 

that reduce or delay access to antibiotics or which promote non-adherence, 

and the looming threat of antibiotic resistance, threaten to perpetually 

undermine this approach by allowing for the continued transmission of 

Mtb9,61. This has focussed significant attention on TB transmission research, 

as this may provide valuable insights and potentially novel interventions 

targeted at strengthening the current TB control paradigm by reducing the 

ongoing transmission of Mtb16. 

 

TUBERCULOSIS  TRANSMISSION  

Koch’s demonstration of the infection of guinea pigs by Mtb isolated from the 

sputum of TB patients revolutionised our understanding of communicable 

diseases and unequivocally demonstrated that TB was infectious6. Moreover, 

it established Mtb as the necessary cause of TB. Koch proposed that Mtb was 

released from coughing individuals within droplets too large to support their 

bulk within the air, which would rapidly fall to the ground. He suggested that 

transmission occurred once these droplets were desiccated or disturbed 

sufficiently to release Mtb into the air, freeing them for inhalation by healthy 

individuals6. This led to the shunning of spitting in public and motivated for 

the shift from chewing to smoking tobacco70. At this point, the nature of Mtb 

transmission was purely speculative, however Koch’s discovery prompted 

more than 140 years of research into how Mtb bacilli are transmitted from 

infected individuals to susceptible hosts70. Donald et al. recently provided a 

thorough review of the modern history of TB transmission research that will 

be used as a reference throughout this section, as many of the original 

manuscripts are difficult to access and/or not written in English70.  

A  B R IE F  HIS TO R Y  OF  TB  T R A NS M ISS IO N R ES E AR CH  

Following on from Koch’s work in the late 1800s, two facts were readily 

apparent: 1) TB patients produced sputum containing Mtb and 2) they 

coughed. As such, much of the early research focused on smear-positive, 

coughing TB patients70.  

Initially, the experimental setup for investigating Mtb aerosolization was very 

simple: a glass slide was placed several centimetres in front of a coughing TB 

patient for a set amount of time, after which the slide was viewed under a 

microscope70-72. Remarkably, within one to two hours Mtb bacilli were 

detectable in 20%–40% of pulmonary TB patients70. Moreover, in some cases, 

the slide contents could be washed off and used to infect guinea pigs72. This 

was among the first evidence demonstrating that viable Mtb was released by 

TB patients during coughing. 
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The impaction of Mtb onto glass slides, although an important observation, 

was insufficient to suggest that these droplets could remain suspended in the 

air for any length of time. This question required a more complex 

experimental setup. For this purpose, a TB patient would sit in a closed booth 

surrounded by sealed, liquid-filled glass bowls71. Periodically, researchers 

would open these bowls via ropes entering the system, hypothesising that 

Mtb would slowly settle and become suspended within the liquid70. After the 

experiment, the content of these bowls was concentrated and injected into 

guinea pigs. These experiments revealed that Mtb could remain suspended in 

the air for up to 30 minutes after the patient had left the booth70,71,73.  

The detection of Mtb released from coughing TB patients was a crucial first 

step in elucidating the mechanism of Mtb transmission. Next was to 

demonstrate the direct infection of an uninfected host. For this purpose, 

Chaussè developed a sampling apparatus that enabled TB patients to cough 

directly onto guinea pigs70,74. In two experiments which included slight 

modifications to the cough sampling system, he demonstrated that TB 

patients could infect guinea pigs by coughing and that the airflow within the 

system was an important determinant of infection risk70.  

Thus, within 30 years of Koch’s discovery of Mtb as aetiological agent of TB, 

several important observations were made regarding the nature of Mtb 

transmission: 1) Mtb was released by coughing TB patients, 2) these bacilli 

could remain suspended in the air for several minutes, and 3) non-infected, 

susceptible animals could inhale Mtb and develop TB70. These continue to 

inform our understanding of TB transmission today75,76. However, upon 

closer inspection of the infectious droplets and the patients who produced 

them, a more nuanced understanding began to develop and significant 

interpatient variation was observed in the production of infectious droplets70. 

Healthier patients with less viscous sputum coughed more forcefully and 

produced smaller droplets; these patients seemed to be more 

infectious70,72,74,77. Despite this broad understanding of Mtb transmission and 

the observation that infectious droplets could remain suspended in the air for 

several minutes70,72, the exact manner in which these infectious droplets 

travelled through the air would not be described for several years. 

AE R O S O L TR A NS M IS S IO N  

Establishing how respiratory pathogens travel from infected individual to 

naïve host is challenging and often contentious78,79. However, the 

discrimination between fomite (droplet) and aerosol transmission is 

important for the implementation of appropriate public health 

interventions78. Fomites are large droplets, typically >100 μm, that remain 
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airborne for under five seconds and travel <1 m 78,80. Interventions targeted 

at social distancing and hand sanitization are typically considered effective at 

reducing fomite transmission, as individuals are infected through droplet 

spray or touching contaminated surfaces79. However, these interventions will 

not prevent the transmission of respiratory aerosols, which can infect 

individuals within and beyond 1 m and remain suspended in the air for 

several minutes79.  

Wells and Riley definitively demonstrated the aerosol route of transmission 

of Mtb in 19592. Their pioneering research utilized the remote infection of 

guinea pigs by air vented from the wards of TB patients. These guinea pigs 

were in bespoke housing units placed on the roof of the facility, several meters 

away from the TB patients. Through these experiments, Wells and Riley 

proposed that Mtb bacilli are transmitted within droplet nuclei that are 

formed as particle-bearing droplets leave the high humidity of respiratory 

system and rapidly evaporate2,81,82. Similar to much of the early work 

investigating the transmission of Mtb, significant interpatient heterogeneity 

in the propensity to produce infectious droplet nuclei was observed. Most 

infections arose from a minority (3%) of patients2. Interestingly, an individual 

with TB laryngitis was shown to be significantly more infectious than other 

TB patients, infecting a similar number of guinea pigs to a typical measles 

patient. This unexpected observation indicated that the site of Mtb infection 

significantly contributed to the aerosolization of Mtb81. This work supported 

a model suggesting that infectiousness is heterogenous and that small, rather 

than large, particles are responsible for remote transmission. 

This work led to the definition of the infectious quantum2. A single quantum 

is the minimum infectious dose required to infect a new host and can be 

determined without knowing exactly how many infectious particles 

(discussed below) were released or inhaled83. The transmission of an 

infectious agent (including pathogen aerosolization, aerosol transmission, 

inhalation, and infection), is a probabilistic process, which Wells proposed 

followed a Poisson distribution. Therefore, the average probability of 

infection after exposure to one infectious quantum is 63.2%82-84. This solution 

circumvented the challenges in detecting very low numbers of Mtb in the air 

when understanding the probability of transmission.  

The dependence of Mtb on aerosol transmission and the description of the 

infectious quantum ultimately led to the formulation of the Wells-Riley 

equation. This equation describes the probability of being infected by an 

airborne respiratory pathogen in a well-mixed airspace under steady-state 

conditions85. 
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𝑃 = 1 − 𝑒
−𝐼𝑞𝑝𝑡

𝑄  

In this model, the probability of infection (P) is related to the number of 

infectious individuals present (I), the rate (L/s) of pulmonary ventilation (p), 

the time interval (t), the ventilation rate (L/s) of the room (Q), and the rate of 

infectious quanta production (q). As such, this equation linked the 

environment and the infectiousness of TB patients to the probability of a 

susceptible individual being infected.  

Expanding on this work, Rudnick & Milton modified the equation to increase 

its applicability in non-steady-state conditions84.  

𝑃 = 1 − 𝑒
−𝑓𝐼𝑞𝑡

𝑛  

Key to this model was the replacement of breathing rate (p) and ventilation 

rate (Q) with the concept of the ‘rebreathed fraction’ (f). That is, the 

probability of infection is related to the amount of air that a certain number 

of individuals (n) share, while coexisting in a space. Fundamental to this 

model is the assumption that any increase in carbon dioxide (CO2) within a 

closed space is derived from the respiratory activity of the people occupying 

the space84. The experimental and mathematical models developed to this 

point shaped our understanding of the probability of being infected by an 

airborne pathogen. Specifically, these models linked this probability to three 

key facets: social mixing and the environment (i.e., the number of people in a 

space and the extent that the air is rebreathed), the number of infectious 

individuals within a space, and the ‘infectiousness’ of those patients in the 

form of the infectious quanta84,85. 

L IM IT AT IO NS  O F  T HE  G UINE A  P IG  INF E CT IO N M O DE L  

The remote infection of guinea pigs unequivocally demonstrated the aerosol 

transmission of Mtb. Although this model was first developed in the 1950s, 

several researchers still promote its use for understanding patient 

infectiousness86-90. Problematically, the assessment of patient infectiousness 

through the remote infection of guinea pigs suffers from a lack of sensitivity 

and generalisability, owing to the inherent presence of bias confounding this 

model. 

SE LE C T I O N  B I A S  

The complex apparatus required for the guinea pig infection model and the 

extended duration required for sampling (owing to the limited sensitivity of 

the system) restricts its use to a hospital setting, limiting the sample to the 

most severely ill individuals who are on TB treatment86-90. As such, patients 
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with less severe or subclinical TB are excluded from the sample, however, 

these categories represent important contributors to Mtb transmission33,91,92. 

Moreover, the use of TB treatment for differing durations confounds the 

estimation of patient infectiousness81, and many of the guinea pig infections 

in the early experiments were attributable to drug-resistant strains of Mtb93. 

P O O R S A MP LI N G  E F F I C I E N C Y  

The high ventilation rate of hospital wards designed to protect healthcare 

workers, and the poor respiratory sampling efficiency of guinea pigs, further 

confound the assessment of patient infectiousness, as many potentially 

infectious bacilli remain unsampled94. This biases the model to the detection 

of the most infectious patients94. Moreover, this model hinges on the 

assumption that guinea pigs are equally sensitive to Mtb infection compared 

to humans, which has not been directly assessed.  

The use of the infectious quantum as a metric for patient infectiousness has 

guided our understanding of Mtb transmission for years83. However, owing to 

the lack of sensitivity and generalisability of the infectious quantum in 

understanding patient infectiousness, some researchers have proposed the 

use of an alternative metric: the infectious particle94. 

INF E CT IO US  P A RT ICLE S  

Humans constantly produce respiratory aerosols, even during normal 

breathing95,96. These aerosols, commonly referred to as bioaerosols, originate 

from the length of the respiratory tract as small particle-bearing droplets97,98. 

Upon exhalation, droplets leave the high-humidity environment of the 

respiratory tract, allowing for the rapid evaporation of their liquid 

component and the formation of droplet nuclei2. In the context of infectious 

diseases, a small proportion of these bioaerosols are known as infectious 

particles, as they carry the pathogenic agent94. 

The enumeration of total infectious particles aerosolized by sick individuals 

provides a higher-resolution understanding of disease transmission relative 

to the pooling-method of the infectious quanta; however, direct study of 

aerosolized Mtb is complicated99. Issues such as bioaerosol collection, the 

small numbers of bacilli aerosolized, and the presence of environmental and 

patient-derived contaminating microorganisms and particulate matter, 

impose profound technical and analytical challenges99,100. When interpreting 

Mtb transmission research, it is important to determine which measure was 

used83.  

Issarow and colleagues adapted the previous models of Mtb transmission to 

include the number of infectious particles () released by a TB patient, rather 
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than the infectious quanta94. This model is applicable in both steady-state and 

non-steady-state conditions84, while the assessment of infectious particles is 

not limited to an experimental setup or to hospitalised participants101. 

Broadly, this model assigns the annual risk of Mtb infection in a community 

into three categories: the number of infectious individuals in a community 

(M), the degree of social mixing (ftp), and the infectiousness of TB cases ([ 

– ]). 

𝑃 = 1 − 𝑒−M( − )ftp 

The number of infectious individuals in a community (i.e., the prevalence of 

TB) is calculated by multiplying the incidence of TB (M) by the average 

duration of infectiousness ()101. Regions with a high TB prevalence tend to 

have higher degrees of social mixing, further contributing to the rate of 

aerosol transmission84. Specifically, factors that increase the daily rebreathed 

air volume (RAV) are critical determinants of transmission risk101. 

Fundamental to understanding RAV (RAV = ftp) is the concept of the 

rebreathed fraction (f), which is inversely related to ventilation rate (Q). For 

example, in a poorly ventilated space with multiple individuals, a high 

proportion of bioaerosols are rebreathed. For infectious individuals, a certain 

proportion of their bioaerosols contain respiratory pathogens. Therefore, a 

higher rebreathed fraction (f), longer duration (t), or higher breathing rate 

(p) all determine the probability of rebreathing infectious particles. In 

contexts with high daily RAVs, such as prisons, the probability of infection is 

very high101. In the general public, daily RAVs are higher for individuals 

sharing public transport, workspaces, and schools102.  

TB patient infectiousness is an important, yet difficult to quantify, component 

when modelling transmission risk. Early work indicated significant 

interpatient heterogeneity in infectiousness related to disease state and 

sputum viscosity70, with more recent observations concluding that the site of 

infection is also an important contributor81. Issarow and colleagues sought to 

increase the resolution with which we understand infectious quanta by 

breaking this term down into three components (Figure 1.1): the total 

number of infectious particles produced (), the mortality rate of infectious 

particles (), and the deposition fraction () of infectious particles within the 

peripheral lung94,101.  

The mortality of particles is the extent to which infectious agents are 

rendered non-infectious, either by removal (air filtration/ventilation) or 

through the death of the pathogen, whereas the deposition fraction is the 

proportion of infectious bioaerosols likely to deposit in the peripheral 

lung101,103,104. The total number of infectious particles produced is challenging 
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to measure and is likely determined by the host-pathogen interaction at a 

given time. Various methods have been applied in the estimation of the 

number of infectious particles released by TB patients. 

 

 

Figure 1.1: Mtb transmission from an infected individual to a naïve host.  

Mtb infects the peripheral lung and alveolar spaces when phagocytosed by 

alveolar macrophages. This interaction leads to the forma tion of a granuloma, 

broadly characterised by an outer layer of lymphocytes surrounding an inner 

layer of macrophages and Mtb105. Collapse of granulomas can occur, and 

enables Mtb to be shed into the airways and aerosolized75. A portion of these 

aerosolized Mtb are inhaled by a susceptible host and deposited into the 

peripheral lung, initiating infection101.  

 

B IOAEROSOL SAMPLING TECHNIQUES  

Understanding Mtb transmission in a community setting is often done by 

molecular epidemiology and/or contact tracing106-110; however, linking 

incident cases to source patients is challenging111. This highlights the 

importance of knowing when, by whom, and how many Mtb bacilli are 

aerosolized in a community. Investigating the number of infectious particles 

aerosolized by TB patients therefore requires sensitive and specific methods 

capable of detecting very few bacilli in large volumes of expired air.  

MO LE CULA R  DET E CT IO N A ND F A CE - M AS K  S A M P LING  

One of the first methods to detect infectious particles directly relied on the 

filtration of air from hospital wards. This method showed a markedly 

improved sensitivity over guinea pig infection models, with molecular 

detection of Mtb DNA in six of the seven (86%), and 12 of the 16 (75%) TB 

patients across two separate studies112,113. Although this method exhibited an 

improved sensitivity over the guinea pig infection model, it suffered several 
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of the same limitations: for example, these studies were restricted to 

hospitalised patients, while patient-derived bioaerosols were sampled with 

limited efficiency.  

Face-mask sampling of bioaerosols was recently introduced in an attempt to 

increase the efficiency of bioaerosol capture114. Notably, this method is 

scalable and can be implemented to better understand the community-

dynamics of Mtb transmission. In the study by Williams and colleagues, the 

detection of Mtb in bioaerosols was based on two assays: phage infection and 

GeneXpert detected Mtb in the face masks of 11 of the 17 (65%) and 13 of the 

20 (65%) TB positive participants, respectively. Although phage infection 

revealed viability information, this method was not pursued further in future 

research; rather, detection of DNA was selected as the primary method of Mtb 

identification (discussed below). 

Molecular techniques have a high specificity for the target organism, a key 

feature when attempting to detect pathogens in complex, biological samples 

that may contain several contaminating microorganisms. PCR-based 

techniques provide accurate counts down to extremely low DNA 

concentrations115, however, inefficient methods for cell lysis and DNA 

extraction in Mtb significantly impede the sensitivity of PCR-based 

techniques116.  

A key limitation inherent in the use of DNA as a proxy measure of 

infectiousness, is the assumption that each bacillus detected can initiate an 

infection in a susceptible host. This is analogous to the assumption that one 

infected guinea pig is equivalent to an infected human. Moreover, using PCR-

based techniques for the detection of specific sequences of DNA does not 

provide evidence of bacillary viability, as DNA is stable and may represent 

dead bacilli117. Protocols that target RNA may provide information regarding 

cellular viability118, however, they too suffer from the limited nucleic acid 

extraction efficiency of Mtb. Regardless, these bioaerosol sampling 

techniques highlighted the possibility that more patients may be infectious 

than previously suspected. 

THE  CO UG H A E R O S O L S A MP LING  S YS TE M  

The cough aerosol sampling system (CASS) was designed to measure Mtb in 

cough-generated aerosols through the enumeration of colony forming units 

(CFUs) on solid media119. The CASS provides additional information over 

molecular-based techniques as bacillary viability is a prerequisite for colony 

formation. With this system, Mtb CFUs were detected in 25% (4 of 16), 27.7% 

(28 of 101) and 43% (43 of 95) of TB patients after 5–10 minutes of 

coughing119-121, with an estimated rate of Mtb production ranging from 18–
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3798 CFU/hour. Although the sensitivity of this technique was lower than 

that of techniques implementing PCR-based detection of Mtb DNA, infectious 

particles were detected in a higher proportion of TB patients and at a 

considerably higher rate than reported by the remote guinea pig model, 

which estimated an average of 30 infectious quanta per day2. This 

discrepancy has two possible interpretations: a single infectious quantum 

consists of several infectious particles, or it reinforces the limited sensitivity 

of the remote guinea pig model. 

Although the CASS was conceptually similar to the Chaussé cough box74, the 

substitution of guinea pigs for Andersen viable impactors119 – which separate 

airborne particles according to aerodynamic radius – enabled the 

measurement of particle size prior to colony formation122. This is critical 

given the likelihood that size determines aerosol longevity and ability to 

access lung alveoli103,104, key elements of infectiousness123. Most of the Mtb-

containing particles were in the respirable range (1–5 µm). However, the slow 

rate of sampling (28.3 L/minute) appears inadequate to capture bioaerosols 

from coughs which are associated with rapid release (>240 L/min) and 

expansion80,124. Therefore, inefficient bioaerosol sampling likely reduced the 

sensitivity of this system.  

THE  R E S P IR A T OR Y  AE R OS O L S AM P LING  CHA M B ER  

The respiratory aerosol sampling chamber (RASC) was developed as a small 

(1.4 m3) personal clean room for the efficient capture of bioaerosols99. 

Additionally, the RASC was fitted with several additional monitors and 

sensors, such as a particle sizer and CO2 monitor, which enabled detailed 

quantification of respiratory outputs100. Although these adaptations increase 

the resolution with which bioaerosols can be analyzed, they increase the 

complexity of the system as a whole and necessitate specialised personnel to 

operate the RASC. However, this system is installed in a community with a 

high burden of TB125, enabling the potential investigation of the transmission 

dynamics of Mtb. 

The RASC was designed to collect aged bioaerosols produced by participants 

through tidal breathing and spontaneous coughing over approximately 30–

60 minutes99. After the bioaerosol production phase, samples were collected 

utilizing physical impactors, liquid impingers, and filters at flow rates ranging 

from 12–300 L/min. Mtb detection was achieved utilising either culture or 

droplet digital (dd)PCR. Overall, 27 of the 35 (77%) participants had 

detectable levels of Mtb in their bioaerosol sample100. When comparing 

culture to ddPCR, these detection methods identified Mtb in 15 of the 35 

(43%) and 25 of the 27 (93%) samples tested, respectively.  
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Culture is the gold standard for bacterial identification126 and is commonly 

used in bioaerosol studies for the detection of Mtb121,127. Culture on solid 

media is capable of identifying as few as 10–100 CFU128, while also providing 

a clear indication of viability. Problematically, the link between culturability 

and viability is confounded by the existence of differentially culturable states 

of Mtb, such as ‘differentially detectable’129 and viable but non culturable 

(VBNC)130 bacilli. Differentially detectable Mtb can only be cultured in liquid 

media supplemented with resuscitation promoting factors (Rpfs) and are 

thought to arise as a result of the sudden transition to laboratory media 

coupled with sampling stresses131,132. As such, microbiological culture often 

underestimates the true size of the viable bacillary population, while also 

precluding any analysis of the physiological state of transmitted bacilli133, as 

colony formation requires several rounds of cell division in artificial culture 

medium. 

The slow formation of CFU on solid media (four to eight weeks)134 creates an 

extremely slow turnaround time for culture-based assays and renders them 

susceptible to contamination by faster-growing organisms100. 

Decontamination further undermines assessments of bacillary load and 

physiological state: where excessive, it depletes the number and viability of 

Mtb bacilli in the sample135, where inadequate, it risks overgrowth by 

contaminants, obscuring the signal. Molecular methods for the detection of 

Mtb offer an increased sensitivity of detection when compared to culture-

based techniques100, however similarly to culture, nucleic acid extraction 

obviates the potential to investigate the physiological and metabolic state(s) 

of aerosolized bacilli. For these reasons, a novel approach was required for 

the capture and detection of aerosolized Mtb that enabled the preservation of 

the bacterial physiological state during transmission. This motivated for 

considerable effort in updating the RASC for a shift from solid to liquid 

capture of bioaerosols99,100. Unlike air filtration, which resulted in bacterial 

desiccation, or impaction onto solid media, where detection proceeded weeks 

of culture, liquid capture was thought to collect bioaerosols in a manner 

compatible with physiological preservation and direct detection.  

The visualization of Mtb-like rods within foil-impacted bioaerosols utilizing 

scanning electron microscopy (SEM) catalyzed efforts for the specific, 

microscopic detection of Mtb in paucibacillary samples99,100. However, no 

protocol existed for the detection of viable Mtb in liquid-captured TB-patient 

bioaerosols. Therefore, this thesis sought to develop a method for culture-

independent, microscopic visualization of live Mtb bacilli in liquid-captured 

bioaerosols. This was done by utilising 4-N,N-dimethylamino-1,8-
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napthalimide-trehalose (DMN-tre) for the specific detection of Mtb on 

nanowell arrayed devices using fluorescence microscopy.  
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A IMS AND OBJECTIVES  

This thesis sought to investigate key aspects of Mtb transmission, including 

the metabolic and morphological characteristics associated with bacterial 

aerosolization and the respiratory manoeuvres that produce them. This was 

done according to two aims: 

1) This thesis aimed to develop a novel, microscopy-based methodology for 

the detection of Mtb captured in liquid from TB-patient derived 

bioaerosols, according to the following objectives: 

a. Identify a probe suitable for the detection of Mtb in paucibacillary, 

biological samples. 

b. Compare sample concentration strategies to facilitate the 

detection of Mtb in paucibacillary samples. 

c. Design an identikit to aid in the identification and characterization 

of Mtb in bioaerosol samples. 

d. Develop a sample processing pipeline, including sample capture, 

concentration, and imaging for implementation in a clinical 

research setting. 

e. Utilizing (a-d), apply the pipeline to patient bioaerosol samples 

for the detection and characterization of aerosolized Mtb. 

f. Determine the applicability of the pipeline for the long-term, 

serial imaging of Mtb within bioaerosol samples.  

2) This thesis aimed to investigate the propensity for the aerosolization of 

Mtb and particulate matter from three respiratory manoeuvres, namely, 

forced vital capacity, tidal breathing, and induced cough, according to the 

following objectives: 

a. Design a sampling algorithm for each of the three experimental 

respiratory manoeuvres. 

b. Develop an analytical pipeline for the comparison of the three 

experimental manoeuvres based on a combination of particle 

count and CO2 data. 

c. Compare the number of Mtb bacilli aerosolized by each of the 

three respiratory manoeuvres. 

d. Estimate the daily contribution of the respiratory manoeuvres to 

the aerosolization of Mtb. 
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INTRODUCTION  

C O NT RA S T  IN M ICR OS CO PY  

Microscopy has been used for the detection and characterization of bacteria 

since Antonie van Leeuwenhoek first described 'living animalcules’ in 1676 

and was fundamental in the establishment of microbiology as a discipline136. 

The ability to magnify minute organisms enabled an unprecedented view of 

the world, inspiring the development of microscopes with ever-increasing 

resolution. The importance of resolution in microscopy cannot be 

understated, with the development of techniques such as electron 

microscopy137 and super-resolution fluorescence microscopy138 both leading 

to Nobel Prizes for their inventors. 

Contrast is similarly of undeniable importance in microscopy, with the 

developer of the phase contrast microscope earning a Nobel Prize in 1953139. 

Enhanced contrast aids in the ability to detect and resolve minute 

structures140,141. Phase contrast microscopy converts phase shifts in light into 

brightness information in the final image, aiding in the ability to see fine 

details139. As an alternative to the manipulation of light, contrast can be 

enhanced chemically by the addition of stains and dyes, further facilitating the 

detection of specific cell types or structures.  

The Gram stain has been a cornerstone of microbiology since its development 

in 1884, and is based on the differential ability of bacteria to retain the purple 

crystal violet dye after alcohol decolouration142,143. Gram staining broadly 

categorises bacteria as either gram-positive (purple) or gram-negative (pink) 

based on structural differences in their cell walls, primarily peptidoglycan 

content. Both gram-positive and gram-negative bacteria initially appear 

purple following exposure to the crystal violet dye; however, after dye 

fixation and alcohol decolourization, gram-negative bacteria are decolourized 

and stained pink during the safranin counter stain142,143. Gram-positive 

bacteria are typically characterised by a thick layer of peptidoglycan that is 

resistant to alcohol decolourization. In contrast, gram-negative bacteria have 

a significantly thinner cell wall encased in an external membrane. During the 

staining procedure, this membrane is lost and the thin peptidoglycan layer is 

rendered leaky, resulting in a loss of the crystal violet dye142.  

M ICR O S COP Y  AS  A  TB  D IA G NO S T IC  T E CHNIQUE  

Mtb is peculiar in that, like gram-negative bacteria, it has an outer 

membrane144; however, like gram-positive bacteria, it is not susceptible to the 

safranin counter stain, and therefore appears purple after gram staining. As 

such, Mtb is classified as gram positive142,145. This discrepancy is due to the 
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unique architecture of the outer membrane of Mtb (or mycomembrane), 

which is waxy in nature, consisting predominantly of mycolic acids, 

covalently bound to the peptidoglycan cell wall by a layer of 

arabinogalactan144.  

The unique Mtb cell wall architecture was exploited in the development of the 

Ziehl-Neelsen (ZN) staining technique for acid-fast bacteria (AFB)146,147. 

Carbol fuchsin, the primary dye in ZN staining, provides AFB with the 

characteristic pink-red appearance148 while also partially solubilising the 

lipid content of the mycobacterial cell wall. This lipid solubilization, combined 

with a heat treatment, drives carbol fuchsin into the mycobacterial 

cytoplasm147. Once excess carbol fuchsin is removed and the heat treatment 

is ended, the dye becomes trapped within the cytoplasm of AFB. Non-AFB are 

susceptible to the acid alcohol decolourization step, and therefore appear 

purple-blue once stained with methylene blue146. Unlike the Gram-stain, 

which broadly categorises cells based on commonly shared cell wall 

properties, ZN staining targets a cell wall architecture unique to the genera of 

nocardia and mycobacteria146,147. This is important clinically as it enables the 

use of ZN staining in TB diagnostics and research70,128,146,149,150, with sputum-

smear microscopy remaining a commonly used tool for the diagnosis of TB14 

and capable of same-day results in the right settings14,146,147,151. 

ZN staining was eventually modified to allow for the replacement of carbol 

fuchsin with the fluorescent stain, Auramine-O (AO). AO exhibited improved 

sensitivity in both sputum and tissue samples148,152,153 and was shown to be 

more cost effective, even in low resource settings148. Unlike ZN staining, 

where the carbol fuchsin penetrates into the cytoplasm of the AFB, AO directly 

binds to the mycolic acid within the cell wall154. Therefore, ZN positivity is 

based on the structural integrity of the mycomembrane, whereas positivity 

for AO is dependent on the presence of mycolic acids. 

RE QUIR E ME NT S  F O R  M ICR O S COP Y  IN MTB  A ER O B IO LOGY  R ES E AR CH  

Microscopy has provided several significant insights into the morphological 

and metabolic states of Mtb bacilli in clinically relevant settings149,150,155,156. 

However, the physiological and morphological requirements enabling the 

successful transmission of Mtb are unknown, as conventional culture, PCR, 

and infection-based models lack the resolution to address these complex 

questions. As microscopy has yielded valuable insights into the morphology 

and physiology of Mtb within sputum samples, with a historical precedent for 

applications in Mtb transmission research70, we reasoned that a microscopy-

based method for the detection and characterization of Mtb in bioaerosol 

samples was not only possible, but necessary.  
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The detection of Mtb by traditional acid-fast staining relies on the passive 

ability of the mycomembrane to resist acid alcohol decolourization; this 

necessitates several wash steps and renders it unable to distinguish live from 

dead Mtb147,157. Moreover, only a small volume of the total sample can be 

smeared onto the slide, reducing the chances of detecting Mtb in 

paucibacillary samples146,147. Together, these factors reduce the sensitivity of 

this method relative to culture and restrict its limit of detection to around 

10,000 CFU/mL128,152,158, well above the estimated hourly aerosolization rate 

of Mtb (18–3798 CFU/hour)121. 

More recently, several fluorescent probes have been designed to exploit the 

unique architecture and chemical composition of the mycomembrane, 

requiring enzymatic activity for their incorporation. Although limited 

information exists regarding the metabolic state of aerosolized Mtb capable 

of initiating infection, it can reasonably be assumed that the transmitted 

bacilli must be viable. Therefore, probes that are actively incorporated into 

the mycomembrane are advantageous over passively staining dyes in that 

enzymatic activity is suggestive of viability151. Moreover, a ‘decolourization’ 

step is not required as these probes are only incorporated into bacteria that 

poses the specific enzymatic activity required for probe activation, reducing 

the number of processing steps required151. 

T RE H A LO S E -BA SE D  P RO BE S  

One of the first probe designs, FITC-trehalose (-tre), targeted the metabolic 

pathway for trehalose incorporation into the mycobacterial cell envelope as 

either trehalose mono- (TMM) or dimycolates (TDM)144,159. This 

incorporation is catalyzed by the antigen 85 complex (Ag85), which shares 

homologs among the actinomycetales order151. Although FITC-tre showed 

promise as a molecular tool for investigating mycomembrane metabolism in 

vivo, FITC lacks a mechanism for fluorescence activation, necessitating 

several wash steps to minimize background (non-specific) fluorescence 

signal, thereby limiting its applicability in complex and potentially 

paucibacillary clinical samples. 

In a subsequent design, FITC was replaced by the solvatochromic probe, 

DMN151,160. Solvatochromic fluorophores undergo a shift either in the 

spectrum or intensity of their fluorescence under specific conditions151. DMN, 

for example, undergoes a 1,000-fold increase in fluorescence intensity in a 

hydrophobic environment151,160, thereby enhancing the specific signal of 

DMN-tre post incorporation into the mycomembrane and limiting 

background noise attributable to unmetabolized probe, circumventing the 

need for multiple washes151. The ability of DMN-tre to facilitate the detection 
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of Mtb in sputum samples, the enhanced signal-to-noise ratio owing to its 

solvatochromic nature, and its specificity for viable bacilli, positioned DMN-

tre as prime candidate for viable Mtb detection in bioaerosol samples151. 

The quencher-trehalose-fluorophore (QTF) probe is similar to DMN-tre in 

that it also requires Ag85-mediated incorporation into the 

mycomembrane161. Unlike DMN-tre, however, QTF mimics a TMM molecule 

and is cleaved by Ag85, releasing the quencher and initiating fluorescence. 

This reduces non-specific fluorescence of unmetabolized probe and limits the 

requirement for wash steps. However, QTF was not initially intended for the 

detection of Mtb in sputum and its utility in this context requires further 

investigation. The availability of multiple probes exploiting Ag85 enzymatic 

activity nevertheless identifies this complex and the mycomembrane more 

broadly as flexible targets for the design of fluorescent probes.  

ARA BI N O G A LA C T A N -TA RG E T I N G  P RO BE S  

CDG-DNB3 was designed to target the arabinogalactan layer of the cell 

envelope144,162. Similar to QTF, CDG-DNB3 is based on a fluorophore and 

matching quencher design. For CDG-DNB3, the quencher is released from the 

probe after catalytic cleavage by the class A β-lactamase, BlaC. The liberation 

of the quencher enables probe fluorescence and allows for the specific 

interaction between CDG-DNB3 and decaprenylphosphoryl-β-D-ribose 2′-

epimerase (DprE1), an enzyme that is required for the synthesis of cell wall 

arabinans and is conserved among actinobacteria162. As with DMN-tre, CDG-

DNB3 was intended for use in sputum samples and showed promise for the 

detection of Mtb in complex samples162. 

Since none of the probes described above had been utilized for the detection 

of Mtb in bioaerosol samples, we sought in this study to test their applicability 

for the detection of Mtb in TB patient bioaerosols captured within the RASC. 

 

RESULTS  

SE LE C T IO N O F  A  F LUO RE SC E NT  P RO B E  F OR  T HE  DET E CT IO N O F  

MY C OB A CT ER IUM  T UBE R C ULO SIS  

The detection of Mtb-like bacilli in foil-impacted bioaerosols using SEM 

reinvigorated interest in the application of microscopy for the detection of 

aerosolized Mtb99,100. Although SEM is a high-resolution microscopy 

technique, it is time-consuming, expensive, and lacks the specificity required 

to reliably identify Mtb. Moreover, the approach is destructive, with all 

imaged material lost through the SEM process. We therefore aimed to develop 

a method applicable to widefield fluorescence microscopy, a simpler, more 
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cost-effective technique that benefits from several unique staining 

procedures and fluorescent probes, enabling the specific detection of certain 

cell types or structures while potentially retaining sample viability. 

As expected, DMN-tre only stained viable mycobacteria, which could be 

imaged without removing excess probe (Figure S2.1). When tested in 

bioaerosol samples, fluorescing mycobacteria were readily observable over 

background, although an increase in non-specific fluorescence was observed 

in these samples relative to culture media (Figure 2.1 & S2.4). Despite this, a 

key limitation remained: Ag85 incorporation of trehalose into the 

mycobacterial cell envelope, the key mechanism by which DMN-tre facilitates 

the detection of Mtb, is common to other bacteria in the actinomycetales 

order. That is, DMN-tre possesses limited specificity. 

 

Figure 2.1: A workflow to test the utility of a fluorescent probe for  the 

detection of Mtb in extremely paucibacillary clinical samples.  (i) A probe 

should have a robust mechanism for activatable fluorescence such that wash 

steps are not required. (ii) The mechanism of probe incorporation should be 

specific for viable bacilli. (iii) The background and/or non-specific 

fluorescence in clinical samples should not inhibit the detection of the 

organism of interest. (iv) The probe should be specific for the organism of 

interest.  

During the course of this thesis, alternative fluorescent probes became 

available, namely QTF161 and CDG-DNB3162. When staining lab-grown 

mycobacteria, QTF performed comparably with DMN-tre. However, its 
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reliance on Ag85 for cell envelope incorporation left it similarly vulnerable to 

false-positive identification of other acinomycetales as putative Mtb. Since 

CDG-DNB3 stains Mtb independently of Ag85, exploiting both BlaC and DprE1 

for incorporation into the mycobacterial cell envelope162, it appeared to offer 

some advantages over both DMN-tre and QTF. Disappointingly, our 

preliminary in vitro assays revealed a number of unexpected flaws with CDG-

DNB3 that were not disclosed in the original publication describing its 

development. These included high levels of background fluorescence in vitro, 

the staining of heat-killed (autoclaved) Mtb H37Ra, and the staining of 

Corynebacterium striatum (Csi) (Figure 2.1), all of which eliminated this probe 

as candidate. Instead, DMN-tre remained the preferred option for the 

identification of putative Mtb in paucibacillary clinical samples owing to its 

requirement for minimal wash steps, its selectivity for viable bacilli, its 

limited specificity, and its propensity for low background fluorescence in 

clinical samples (Figure 2.1). 

TO WA R DS  A N IDE NT IK IT  OF  DMN-T R E HA LOS E- P OS IT IVE  MTB  B A CILL I  

Owing to the limited specificity of DMN-tre for Mtb and the possibility of 

detecting all actinobacteria possessing homologs of the mycobacterial Ag85 

complex, we proposed the development of a framework (or “identikit”) based 

on cell morphology to aid in the identification of putative Mtb organisms. To 

this end, both exponentially growing (log phase) and aged cultures 

(stationary phase) of Mtb H37Rv were processed and stained with DMN-tre 

to determine the morphological and cytological characteristics of different 

Mtb growth states (Figure 2.2). 

The median length of Mtb H37Rv (Figure 2.2A) did not vary between 

exponential growth and early stationary phase. However, Mtb cell length is a 

commonly reported feature of morphological heterogeneity in clinical 

samples, even between regions of the lungs156, which can be exacerbated by 

DNA damage-induced filamentation163,164. For this reason, we placed less 

emphasis on cell length as an identifier of Mtb, instead expecting bacilli to 

range between 0.5–9 μm in length156. Despite largely overlapping 

distributions, bacilli entering early stationary phase were very slightly 

thinner than exponentially growing organisms (Figure 2.2B). This 

observation was consistent with previous reports that the cell width of Mtb 

ranges from 0.4–0.8 μm, even during exposure to several antibiotics165. Cell 

width in Mtb therefore appeared to be subject to significantly less variation 

than length, so was prioritized as identifying feature. 
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Figure 2.2: The differentiation of growth states in Mtb using DMN-tre and 

cell morphology. Comparisons between log (green) and stationary (blue) 

phase Mtb according to (A) cell length, (B) width, and (C) polarity index. (D) 

Average DMN-tre profile for log and stationary phase bacilli, with single-cell 

examples in both (E) log and (F) stationary phase. Polarity index for each cell 

was calculated as the median fluorescence intensity at region (1) divided by 

the median fluorescence intensity at region (2) in panel (D). Wilcoxon signed-

rank test performed, p < 0.001 = ***, NS = not significant. 

 

Corynebacteria are among those actinobacteria that possess homologs of the 

mycobacterial Ag85 complex and, therefore, the capacity to incorporate 

DMN-tre. Moreover, they are a common constituent of the oral microbiome 

and have previously been identified in TB sputum samples166. To expand our 

database of potential DMN-tre-positive organisms, we included the 

opportunistic pathogen, Csi167, in the in vitro analyses (Figure S2.2A). 

Although Csi and Mtb were similar in length (Figure S2.2C), they could be 

easily differentiated based on cell width and DMN-tre staining profiles 

(Figure S2.2D-F). This reinforced the utility of width and DMN-tre positivity 

as primary markers for the identification of “putative Mtb” in bioaerosol 

samples. 

D I F F ER E NT IAT ING  BE T WEE N M Y CO BA CT ER IA L  G RO WT H P HA S E S  B Y  DMN- T RE  

CY T O LO G ICA L  PR O F IL ING  

The metabolic state of aerosolized Mtb remains unknown. Hodges and 

colleagues demonstrated the ability of QTF to differentiate between the old 

and new poles at cell division161. Therefore, we reasoned that probes 
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targeting mycolic acids might provide information regarding metabolic state 

in mycobacteria. To test this, we investigated the utility of cytological 

profiling via DMN-trehalose staining to differentiate bacilli broadly as either 

slow or fast growers based on their growth phase.  

Differences in DMN-tre uptake and distribution along the cell length were 

observed between log and stationary phase bacilli (Figure 2.2C–F). Polarity 

index, a previously used summary metric for cytological profile 

information168, is calculated as the relative brightness of the old pole 

compared to the mid cell. A polarity index much greater than one is indicative 

of rapidly elongating cells, as trehalose incorporation is greatest at the cell 

poles. In contrast, a polarity index closer to one suggests that cells are not 

rapidly extending at the poles.  

In our experiments, the polarity index was greater in log phase (1.21, IQR = 

0.242) compared to stationary phase cells (0.948, IQR = 0.112) (Figure 2.2C). 

Thus, cells identified as putative Mtb based on cell width and DMN-trehalose 

positivity could be characterised broadly into at least two growth categories 

based on DMN-tre incorporation. 

F I LT R A T IO N O F  DILUTE  CULT UR E  F A CIL IT AT E S  T HE  DE TECT IO N O F  

M Y CO B A CTE R IA  

The sampling of TB patient bioaerosols required capture and concentration 

of all particulate matter in 5–7 mL liquid in a Bertin® cyclone collector, 

thereby resulting in the extreme dilution of an already paucibacillary 

sample2,100,119,121. We therefore required a sample preparation pipeline 

involving minimal processing steps and ready amenability to fluorescence 

microscopy.  

For our first approach, we attempted to concentrate dilute cultures of 

Mycobacterium smegmatis (Msm) and Mtb by filtration onto polycarbonate 

(PCTE) filters. The filters were placed bacteria-side up on 7H10 media 

supplemented with 100 µM DMN-tre and incubated at 37°C for three hours 

(Msm) or overnight (Mtb). After incubation, the filters were placed between a 

coverslip and glass slide and visualized. Msm bacilli could be detected at 

numbers as low as 40 CFU/mL (Figure 2.3A), with similar results obtained for 

Mtb (Figure 2.3B). Although this method showed promise for the detection of 

mycobacteria in paucibacillary samples, it was limited in its utility in a clinical 

setting owing to a low sample throughput, the challenges of working with 

PCTE filters in biosafety cabinets, difficulty finding bacilli due to a low signal-

to-noise ratio, and the requirement for incubation of samples on solid media 

for dye incorporation.  
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Figure 2.3: The combination of sample filtration and DMN -tre staining to 

facilitate the detection of mycobacteria in paucibacillary samples.  (A) 

Msm was grown to mid-log phase, after which, serial tenfold dilutions were 

performed. Diluted samples were filtered through PCTE membranes and 

incubated on 7H10 agar containing 100 µM DMN-tre for three hours (B) Dilute 

mid-log phase Mtb culture was passed through a PCTE filter. This filter was 

incubated overnight (bacteria-side up) on 7H10 agar containing 100 µM DMN. 

 

A  CUS T O M - B UILT  NA NO WE LL  DE VICE  F O R  M ICRO S CO P IC  A NA LY S IS  

To enhance our capacity for the isolation and microscopic detection of single 

Mtb cells captured from TB patient bioaerosols, we shifted to nanowell-

arrayed microscopy devices. Several iterations of these devices were 

designed and tested, with the best performance in image quality and bacterial 

detection obtained from devices fabricated from cyclic olefin copolymer 

(COC) film with 50  50 µm nanowells arrayed ~140 µm apart centre-to-

centre (Figure 2.4). The superstructure of each device consisted of two rows 

of eight microwells (16 total), each arrayed with approximately 1600 

nanowells with a total volume capacity of 20 µL. This allowed an entire 

bioaerosol sample to be concentrated and loaded into a single microwell.  

This improved upon the use of filters as it simplified sample processing and 

allowed for the maintenance of cells in liquid media. Moreover, the physical 

separation of the sample across thousands of individual nanowells was 

considered beneficial in several ways: firstly, the dispersion of any 

contaminating fluorescent particulate matter across the nanowells enhanced 

our ability to detect Mtb, while also limiting overgrowth of faster growing 
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organisms during overnight labelling; secondly, the ability to assign a physical 

address based on the x-y coordinates of the specific nanowell facilitated the 

re-identification of the same organism in serial imaging experiments 

(outlined below). 

 

 

Figure 2.4: The design and fabrication of nanowell -arrayed microscope 

slides for the compartmentalization and visualization of TB patient 

bioaerosols. Schematics depicting (A) the overall slide layout and (B) 

nanowell design. (C) 3D scan of a 207.840  277.029 μm section of the slide. 

Each device (25 mm  75 mm) consists of two rows of round microwells 

machined from cast acrylic. The microwells are 6 mm in diameter and 2 mm 

deep. The nanowell film, which is bonded to the superstructure with UV-curing 

adhesive, is made from embossed COC film. The nanowells  have side-wall 

angles of 35˚ and are 50 μm deep. The distance through the bottom of each 

well to the back of the film is~170 μm, equivalent to a number 1.5 coverslip.  

 

M ICR O S COP IC  IDE NT IF ICA T IO N A ND CHA R A CTE R I Z AT ION O F  DMN- T RE  

P O S IT IVE  MT B  IN  TB  B IO A ER OS O LS  

Having established the utility and limitations of using DMN-tre in 

combination with the nanowell devices for the detection of Mtb in 

paucibacillary samples (Figure 2.1, 2.2 & S2.4), we sought to develop a sample 

processing pipeline that could be applied in a pilot study for the capture and 

detection of live Mtb bacilli from TB patient bioaerosols (Figure 2.5). For the 
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pilot study, 31 individuals with GeneXpert-positive, drug-susceptible TB were 

recruited from TB clinics in Masiphumelele and Ocean View, peri-urban 

communities in Cape Town, South Africa. Aged bioaerosols produced by 

participants over a 30–60-minute sampling window were then captured 

using the RASC. Prior to participant sampling, the same bioaerosol sampling 

algorithm was run on an empty booth as a baseline comparison.  

 

 

Figure 2.5: The workflow from participant recruitment  to image analysis. 

(i) Recruitment of GeneXpert-positive TB patients. (ii) One hour of bioaerosol 

production during tidal breathing and non-induced cough within the RASC, 

followed by liquid capture of patient bioaerosols using a Bertin Coriolis μ 

Biological Air Sampler. (iii) Bioaerosol concentration and staining with 100 

μM DMN-tre during overnight (~16 hours) incubation at 37C. (iv) Sample 

arraying within the nanowell device. (v) Manual sample scanning and 

bacillary detection according to the “identikit” established for Mtb. (vi) 

Nanowell imaging. Bacilli not matching inclusion criteria were excluded from 

subsequent analyses. Scale bar, 5 μm.  

 

Liquid-captured bioaerosols were concentrated to 200 μL in complete 7H9 

liquid media supplemented with 100 μM of DMN-tre and incubated overnight 

at 37°C. Stained samples were centrifuged and resuspended in 20 μL PBS to 

minimize background fluorescence when imaging, after which the entire 

sample was loaded into a single microwell well of the nanowell device, 

followed by a final centrifugation step before imaging. Differing forms of 

particulate matter were observed in the bioaerosol samples, with large 
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crystalline debris being the most prevalent (Figure S2.5A). Putative Mtb were 

identified based on cell width and DMN-tre positivity in 90% (28/31) of the 

TB patient bioaerosols. The median count in the captured air from TB-

positive patients was 14 (range 0-36), versus 1.5 (range 0-10) in the air 

analyzed from the empty booths, suggesting low-level carry 

over/contamination of the booth between individuals (Figure 2.6A). When 

comparing the basic morphological characteristics of aerosolized Mtb to 

those organisms observed during log-phase growth in vitro, it was apparent 

that the aerosol-derived bacilli were significantly shorter than log-phase 

bacilli (Figure 2.6B), with an average length closely resembling cells 

described previously from cavity caseum156. In contrast, bacillary width was, 

on average, equivalent between cells from bioaerosols or log-phase culture, 

however a greater degree of width variation was observed in clinical samples 

(Figure 2.6C). 

Further investigation into the profiles of DMN-tre incorporation led to the 

observation of three distinct labelling patterns (Figure 2.6D-F, S2.4B), namely 

polar labelling (sample TRDS182, top row), diffuse labelling (sample 

TRDS174, middle row), and a patchy labelling pattern (sample 180801JM9, 

bottom row). Both polar and diffuse labelling have been previously observed 

in log and stationary phase bacilli, respectively (Figure 2.2D). Interestingly, 

the patchy labelling pattern wasn’t common in our in vitro experiments. Like 

the in vitro cultured organisms, no significant differences in cell length were 

observed for the different labelling patterns in the bioaerosol samples (Figure 

2.6G). However, more prominent differences were seen in labelling patterns 

of DMN-tre (Figure 2.6H), highlighting the potential utility of trehalose probes 

in indicating underlying metabolic states of aerosolized bacilli. Additional 

surprising results were the observation of clumps and small clusters of 

organisms; however, these were not common and were observed in only a 

fraction (2/31) of patients (Figure 2.6I). 

Numerous organisms were detected with features closely matching those 

observed with laboratory grown Csi (Figure S2.5A), suggesting they were 

likely to be corynebacteria. We also observed multiple DMN-tre-positive 

organisms of possible bacterial and/or fungal origin – despite the expectation 

that the ability to metabolise the fluorescent trehalose analogue should be 

limited to the actinomycetales order (Figure S2.5B). Utilising the morphologic 

exclusion criteria developed above, all of these were eliminated from 

“putative Mtb” classification despite showing a DMN-tre-positive phenotype 

(Figure S2.5B) and were consequently not considered in downstream 

analyses. 
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Figure 2.6: The detection and characterizat ion of putative Mtb within 

bioaerosols of confirmed TB patients. (A) Plot comparing the number of 

putative Mtb detected within TB-positive participants (red, n = 31) and empty 

RASC controls (orange, n = 27). Comparing distributions of ( B) cell lengths and 

(C) cell widths in putative Mtb bacilli detected within bioaerosols of TB 

patients (red) to Mtb H37Rv cultured within the lab (green). Representative 

(D) images and (E) plots of the three distinct, exemplar cytological profiles 

from three patients in which putative Mtb were detected. (F) Average plots 

indicating the different staining patterns of all bacilli detected in these three 

patients. (G) Polarity indices and (H) cell lengths of bacilli detected within 

these patients. (I) Representative images of clumps of putative Mtb detected 

within bioaerosol samples (TRDS182). Scale bar , 5 μm. Wilcoxon Rank-Sum 

test performed, p < 0.01 = **, < 0·001 = ***, p < 0,0001 = ****, NS = not 

significant. 

 

SE R IA L  IM A G ING  OF  CA P T UR E D ,  DMN-T RE - PO S IT IVE  MT B  B A CILL I  IN  T HE  

A R R AY E D NA NO WE LLS  

A key motivation informing the development of the RASC platform was the 

need to capture live, aerosol-derived Mtb for analysis and propagation as part  
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Figure 2.7: Serial imaging of putative Mtb bacilli captured directly 

from patient bioaerosol for up to two weeks.  Single bacilli identified 

from four separate patients were serially imaged daily for the first seven 

days (except weekends) and weekly thereafter. Up to three bacilli were 

tracked per patient (bacilli number – represented by shape and dashed 

lines) in four patients (represented by colour) and identified as either 

“Putative Mtb” or “Other”. (A–C) Representative bacilli from two 

separate patients imaged on days zero, one, two, five, six, seven, and 14. 

(A) and (B) represent putative Mtb, whereas (C) represents other 

organisms with a low probability of being Mtb based on the applied 

inclusion criteria. Summary of bacterial changes in (D) length and (E) 

mean fluorescence intensity minus the average background intensity. 

Scale bar, 5 μm. 

 

of a larger research program in TB transmission and Mtb aerobiology. This 

required the capacity not only to isolate and detect individual bacilli, but also 

to maintain the viability of organisms in a format amenable to extended 

analysis and cultivation. To investigate the suitability of the nanowell array 

for this purpose, we prepared a small subset of bioaerosol samples for 

extended incubation in vitro. The samples were processed according to the 
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standard DMN-tre staining protocol but, after the final wash step, were 

resuspended in fresh Middlebrook 7H9 culture medium before arraying on 

the nanowell slide and incubating at 37°C without shaking. Following initial 

identification of putative DMN-tre-positive Mtb bacilli (Day 0), images were 

captured every 24 hours for the first week (excluding weekends) and again 

on day 14 post isolation. This was done using the x-y coordinates of the 

specific nanowell to enable re-location of the same organisms for serial 

imaging (Figure 2.7). Alterations in metabolic or replicative state were 

expected to manifest in changes to bacillary morphology and/or DMN-tre 

profile. 

Over the two-week incubation period, no changes in length were observed for 

any of the cells, whether classified as “Putative Mtb” or “Other”. Similarly, the 

fluorescence intensities over background for individual cells displayed only 

minor increases for some of the “Other” organisms. It was possible that the 

incubation time was too short to allow for adaptation of the bioaerosol-

derived bacilli to the culture medium and/or solid substrate. Therefore, 

subsequent work included exploring different culture media and extending 

the analysis from weeks to months, as well as investigating the possibility that 

the COC nanowell substrate might be growth inhibitory. We were 

nevertheless encouraged by the ability to obtain serial images of the same 

organisms, supporting the utility of the nanowell array in enabling re-imaging 

of DMN-tre-positive bacilli identified immediately post capture and assigned 

a unique “address” to allow for re-location. 

 

D ISCUSSION  

Since the 1990s, the direct detection of Mtb in TB patient bioaerosols has been 

carried out using PCR or culture112,114,119, each with its own advantages; 

however, the discordant sensitivities of these methods and their limited 

ability to probe bacterial metabolic state support the need for an alternative 

approach. 

Microscopy was fundamental in the founding and development of 

microbiology as a discipline136 with current applications proving vital in 

understanding mycobacterial cell biology54,164,165,169. Moreover, microscopy 

remains a commonly used tool in both TB diagnostic and clinical research 

laboratories, elucidating key aspects of bacterial morphological and 

metabolic states within the lungs150,156, while also having a historic precedent 

in transmission studies70,149. Given the gaps that exist in understanding the 

aerobiology of Mtb and the benefits of microscopy in microbiology, we sought 

to establish a pipeline for the microscopic detection of Mtb in bioaerosol 

samples captured in liquid. 
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Fluorescence microscopy of bioaerosol samples enabled the detection of 

putative live Mtb in 90% of GeneXpert-confirmed TB patients at a median of 

14 bacilli per sample (maximum = 36). The high sensitivity of this technique 

is in line with that of a recent face-mask sampling study, which detected Mtb 

in 86% of participants170. Together, these methods exhibit a marked 

improvement in the sensitivity of Mtb detection over culture-based 

techniques, with two recent studies finding Mtb in 45%171 and 31%172 of 

participants. Interestingly, the agreement between these methodologies is 

reversed when examining the number of bacilli detected during sampling. In 

this study, aged bioaerosols produced through normal breathing and 

spontaneous coughing during the 60-minute sampling window were 

collected, thus representing a natural rate of Mtb aerosolization. 

Consequently, simple extrapolation of the 14 bacilli median would suggest the 

release of around 336 viable bacilli per day. Cough-sampling consistently 

identifies fewer than 100 CFU in 5–10 minutes of sampling, however this 

technique necessitates that each participant coughs as frequently and 

forcefully as possible during the sampling window171,172. This is difficult to 

standardise or relate to natural rates of Mtb aerosolization; however, if the 

same extrapolation is applied to the median count of 14 CFU per sample, 

cough sampling estimates a rate of aerosolization of ~2000 CFU per day171. 

Face-mask sampling can be performed for extended durations and multiple 

times a day, agnostically of respiratory manoeuvre, lending it to the non-

invasive collection of naturally aerosolized Mtb. For Mtb quantification 

Williams and colleagues used PCR for the detection of the multicopy Mtb gene, 

IS6110, detecting 104–109 IS6110 copies per day (median = 340,000). Based 

on their estimated median number of IS6110 copies per genome (median = 4, 

range = 1–36), face-mask sampling suggests that 85,000 Mtb bacilli are 

aerosolized per day. This is significantly higher than estimates based on 

either culture or microscopy170. However, direct comparison of these 

methods is difficult owing to the differing techniques utilized for bioaerosol 

collection and Mtb detection and enumeration. Regardless, we were 

encouraged to see commonalities between these techniques. 

The benefit of utilising microscopy for the purpose of detecting Mtb in 

bioaerosols extends beyond attempting to optimize the sensitivity of 

detection. Notably, there is strong evidence that DMN-tre incorporation is 

indicative of viability, which cannot currently be assessed via PCR and takes 

six to eight weeks to assess via culture. Moreover, the observation of clumps 

of putative Mtb in bioaerosol samples resonates with in vitro evidence 

demonstrating the enhanced capacity of Mtb aggregates to subvert 

macrophage antimicrobial defences173. Although, in principle, only a single 
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bacillus is required to initiate a new infection24, the precise events – and 

numbers – which allow colonization of a new host following exposure to Mtb-

infected bioaerosols, remain unknown.  

The aerobiology of Mtb remains an elusive part of its lifecycle. We determined 

that DMN-tre staining could be used to broadly distinguish bacilli based on 

metabolic states. Interestingly, three distinct cytological profiles were 

observed in bioaerosol-derived bacilli, two of which bore a close resemblance 

to those observed in log- and stationary-phase. Although this observation 

suggests metabolic heterogeneity in aerosolized bacilli, the implications of 

these observations remain uncertain and many questions remain, such as if 

these organisms are actively replicating, or if aerosolized bacilli contain 

defining alterations in cell envelope174 or other macromolecular compositions 

and/or inclusions150. Fully addressing these questions will require continued 

research with the incorporation of more than one spectrally compatible 

fluorescent probe175.  

The potential exists to extend this work beyond investigating metabolic state, 

focusing on drug resistance, for example. Previous work has shown 

differences in probe incorporation profiles in response to antibiotic 

treatment168. At a quantitative level, imaging organisms from diagnosed TB 

patients before and after treatment initiation, as well as serially over the 

course of standard chemotherapy, might therefore offer a more rapid 

indication of drug efficacy, in effect affording the sensitivity of broncho-

alveolar lavage without the invasiveness of that procedure. 

Considerable effort was made to minimize the acquisition of “contaminating” 

debris during RASC sampling – for example, by working in a clean-room and 

requiring that all patients wore disposable biohazard suits to reduce release 

of non-respiratory particles. This is because the cleanliness of samples is 

critical for microscopic visualization: auto- and/or nonspecific-fluorescence 

represent major confounders in environmental samples, while debris can 

obscure Mtb bacilli under microscopic investigation. Our “empty booth” 

controls – in which sampling was performed in the empty RASC in the absence 

of an incumbent individual and was therefore expected to be Mtb free – 

returned 54% (14/26) positivity; however, the difference in median count 

compared to the TB-positive patients suggested that these organisms were 

carried over from the cyclone collection system or RASC. Moreover, 

improvements to the collection system subsequent to this study ensured 

higher efficiency bioaerosol capture and complete sterilization, eliminating 

carryover as confounder176,177. 
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Sample concentration, too, impacted on the ease with which Mtb could be 

detected within samples. Although the filtration of samples was sensitive and 

has since been applied in the detection of bloodstream Mtb infection178, the 

challenges of working with filters under biosafety level (BSL) 3 containment 

conditions and the slow nature of sample scanning led us to develop the 

nanowell-arrayed microscope slides. The nanowell device was designed to 

maximize Mtb detection by increasing the likelihood of separating debris and 

bacilli through sample dispersal across thousands of nanowell chambers. It is 

possible that the composition and origin of the particulate matter will prove 

invaluable in future in determining the anatomical origin of aerosolized 

bacilli. In this work, though, raising the signal from putative Mtb above 

background noise was our priority.  

The nanowell array provided a unique address to each DMN-tre-positive 

bacterium, allowing these organisms to be serially imaged for the purposes of 

monitoring their growth and fluorescence profile. Although we did not detect 

any clear alterations in morphology or DMN-tre incorporation profile, the 

incubation period was limited to two weeks, which might be too short to allow 

for metabolic and/or replicative adaptation in the captured organisms; 

subsequent work has extended the duration of incubation (to ~50 days) and 

has shifted to the use of other compartmentalised capture devices (i.e., multi-

well glass microtitre plates) as alternatives to the COC-embossed nanowell 

format. At the very least, these initial results supported the ability to capture 

and maintain single Mtb cells in an arrayed format for serial imaging, and 

hinted at the potential to exploit the physical separation of cells into nanowell 

compartments for clonal propagation of bacilli downstream for genomic and 

other analyses which require biomass179. 

The amplification of fluorescence consequent on incorporation into the 

mycomembrane facilitated the DMN-tre-based detection of Mtb within 

untreated and decontaminated sputum151. Unlike sputum, which routinely 

harbours >10,000 bacilli180, bioaerosols typically contain tens of Mtb 

organisms. To minimize loss, we deliberately omitted a decontamination step, 

risking the potential for a proportionally larger numbers of non-Mtb DMN-

tre-positive organisms to be present in the bioaerosol samples than in 

decontaminated sputum. This complicates the use of this probe on its own to 

classify aerosol samples as “Mtb positive”, leading us to develop an “identikit” 

based on cell morphology to aid in the identification of Mtb. We reasoned that, 

although morphological plasticity is a common survival strategy in 

bacteria181, large-scale phenotypic screens of mycobacteria under diverse 

conditions tend to report a greater degree of variation in cell length rather 

than width164,165. This is exemplified in the typical lack of reporting of cell 
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width in studies investigating mycobacterial morphology182, even in clinical 

samples156,178. Although we saw no significant difference in average cell length 

between log and stationary phase Mtb, Eum et al. (2009) reported significant 

differences in the length of bacilli from sputum, bronchoalveolar lavage 

samples, and cavities. For that reason, we identified cell width as the 

morphological characteristic of Mtb that was likely subject to the least 

variation under several conditions165; therefore, we considered it reasonable 

and conservative to only consider a bacillus ‘putative Mtb’ if it was both DMN-

tre positive and between 0.4–0.8 μm in width. 

An alternative approach to improving the specify of our method would be the 

application of another fluorescent probe. When this work was initiated, there 

was a lack of ancillary mycobacterium-specific probes that could be applied 

to increase the specificity of the microscopic detection while retaining sample 

viability (thus excluding standard approaches including auramine and acid-

fast staining which involve inactivation steps). However, as this work 

progressed, additional fluorescent probes became available which we were 

able to test, including QTF161 and CDG-DNB3162. In our brief experience with 

QTF, it performed similarly to DMN-tre on lab samples and was considerably 

brighter; however, owing to its reliance on Ag85 and limitations to its 

availability, we did not pursue it further in clinical samples. CDG-DNB3 

represented an enticing alternative as it did not require Ag85 for 

incorporation, rather utilising a dual mechanism guiding its specificity. 

Disappointingly, this probe produced significant background fluorescence in 

axenic culture and stained both heat-killed (autoclaved) Mtb H37Ra and Csi, 

suggesting that the initial report had overstated its specificity. As such, DMN-

tre represented the best option as it had been shown to readily detect Mtb in 

sputum samples and was capable of distinguishing between growth phases 

on cultured organisms. 

L IM IT AT IO NS  

As for any study describing the development of technologies to investigate a 

previously occult stage of the infectious disease cycle, the approach detailed 

here inevitably carries inherent limitations which must be considered when 

interpreting the data. Orthogonal data confirming the identity of the “putative 

Mtb” identified microscopically have not yet been presented. The 

presumptive evidence, however, was strong: the bioaerosol samples were 

obtained from GeneXpert-positive TB patients immediately after diagnosis 

and before treatment initiation, and our previous work had demonstrated the 

isolation in the RASC platform of PCR-confirmed Mtb colony forming units in 

bioaerosol samples99,100. Moreover, ongoing work in which two samples 

collected from the same individual are analyzed via DMN-tre probing and 
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either auramine staining or RD9 PCR detection have confirmed 100% 

positivity correlation, with significant advances including the ability to 

extract whole genome sequence (WGS) data from bioaerosol samples 

following 50 days laboratory culture.  

The bacillary counts and morphological phenotypes presented here are not 

augmented with clinical metadata (chest radiography scores, HIV status, etc.). 

The intention of this study was to establish the technological platform for 

bioaerosol sample capture and analysis that could be applied in more 

rigorously defined clinical cohorts aimed at examining the effect of treatment 

on bioaerosol bacillary load, the production of Mtb by individuals clinically 

diagnosed as TB-negative, and the relative contribution of various respiratory 

manoeuvres to the aerosolization of Mtb177. 

The criteria used to classify DMN-tre-positive organisms as “putative Mtb” are 

potentially restrictive, especially given that prevailing assumptions about the 

size and shape of clinical Mtb isolates are heavily influenced by the commonly 

applied staining methods (almost never supported by confirmatory 

molecular or microbiological data) as well as knowledge of Mtb morphology 

from growth in vitro in defined culture, in some cases in intracellular infection 

models or under applied stress conditions. There is a strong likelihood that 

we are failing to detect Mtb which do not conform to these criteria; moreover, 

our use of fluorescence positivity necessarily excludes organism which might 

be transiently inactive or quiescent129. We are exploring the incorporation of 

automated image detection software to facilitate machine-driven detection of 

“interesting” structures following capture of microscopy images for all 

particulate matter (organic and inorganic) arrayed on the nanowell slides. 

This development is proposed to address a further limitation of our approach, 

namely that our method relies on detecting then imaging cells (including 

microscope focusing) based on DMN-tre fluorescence. The noise in some 

samples means finding an optimal focus can be a challenge, which may 

artifactually increase or decrease the width (and to some degree the length) 

of the bacilli we measure. 

C O NCLUS IO N  

This chapter outlines the development of a novel, microscopy-based method 

for the rapid detection of Mtb in TB patient bioaerosols. However, this work 

was conducted exclusively on GeneXpert-positive TB patients and without 

any requirement for specific respiratory manoeuvre, such as induced cough. 

Our priority in subsequent work has therefore been to expand our sampling 

strategies – both the participants we recruit and the number and type of 
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respiratory manoeuvres they perform – to better understand how Mtb is 

aerosolized, and by whom. 

 

MATERIALS AND METHODS  

BA CT E R IA L  CULT UR E  A ND S TA INING  CO NDIT IO NS  

Mtb H37Rv (MA)183, Mtb H37Ra, and Msm mc2155 were grown at 37°C in 

Middlebrook 7H9 (Difco) liquid broth supplemented with 0.2% (v/v) 

glycerol, 10% (v/v) Middlebrook OADC enrichment and 0.05% (w/v) 

Tween80 (Sigma-Aldrich). Csi was cultured in LB broth (Sigma-Aldrich) at 

37°C.  

For staining of exponentially replicating and stationary-phase bacilli, Mtb 

H37Rv (MA) cultures were grown to an OD600 ~0.5 and ~1.2, respectively, 

before staining with 100 µM DMN-tre for two hours. Thereafter, cells were 

harvested by centrifugation at 13,000  g (Allegra X-15R, Beckman Coulter) 

for five minutes before resuspending in PBS prior to visualization. 

Whole cell staining with CDG-DNB3162, and QTF161 were performed as 

described previously. Briefly, Mtb H37Ra and Csi grown to early log-phase 

were incubated at 37°C in complete 7H9 (Difco) liquid broth supplemented 

with 5 μM, 10 μM, or 20 μM CDG-DNB3 for one hour. The same staining 

procedure was repeated on an autoclaved culture of Mtb H37Ra. Samples 

were left unwashed or washed up to four times in fresh PBS before imaging. 

For QTF, Msm mc2155 cells grown to early log-phase were incubated at 37°C 

in complete 7H9 (Difco) liquid broth supplemented with 1 μM or 5 μM QTF 

for five, 10, or 60 minutes. Samples were left unwashed or washed in fresh 

PBS before imaging. 

FLUO R E S CE NCE  M ICR O S COP Y  

Imaging was done on a Zeiss Axio Observer 7 equipped with a 100 plan-

apochromatic phase 3 oil immersion objective with a numerical aperture of 

1.4. Epifluorescent illumination was provided by a 475 nm LED and non-

specific fluorescence was removed with a Zeiss 38 HE filter set. Images were 

acquired using the Zeiss Zen software, and quantitative data extracted using 

MicrobeJ184. For serial imaging of bioaerosol samples, re-identification of 

putative bacilli detected at day zero was done by determining the x-y 

coordinates of the specific nanowell relative to the top-most, centre nanowell 

in the macro well. 

 



Method development 

 
 

                    41  

2 

ST A INING  O N P O LY CA R BO NA T E  M E MB R A NE  F ILT ER S  

Log-phase Msm mc2155 cells were filtered through a 13 mm white 

polycarbonate (PCTE) filter (Sterlitech Corporation). The filter was then 

incubated, bacilli-side facing upwards, for three hours on a 1.5% low-melt 

agarose (Sigma-Aldrich) pad containing 7H9 (Difco) media and 100 μM DMN-

trehalose. Log-phase Mtb H37Rv (MA) bacilli were similarly filtered and 

stained for 24 hours to maximize staining efficiency and fluorescence 

intensity. PCTE filters were placed between a coverslip and microscope slide 

that was sealed using clear nail varnish. Fluorescence microscopy was 

performed as outlined above. 

ST A INING  O F  B IO AE R OS O L S A MP LE S  F O R  NA NO WE LL  S L IDE S  

The 5–10 mL bioaerosol samples were concentrated by centrifugation at 

3000  g for 10 min (Allegra X-15R, Beckman Coulter). The pellet was 

resuspended in 200 µL fresh Middlebrook 7H9 medium and stained overnight 

(12–16 hours), following which, the stained sample was concentrated at 

13000  g (Allegra X-15R, Beckman Coulter) for five minutes and 

resuspended in 20 µL sterile filtered PBS. 

NA NO WE LL  A R R A Y ING  

Stained bioaerosol samples were arrayed in a custom-designed nanowell 

device (Edge Embossing) (Figure 2.4). Prior to inoculation, the device was 

plasma coated (Novascan) to counteract hydrophobicity. Following DMN-tre 

staining, the concentrated aerosol sample was added to a single microwell. 

Samples (20 µL) were loaded, and plates sealed using an adhesive film 

(ThermoFischer Scientific) before centrifuging at 3000  g (Allegra X-15R, 

Beckman Coulter) for 10 minutes to disperse the sample for imaging. 

E T HICS  A ND P A T IE NT  RE CR UIT ME NT  

Ethics approval was obtained from the Human Research Ethics Committee, 

University of Cape Town (HREC 529/2019). Patients were recruited from 

primary healthcare facilities in Masiphumelele and Ocean View, peri-urban 

townships located outside Cape Town, South Africa. Informed consent was 

obtained from all participants and criteria for inclusion were (i) 18 years or 

older, (ii) GeneXpert-positive TB, and (iii) no evidence of drug resistant TB. 

All participants were recruited prior to initiation of standard anti-TB 

chemotherapy; following routine diagnosis, participants were transferred for 

RASC sampling, ethical approval having sanctioned a two-hour delay to 

initiation of standard TB chemotherapy to enable bioaerosol collection. 
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L IQUID CO LLE CT IO N O F  A G E D B IOA E RO S O LS  WIT HIN T HE  RASC 

The liquid collection of aged bioaerosols was conducted utilising the RASC 

(Figure S2.6) according to a slightly modified version of a previously 

described protocol99,100. Prior to participant sampling, the RASC was purged 

for 10 minutes with ambient air entering the system via a high-efficiency 

particulate arrestance (HEPA) filter. After purging, air from an empty booth 

was liquid-captured in a Coriolis µ Biological Air Sampler (Bertin 

Technologies SAS, France). This was followed by patient-driven 

contamination of the booth until the CO2 concentration of the booth was 4,000 

ppm above the ambient level, or after 30 minutes. Bioaerosols produced 

during 30 minutes of patient respiratory activity (primarily consisting of tidal 

breathing, with occasional spontaneous coughing and sneezing events) were 

then liquid-captured in 5–10 mL of sterile PBS. 

SE R IA L  IM A G ING  OF  P UT AT IVE  MTB  IN  B IO A ER O SO LS  

For serial imaging experiments, bioaerosol samples were processed as above, 

however, after imaging these samples were placed back into an incubator and 

kept at 37°C without shaking. Images were captured every 24 hours for the 

first week (excluding weekends) and again on day 14 post isolation. 

ST A T IST ICA L  A NA LY S IS  

Data were exported from MicrobeJ and analyses performed using R, version 

3.5.1185. Data normality was assessed visually and, where applicable, a 

Wilcoxon Rank-Sum test was performed. 
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INTRODUCTION  

WHO  A E R O S O LIZE S  MT B? 

Chronic cough is pathognomonic of TB and is commonly considered to be the 

dominant source of Mtb aerosols70,75,76, placing it at the centre of TB 

transmission research for over a century70. This assumption is reasonable, 

given that coughing aids in the clearance of Mtb-containing sputum from the 

lungs in violent respiratory events, generating both droplets and 

aerosols80,96,186,187. There are multiple lines of evidence, however, which 

suggest that the focus on cough risks ignoring other important contributing 

mechanisms, undermining the implementation of new approaches to reduce 

TB transmission, especially in TB endemic settings. 

A recent national TB prevalence survey in South Africa reported that nearly 

60% of individuals with bacteriologically confirmed pulmonary TB were 

asymptomatic26. Given the relative rarity of progression to active disease25,26 

and the overwhelming force of infection in TB endemic settings15, it is 

conceivable that Mtb transmission from symptomatic individuals, and 

therefore cough, is efficient. However, cough-based transmission studies 

identify aerosolized Mtb in a minority of participants (<30%) and in 

extremely small quantities121,127,172. Moreover, the lack of association between 

Mtb aerosolization and cough frequency170, and the observation of Mtb 

transmission from sputum smear-negative individuals188,189 are indicative of 

cough-independent aerosolization of Mtb separately from sputum. This has 

led to a growing appreciation for the role of subclinical TB in Mtb 

transmission33,92 and may explain the challenges faced when trying to identify 

Mtb transmitters33,108. 

WHE N A R E  MTB  B A CILL I  A E RO S O LIZE D? 

Humans constantly produce respiratory droplets and aerosols from the 

length of the respiratory tract97, even during normal (tidal) breathing95,96. 

Bioaerosols are generated in the peripheral lung, the site of Mtb infection and 

disease190, as the alveoli and terminal bronchioles reopen during inspiration 

and released during expiration: this mechanism is known as fluid film rupture 

(Figure 3.1)95. The rate of inspiration and depth of expiration determine the 

extent to which bioaerosols are generated and released, respectively95. 

Importantly, the alveoli and terminal bronchioles do not experience 

turbulence during exhalation104, suggesting that violent respiratory events 

(such as cough) have little impact on bioaerosol generation from the 

peripheral lung. This has led some to speculate that cough may not be the only 

source of aerosolized Mtb191,192. 
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Figure 3.1: The generation of aerosols in the peripheral lung by fluid film 

rupture. (A) An illustration of alveolar sacs (comprised of several alveoli) and 

terminal bronchioles in the peripheral lung . (B) Schematic representation of 

the effects of inhalation and exhalation on a single alveolus. The alveolar 

epithelium (pink) is lined by a layer of surfactant  (blue). A proportion of the 

alveoli collapse during exhalation (determined by the depth of exhalation), 

which then burst open during inhalation, generating small droplets. The 

number of droplets formed depends on the rate of inhalation and the depth of 

the preceding exhalation, whereas the number of droplets released depends on 

the depth of exhalation. The fluid component of the droplets rapidly 

evaporates as they leave the high-humidity environment of the respiratory 

tract. The resulting droplet nuclei (the particulate matter released within the 

fluid droplet) become aerosolized (thereafter referred to as bioaerosols)  at a 

rate determined by their size and aerodynamic properties.   

 

Chapter two of this thesis outlined the development of a rapid, highly-

sensitive microscopic method for the detection of Mtb in bioaerosols, without 

considering the impact, if any, of the type of respiratory manoeuvre 

performed193. Subsequent work reporting additional applications of this 

method demonstrated the aerosolization of equivalent numbers of Mtb bacilli 

during induced cough and via a bronchiole-burst (deep breathing) 

manoeuvre (BBM)194. There, the BBM consisted of two deep breaths, ensuring 

full exhalation. The cumulative results of those two studies, as well as the lack 

of correlation between Mtb detection and cough frequency during face-mask 

sampling170, prompted the hypothesis that tidal breathing (TiBr) might be 

capable of aerosolizing Mtb. Therefore, the aim of the work presented in this 

chapter was to investigate the capacity for Mtb and total particle 

aerosolization from three distinct respiratory manoeuvres: forced vital 

capacity (FVC), TiBr, and induced cough. For this work, we replaced BBM with 

FVC (a spirometry measure during which a participant forcefully exhales the 
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maximum volume of air from the lungs) as FVC is more commonly used and 

easier to standardise in clinical settings. 

 

MATERIALS AND METHODS  

PA R T ICIPA NT  RE CR UIT ME NT  

Participants over 13 years of age presenting with TB symptoms and returning 

a GeneXpert-positive sputum result were recruited from March 2020 to June 

2021 at primary healthcare facilities in Ocean View and Masiphumelele, 

periurban townships in Cape Town, South Africa. Recruitment and sampling 

occurred before the initiation of standard anti-TB chemotherapy. Ethical 

approval was obtained from the Human Research Ethics Committee of the 

University of Cape Town (HREC 529/2019). 

SA M P LE  CO LLE CT IO N  

Bioaerosols from three respiratory manoeuvres, FVC, TiBr, and cough, were 

captured in liquid cyclone collectors within the RASC (Figure S3.1) using a 

direct sampling strategy (Figure 3.2A)194. A unidirectional airflow forced 

exhaled air via a CO2 monitor and a high-flow cyclone collector at a maximum 

flow rate of 300 L/min, trapping particulate matter in the collection medium 

(sterilised phosphate-buffered saline supplemented with Polymyxin B, 

Amphotericin B, Nalidixic acid, Trimethoprim and Azilocillin (PANTA) 

[Becton Dickinson]). During TiBr sampling, each participant placed their head 

within the elliptical cone and breathed normally for five minutes for an 

average of 92 breaths. Bioaerosols were captured within the cyclone collector 

at 200 L/min, whereas 100 L/min of exhaled air was diverted to a particle 

sizer (PS). During FVC and cough sampling, each participant performed 15 

manoeuvres directly into the elliptical cone every 15 seconds. These samples 

were conducted as three sets of five, with longer rest periods between each 

set. Bioaerosols were captured within the cyclone collector at 300 L/min for 

the first five and last five manoeuvres. During the middle five manoeuvres, 

100 L/min of exhaled air was diverted via the particle sizer. New cyclone 

collectors were attached after each sampling to allow for the independent 

enumeration of Mtb for each respiratory manoeuvre.  

ST A INING  A ND VIS UA LI Z A T IO N O F  B IO A ER OS O L S A MP LES  

Bioaerosols were stained with DMN-tre (Olilux Biosciences Inc.) and 

visualised as outlined in chapter two, facilitating the detection of viable Mtb 

bacilli. Briefly, liquid-captured bioaerosols (5–10 mL) were centrifuged for 10 

minutes at 3,000  g (Allegra X-15R, Beckman Coulter) and resuspended in 

200 μL of Middlebrook 7H9 medium supplemented with 100 μM DMN-tre. 
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Staining was done overnight, after which, samples were concentrated at 

13,000  g for five minutes and resuspended in 20 μL filtered PBS. Stained 

samples were loaded on nanowell-arrayed microscope slides and viewed on 

a Zeiss Axio Observer 7 with widefield illumination from a 475 nm LED and a 

Zeiss 38 HE filter-set. A 100 plan-apochromatic phase 3 oil immersion 

objective (Numerical aperture = 1.4) was used. 

PA R T ICLE  A ND CO2  DA TA  HA NDLING  A ND VA R IA B LE  CA LCULA T IO NS  

MA N O E U V RE  AN D  PE AK  D E TE C T I O N  

CO2 and particle data collection were contiguous throughout participant 

sampling, as such, manoeuvre detection algorithms were written for each 

dataset to distinguish between FVC, TiBr and Cough samples. Although 

particle data were outputted in a single file, gaps in sampling occurred as the 

PS was only utilized periodically for the different respiratory manoeuvres 

(Figure 3.2A). Distinguishing between the respiratory manoeuvres in the 

particle dataset was based on the detection of the two large time gaps that 

occurred post FVC and TiBr sampling (Figure S3.2A). In contrast, CO2 

measurements were taken at consistent intervals throughout sampling 

(Figure 3.2A & S3.2B). To separate the CO2 measurements according to 

respiratory manoeuvre, the data were smoothed, and the lowest minima were 

detected in the first and last half of the data, which corresponded to the end 

of FVC and TiBr sampling, respectively. These positions were readily 

detectable, as the breaks between manoeuvres were longer than within 

manoeuvre samples, generating long, contiguous zero measures for CO2 

concentration, thereby lowering the smoothed average detected for these 

sections (Figure S3.2B).  

Once the CO2 and particle count data could be assigned to a particular 

manoeuvre, we sought to identify individual peaks (corresponding to 

individual FVC or cough manoeuvres) occurring during FVC and cough 

sampling. A localised smoothing algorithm was written to facilitate the peak 

detection (Figure S3.3) with a peak finding package in R195. Peaks were 

checked visually for FVC and cough samples to ensure all manoeuvres were 

assessed. In 12 participants, peaks were manually adjusted. For FVC and 

cough samples, peak identification was critical, as only particles that fell 

within these peaks were considered (Figure 3.2B). This was because 

participants removed their heads from the sampling apparatus between 

manoeuvres. For TiBr, the participants’ heads remained in the cone for the 

duration of sampling; therefore, all particles were considered for TiBr 

samples. 
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V O LU ME  C A LC U LA T I O N  F O R B I O A E RO S O L P A RT I C LE S  

The PS enumerated particles in five size categories, designated C.1 to C.5. The 

diameter ranges for these categories were 0.5–1 µm (C.1), 1–1.5 µm (C.2), 

1.5–2 µm (C.3), 2–5 µm (C.4) and >5 µm (C.5) (Figure 3.5A). Particles were 

assumed to be spherical and the mean diameter from each size category was 

estimated without curve fitting according to the following equation: 

𝑏𝑖𝑜𝑎𝑒𝑟𝑜𝑠𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑛𝐿)𝐶.𝑥 =

4
3 × 𝜋 × (

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐶.𝑥
2 )

3

× 𝑐𝑜𝑢𝑛𝑡𝐶.𝑥

106  

The diameter for particles defined as C.1 was assumed to be 0.5 µm, the lower 

bound of the size category, as counts in this category were on average 0.892 

log10-units higher than in C.2. This suggested a greater proportion of smaller 

particles and is consistent with previous observations96. The differences in 

C.2–C.4 were smaller; therefore, the mid-point of each bin was used to 

estimate the average diameter. A diameter of 5 µm was used for C.5. To 

estimate the total volume of bioaerosol released, the volume of each particle 

was summed together for each respiratory manoeuvre.  

E S T I MAT I O N  O F  P E R  MA N O EU V RE  P A RT I C LE  C O U NT S  AN D  V O LU ME S  

The flowrate via the PS was one-third that of the total bioaerosol sample and 

was constant for all manoeuvres (Figure 3.2A). Therefore, to estimate the 

total number of particles released during particle sampling, the count for each 

sample was multiplied by three. This gave the overall particle count for each 

manoeuvre (Figure 3.2B). The sample count was divided by the number of 

manoeuvres detected within the particle data to determine the average 

number of particles per manoeuvre (particles/manoeuvre). The 

particles/manoeuvre variable was then multiplied by the total number of 

peaks detected in the CO2 data for each participant to obtain the estimated 

total particles for both FVC and cough samples. For TiBr, particle enumeration 

continued for the full duration of bioaerosol sampling, as such, particle count 

was equivalent to total particles for this manoeuvre. This led to a better 

comparison of the total number of particles produced across the three 

manoeuvres. 

E S T I MAT I O N  O F  T H E  T OT A L  N U MBE R O F  MT B  BA C I LL I  

For TiBr, only two-thirds of the bioaerosol was collected versus eight-ninths 

for both FVC and cough. To estimate the total number of Mtb bacilli in each 

sample, the microscope counts were multiplied by 3/2 for TiBr and 9/8 for 

FVC and cough. 
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ST A T IST ICA L  A NA L Y SE S  

Individual participants each produced bioaerosol samples from three 

respiratory manoeuvres, violating the assumption of independence and 

necessitating an alternative analytical approach. Various linear mixed-effects 

models were applied as the addition of the random effect for slope enabled 

the average difference between manoeuvres to be determined while 

accounting for variation between participants. All linear mixed models 

outlined below contained manoeuvre (sample type) as the “fixed effect” and 

participant ID (PTID) as the “random effect”. This was done using the lme4 

package in R196. Where indicated, additional fixed effects were added. Data 

were analyzed in R studio197 with R version 4.0.3185.  

L I N E A R M I X E D  E F F E CT S  M O D E LS  

To determine manoeuvre differences in average particle count, particle 

volume, Mtb/particle and Mtb/manoeuvre, these outcome variables were 

log10-transformed and linearity, normality of residuals, and homoskedasticity 

assessed. Next, they were regressed against sample type in separate 

univariate regression models. The simplified equation for a simple linear 

regression is: 

𝑦 =  𝛽0 + 𝛽1𝑋1 

However, owing to the outcome variable being log10-transformed, the 

equation was modified to: 

log10(𝑦) =  𝛽0 +  𝛽1𝑋1 

In the raw form, the β coefficients are therefore interpretated as a unit change 

in X1 leading to a β1 change in log10(y). Alternatively, the coefficients can be 

modified to provide a more intuitive interpretation:  

𝑦 =  10𝛽0 + 10𝛽1𝑋1  

Here, a unit change in β1 relates to a fold change in y, relative to TiBr.  

GE N E RA LI S E D  L I N EA R M I X E D  M O D E LS  

For the binary outcome of sample positivity for putative Mtb, logistic 

regression was performed with sample type as the fixed effect and variation 

in slope (random effects) accounted for with PTID. The odds ratio (OR) was 

determined by exponentiating the β1 coefficient: 

𝑂𝑅 = 𝑒β1 
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N E G A T I V E  B I N O MI A L  R E G RE S S I O N  

For count data obtained through enumerating Mtb in each sample, a negative 

binomial regression was applied using the MASS package in R198. Owing to the 

complexity of incorporating random effects into this model and the poor 

correlation between individual and Mtb count across the different 

manoeuvres, random effects were not considered, and statistical 

independence was assumed. Because overall sampling duration was set to 

about five minutes, no offset was applied for this analysis. As such, this 

regression model simply interrogated whether there were different rates of 

Mtb production within the different samples, not accounting for other 

potential differences. Exponentiating the β1 coefficient gave the incident rate 

ratio (IRR): 

𝐼𝑅𝑅 = 𝑒β1 

Assessment of model appropriateness was tested with the deviance goodness 

of fit test, with a visual inspection done by plotting the mean and dispersion 

parameter calculated within the model overlayed on the data. 

CO RRE LA T I O N  A N A LY S I S  

To assess the correlation between putative Mtb count and total particles, a 

correlation analysis was conducted with a log10-transformation of both 

variables. Negative counts (zero Mtb detected) were excluded. Linearity was 

visually assessed, and a Pearson correlation was performed. 

 

RESULTS  

DE T E CT IO N A ND QUA NT IF ICA T IO N O F  P AR T ICLE S  RE LE AS E D DUR ING  

DIF F ER E NT  R E SP IR AT O RY  M A NO E UVRE S  

Direct bioaerosol sampling was performed on 38 GeneXpert-positive 

participants before initiation of standard TB chemotherapy. Each participant 

was required to perform three respiratory manoeuvres in the same sequence 

(FVC → TiBr → cough) (Figure 3.2A). During bioaerosol sampling, 

corresponding CO2 concentration and particle count data were recorded for 

32 and 33 participants, respectively. FVC and cough samples were excluded if 

fewer than two peaks (manoeuvres) in particle counts were detected above 

the background (Figure 3.3).  

Spontaneous coughs occurred during TiBr sampling in a minority of 

participants (33%). The potential impact of spontaneous coughs on Mtb 

production during TiBr sampling was determined using particle count data 

(described below).  
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Figure 3.2: The participant sampling strategy utilized for the comparison 

of FVC, TiBr, and cough. (A) (i) GeneXpert-positive participants were 

recruited from TB clinics in Masiphumelele and Ocean View. Bioaerosol 

samples were collected in the RASC from three respiratory manoeuvres: FVC, 

tidal breathing (TiBr), and coughing (cough). FVC and cough samples 

consisted of bioaerosols collected from 15 independent FVC and cough 

manoeuvres. These were conducted directly into the elliptical cone sampler 

every 15 seconds in three sets of five. Brief rest periods were taken betwee n 

each set. For TiBr samples, patients breathed normally directly into the 

elliptical cone for five minutes, producing an average of 92 tidal breaths. (ii) 

During sampling, real-time data were collected for CO2 concentration (purple) 

and particle counts (orange). Data are displayed in the lower section of the 

graph in panel ii. Measuring particles required diverting one -third (100 

L/min) of the exhaled air into a PS. Particles were only counted for one -third 

of FVC and cough sampling and the full duration of TiBr sampling. Sampling 

flowrates are displayed in the upper section of the graph in panel ii. (iii) Three 

independent liquid cyclone collectors were attached for each manoeuvre, 

which were microscopically scanned for Mtb stained with DMN -tre (green 

columns labelled a, b, and c from the graph in panel ii indicate when cyclone 

collectors were removed). (B) Graphical representation of the variables used 

to compare the number of particles between manoeuvres, using FVC as an 

example. Manoeuvres were compared by particle count, particles/manoeuvre, 

and total particles. Particle count represents the total count of particles 

directly measured by the PS. Particles/manoeuvre represents the average 

count of particles per manoeuvre during particle sampling. Total par ticles 

represent the estimated total number of particles per sample, calculated by 

multiplying the average count per manoeuvre by the total number of 

manoeuvres during sampling (counted using CO 2 data).  
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Owing to variations in sampling duration, samples were assessed in three 

ways (Figure 3.2B): 1) the total number of particles detected during sampling 

by the PS (particle count); 2) the average number of particles produced per 

manoeuvre (particles/manoeuvre); and 3) the estimated total number of 

particles produced overall (total particles). For this analysis, no attempt was 

made to ascertain the number of viable Mtb bacilli, which required 

fluorescence microscopy detection of putative organisms after incubation 

with the DMN-tre probe.  

 

Figure 3.3: Participants and samples that were excluded. A technical error 

occurred in one participant, whereby a constant increase in background 

particle counts was observed. The remaining six sample exclusions were based 

on the detection of fewer than two peaks in the particle data. 

 
During the particle sampling window, similar numbers (Figure 3.4A) and 

volumes (Figure S3.4A) of particles were collected for TiBr and cough, with 

FVC producing significantly fewer particles than TiBr. However, after 

averaging the number of particles per manoeuvre, it was clear that TiBr 

produced a significantly lower number (Figure 3.4B) and volume (Figure 

S3.4B) of particles compared to either FVC or cough. When considering the 

total number of manoeuvres performed, TiBr and FVC produced comparable 

numbers (Figure 3.4C) and volumes (Figure S3.4C) of particles, with cough 

producing 4.75-fold more particles than TiBr. Together, these data suggest 

that variation in particle production between the three respiratory 
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manoeuvres contributed to variation in the overall volume of bioaerosol 

collected after five minutes of sampling; moreover, no manoeuvre was 

significantly under-sampled.  

 

Figure 3.4:  Variation in the number of particles produced by FVC, TiBr, 

and cough. A comparison of the (A) particle count, (B) particles/manoeuvre, 

and (C) total particles produced during sampling, presented on a logarithmic 

scale. The adjacent tables contain the results of univariate linear mixed models 

for each. The β  coefficients and 95% CIs are presented with fold-change 

relative to TiBr. CI = confidence interval.  

 

S IZ E  S TR A T IF ICA T IO N O F  PA RT ICLE S  E NAB LE S  M O RE  S PECIF IC  CO M P A R ISO NS  

O F  R ES P IR A T OR Y  MA NO E UVR ES  

Particles of various sizes (including, but not limited to, microorganisms such 

as Mtb bacilli) are aerosolized and may differ between respiratory 

manoeuvres96. The PS binned particles into size categories (Figure 3.5A); 
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therefore, we examined the effect of each manoeuvre on the distributions of 

particles across the categories measured: 0.5–1 µm (C.1), 1–1.5 µm (C.2), 1.5–

2 µm (C.3), 2–5 µm (C.4), and .5 µm (C.5).  

 

Figure 3.5:  The relative contribution of particles of various sizes is 

consistent between FVC, TiBr and cough. (A) Graphical representation of 

the size categories detected by the PS. The diameter ranges for these 

categories were 0.5–1 µm (C.1), 1–1.5 µm (C.2), 1.5–2 µm (C.3), 2–5 µm (C.4), 

and >5 µm (C.5). (B) A comparison of the average particle count per 

manoeuvre stratified by size category, presented on a logarithmic scale. Gr ey 

lines indicate the average number of particles per manoeuvre stratified by size 

category and participant ID. (C) A comparison between manoeuvres of the 

proportion composition of each size category per manoeuvre. The data in ( C) 

are presented as the mean proportion ± SEM. A repeated measures ANOVA was 

performed; P values below 0.05 are represented in bold text.  
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The average number (Figure 3.5B) and volume (Figure S3.5A) of particles per 

manoeuvre were stratified by size category and sample type, with the 

individual data from each participant overlayed. Two features were apparent: 

firstly, there was a consistent distribution in average count per size category 

across all three manoeuvres. Notably, this trend was recapitulated when the 

proportion of each size category relative to the total particle count per 

manoeuvre was compared for each size category (Figure 3C). Only minor 

variations were detected, with degrees of significance reached solely for C.3 

(1.5–2 µm) and C.5 (.5 µm). This suggested that factors leading to increased 

bioaerosol generation did not affect the distribution of size categories 

aerosolized over the size range measured. The second observation was the 

per patient consistency in the relationship between the different size 

categories. These results indicate that intrinsic differences in the propensity 

for total particle production separate individuals and that these are 

conserved across particle sizes.  

US E  O F  T HRE E  INDEP E NDE NT  CY CLO NE  CO LLE CT O RS  T O  E NA B LE  

E NUM E R AT IO N O F  MT B  B A CILL I  

The relative contributions of different respiratory manoeuvres to the 

aerosolization of Mtb bacilli have been poorly studied, with most reports 

focusing on cough. We implemented a sampling strategy comprising 15 FVC 

and cough manoeuvres and five minutes of TiBr. This resulted in closely 

matching volumes of bioaerosol collected for TiBr and FVC samples, with a 

3.7-fold greater volume collected during cough sampling (Figure S3.4C).  

For microscopic detection and quantification of putative viable Mtb bacilli, 

bioaerosol samples were probed with DMN-tre, a fluorescent trehalose 

analogue that is incorporated into the mycomembrane of metabolically active 

organisms151. Given the increased volume of bioaerosol collected from cough 

and its assumed importance in TB transmission, we expected to find the 

greatest numbers of Mtb bacilli in the cough samples.  

The incident rate ratio (IRR) of Mtb production between the three 

manoeuvres during five minutes of sampling was estimated using negative 

binomial regression. For both FVC (IRR = 0.53; p = 0.0971) and cough (IRR = 

0.51;p = 0.0662), there was a trend to Mtb production at a lower rate 

compared to TiBr; however, neither of these was statistically significant 

(Figure 3.6A). The percent of positive samples was consistent for all three 

manoeuvres, with 66%, 70%, and 65% of the samples positive for Mtb in TiBr, 

FVC, and cough, respectively. In addition, no significant differences were 

detected in the odds ratio of detecting Mtb between TiBr and FVC or TiBr and 

cough (Figures 3.5B and S3.6).  
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Figure 3.6:  The detection of putative Mtb within each respiratory 

manoeuvre sample . (A) A comparison of the total number of Mtb detected in 

each sample, adjacent to the results from a negative binomial regression. ( B) 

A comparison of the percent of samples that were positive for aerosolized Mtb, 

adjacent to the results of a generalised linear mixed model. The “pooled” 

variable in (B) represents the percentage of individuals who produced at least 

one positive sample. (C) A comparison of the total number of particles detected 

during tidal breathing (TiBr) sampling stratified by the detection of 

spontaneous coughs, presented on a logarithmic scale. ( D) A comparison of the 

total number of Mtb detected during TiBr sampling stratified by the detection 

of spontaneous coughs. For (C) and (D), a Mann-Whitney U test was performed. 

CI = confidence interval; IRR = incident rate ratio; OR = odds ratio.  

 

The occurrence of spontaneous coughs during TiBr sampling might confound 

assessments of particle and Mtb aerosolization in these samples. To test this 

possibility, peaks in particle counts detected in TiBr that were greater than 

1.5 times the average peak height in the corresponding cough sample were 
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detected and assumed to be spontaneous coughs (Figure S3.7A, right panel). 

When stratifying TiBr samples by the presence or absence of spontaneous 

coughs, a near-significant trend for increased particle production was 

observed in individuals who coughed (Figures 3.5C and S3.7B). In contrast, 

no association was observed between the occurrence of spontaneous coughs 

during TiBr sampling and the detection of Mtb (Figures 3.6D and E6C). A large 

range in the aerosolization of particles and Mtb with or without the 

occurrence of spontaneous cough was observed, highlighting interindividual 

variability in the propensity to generate bioaerosols.  

To examine the relationship between particle numbers and the aerosolization 

of Mtb, the relative abundance of bacilli per particle was calculated for all 

three manoeuvres. Participants with a zero count for Mtb were excluded from 

this analysis. The average concentration of Mtb bacilli for TiBr was 70% and 

90% higher than that of FVC and cough, respectively (Figure 3.7A). In 

addition, no correlation between total Mtb count and total particle count was 

observed for either FVC or cough (Figure 3.7B); that is, the increased overall 

particle count seemed to occur independently of an increase in aerosolization 

of Mtb. A slightly more apparent linear relationship was observed for TiBr 

(Figure 3.7B); however, this did not reach statistical significance. Together, 

these data imply a disconnect between the aerosolization of particles and the 

aerosolization of Mtb, at least for the three respiratory manoeuvres tested 

here.  

THE  E X T E NT  OF  A ER O S O LIZA T IO N O F  MT B  DE P E NDS  P RE DO M INA NT LY  O N 

M A NO E UVR E  FR E QUE NCY  

Knowing the concentration of Mtb per volume of bioaerosol suggested the 

potential to gain useful insight into the relative contributions of cough and 

TiBr to the daily production of Mtb. To this end, we first compared the 

numbers of bacilli produced per manoeuvre: on average, TiBr produced 2.6- 

and 3.2-fold fewer Mtb per manoeuvre compared to FVC and cough, 

respectively (Figure 3.8A). Next, we extrapolated the values for the average 

number of Mtb bacilli per manoeuvre and the average frequency of 

manoeuvres per day to estimate daily Mtb production. Because FVCs are 

artificial, directed manoeuvres that are performed only under specific 

instruction, we used TiBr and cough for this calculation.  

Our data revealed that participant TiBr occurred at a rate of one breath every 

3.9 seconds, suggesting approximately 22,047 tidal breaths over 24 hours. 

Because we did not directly measure the frequency of spontaneous coughs, 

we estimated 24-hour cough frequencies from published data170, with a 

median of 466 coughs/day (first quartile, 234; last quartile, 551). We then 
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used a constant maximum number of breaths per day (22,047) and assumed 

that, for each cough, there would be one fewer breath. The average numbers 

of Mtb bacilli produced by TiBr and cough were then calculated, and the 

relative proportions determined by dividing the number per manoeuvre by 

the total. This enabled an estimation of the relative contribution per day for 

an average person with an increasing number of coughs (Figure 3.8B).  

According to this estimation, cough contributed between 3% and 7% of the 

total number of Mtb bacilli released, with TiBr consistently producing over 

93%. Together, these data suggest that coughing is likely to produce 

significantly fewer bacilli per day than TiBr. That is, whereas the higher per 

event number and velocity of bacillary release might ensure an important 

(perhaps critical) role for coughing in disease transmission in short contacts, 

for typical exposures in high-risk settings (on public transport, at workplaces, 

schools, etc.102), TiBr is expected to contribute significantly to TB prevalence.  

 

 

Figure 3.7: The concentration of Mtb relative to particle count for each 

respiratory manoeuvre.  (A) A comparison of the average number of Mtb per 

particle within the bioaerosol, presented on a logarithmic scale and adjacent 

to the results from a linear mixed model. The β coefficients and 95% CIs are 

presented with fold-change relative to TiBr. (B) Correlation assessment 

between log10(particle count) and log10(Mtb count), with the results of a 

Pearson’s correlation (r2 and p value in parentheses). CI = confidence interval.  
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Figure 3.8:  The relative contribution of Mtb by each respiratory 

manoeuvre. (A) A plot of the average number of Mtb per manoeuvre with the 

results of the linear mixed model. The β coefficients and 95% CIs are presented 

with fold-change relative to TiBr. (B) The relative contribution of bacteria per 

day (percent). We used the median frequency of breaths in five minutes to 

estimate an average of 22,047 breaths per day. We then assumed that for every 

cough, there would be one fewer breath over a range from 234 –551 coughs. At 

each cough frequency, we determined the average number of bacilli per breath 

or per cough. We then estimated the percentage contribution of aerosolized 

Mtb that each manoeuvre made relative to the total. Therefore, the solid lines 

represent the percentage daily contribution to the aerosolization of Mtb made 

by an average person through breathing (green)  or coughing (orange). To 

estimate the relative contribution of individuals with a higher or lower 

propensity for Mtb aerosolization per manoeuvre, the same procedure was 

followed for the Mtb concentrations corresponding to the upper and lower 

quartiles, respectively. These results are depicted by the dashed lines and 

indicate the percentage increase or decrease that could be expected from the 

upper and lower quartiles of Mtb aerosolization per manoeuvre, respectively. 

These results indicate that, even for an individual generating over 500 coughs 

per day with each cough producing numbers of Mtb in the upper quartile, 

breathing is likely to be the major contributor to Mtb aerosolization. CI = 

confidence interval. 

 

D ISCUSSION  

Cough has traditionally been considered the primary means of TB 

transmission75. The result is that TB transmission research has 

predominately focused on factors including cough induction199, frequency, 
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and the cough-borne Mtb bacillary load70. However, the absence in all studies 

of a comparator respiratory manoeuvre119,127,172 has rendered impossible any 

assessment of alternative contributory mechanisms.  

Transmission by aerosol requires the aerosolization of particles from the site 

of infection200. For Mtb, which infects the peripheral lung and alveolar 

spaces201, the proposed mechanism of particle aerosolization is fluid film 

rupture191. According to this model, particles are produced during inspiration 

by alveolar reopening and released through expiration95. Factors impacting 

particle release are therefore the rate of inspiration and the depth of 

expiration95, with a recent study comparing deep exhalation (analogous to 

FVC in this study) and cough finding no significant difference in the number 

of Mtb aerosolized between the two manoeuvres194. For these reasons, we 

hypothesised that TiBr might contribute to the aerosolization of Mtb. 

Therefore, we sought in this study to directly compare the capacity for 

particle and Mtb aerosolization via three defined respiratory manoeuvres: 

cough, FVC, and TiBr.  

We sampled bioaerosols from 38 symptomatic, TB-positive participants 

before the onset of chemotherapy. Consistent with findings from similar 

studies, 88% of participants produced at least one bioaerosol sample that was 

positive for Mtb170,193,194, a marked increase over culture-based cough-

sampling techniques172. Our results also indicated that all three respiratory 

manoeuvres were equally likely to produce Mtb, with TiBr, FVC, and cough 

returning positive signals in 66%, 70%, and 65% of samples, respectively. If 

extrapolated on the basis of estimated daily manoeuvre frequency, these 

observations imply that TiBr could contribute more than 90% of the daily 

aerosolized Mtb across a range of cough frequencies, a conclusion consistent 

with the lack of correlation between Mtb aerosolization and cough 

frequency170. 

The cough-independent generation of bioaerosol from the peripheral lung is 

accentuated by deep exhalation. In a continuation of the work outlined in 

chapter two, Patterson et. al., reported no significant difference in the 

propensity for Mtb aerosolization between forced exhalation and induced 

cough194. The BBM was used for the forced exhalation samples in that work. 

To ensure continuity, we have again included a manoeuvre involving forced 

exhalation; in this case, replacing the BBM with FVC. This change was 

motivated by the inherent difficulty in explaining the BBM to participants, 

undermining attempts to standardise. Like BBM, FVC ensures forced 

exhalation and, in addition, benefits from wider application in respiratory 

research and easier reproducibility in trial settings, making inter-manoeuvre 

comparisons more reliable.  
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Establishing a sampling algorithm appropriate for three distinct respiratory 

manoeuvres is challenging. However, the total number of particles produced 

during FVC and TiBr sampling were similar, with the cough producing 

approximately fourfold more particles. This suggested that, despite 

differences in sampling algorithms, the risk of under-sampling any 

manoeuvre was low. In addition, we saw significant variation between 

participants, spanning two orders of magnitude, consistent with previous 

observations202.  

Per manoeuvre, TiBr produced significantly fewer particles than both FVC 

and cough, with cough producing the most particles. Although it is tempting 

to speculate that the turbulence of the expired air played a role in the 

increased number of particles produced by cough, this interpretation seems 

unlikely given the similarity in particle counts for cough and FVC. Considering 

cough and FVC are quite different in the rate of expiration, it might be 

instructive that both these manoeuvres require deep inspiration: the 

inference, then, that the rate of expiration plays a minimal role in aerosol 

generation is consistent with a fluid-film rupture model of aerosol generation 

in the peripheral lung95. This is also consistent with the similarities in size 

distributions of particles between both participants and respiratory 

manoeuvres. Although the absolute counts per category varied between 

manoeuvres, the proportional compositions within each size category were 

conserved (an observation that supports the inference that the mechanism of 

particle production is consistent across the three respiratory 

manoeuvres)96,202. 

The average cumulative amount of Mtb aerosolized by each participant was 

12.6 (max = 52), consistent with the results reported in the previous chapter. 

However, owing to continued enhancements of our bioaerosol collection 

system (Figure S2.1 → Figure S3.1) and the switch from indirect to direct 

bioaerosol capture176, participants were sampled for approximately 15 

minutes in this study versus the 60-minute sampling duration reported in 

chapter two. All three respiratory manoeuvres produced consistently low 

concentrations of Mtb, with a mean count of 3.9 (max = 21), 5.9 (max = 39), 

and 3.4 (max = 15) for FVC, TiBr, and cough, respectively. TiBr samples tended 

to have a twofold higher rate of Mtb aerosolization compared to both FVC and 

cough; however, these differences were not significant. As noted above, the 

probability of a sample returning a positive result was consistent for all 

respiratory manoeuvres. Notably, among the participants who generated at 

least one positive sample, most (96%) produced Mtb within their FVC and/or 

TiBr sample.  
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Contrary to our expectations, the concentration of Mtb bacilli per particle was 

70% or 90% lower in FVC and cough, respectively, compared to TiBr. In 

addition, no correlation was observed between particle number and Mtb 

count, even when stratified by participant. Together, these data suggest that 

variation in particle production alone is insufficient evidence to identify 

infectious patients and that applications to reduce particle production seem 

unlikely to reduce infectiousness98. 

The occurrence of spontaneous cough events might be advanced as a 

potential confounder of any attempt to measure Mtb (and particle) release 

during TiBr sampling. The design of our collection platform ensures that we 

can rule out this possibility. During TiBr sampling, no adjustment or 

modification is made to the sampling method to accommodate (or account 

for) coughs. That is, particle detection (via the particle sizer) and collection 

are agnostic of cough events. This is important because it enables the 

identification, via retrospective analysis of the raw particle count data, of the 

occurrence and frequency of spontaneous coughs for each participant 

sampled and, consequently, the impact on Mtb (and particle) count. From this 

analysis (summarised in Figures 3.5C&D and S3.7), we determined that 

spontaneous coughing occurred in a minority (11/33) of participants 

sampled, with the majority (22/33) of participants showing no evidence of 

cough during TiBr sampling. Interestingly, we determined that, on average, 

these participants spontaneously coughed 1.55 times in five minutes of TiBr 

sampling. As such, by simple extrapolation (1.55 coughs * 24 hours * 

12/minute [that is, the average number of coughs in five minutes multiplied 

by the number of five-minute windows during a day]), we calculated an 

average of 466.4 coughs/day. This reassured us both in our sampling 

methodology and by comparison to the cough-frequency data obtained from 

Williams and colleagues170.  

Consistent with our observations from induced cough, the occurrence of 

spontaneous coughs during TiBr sampling resulted in a trend toward 

increased particle counts but did not increase the number of Mtb detected 

within these samples. It was notable, too, that the participant who produced 

the greatest number of Mtb organisms during TiBr sampling did not cough. 

Together, these results imply the potential importance of interindividual 

variability in TB transmission and, at the same time, caution against the 

assumption that cough is the major determinant of Mtb release. In practical 

terms, they suggest that both induced and spontaneous cough may be 

unnecessary in studying Mtb transmission, a potentially important 

innovation given the strenuous nature of the induced cough, especially for 

unwell patients with underlying lung pathology.  
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Despite the apparent unlinking of particle count and Mtb aerosolization, the 

sizeable increase in aerosol production during FVC and cough manifest as a 

threefold increase in Mtb aerosolization for these manoeuvres compared to 

TiBr. However, when extrapolated to daily estimates, the relatively high 

frequency of breathing compared to coughing suggests that, over time, TiBr 

might represent a major source of Mtb aerosols, as suggested previously191,192. 

We calculated that during any single day, breathing could contribute more 

than 90% of the Mtb aerosolized by a TB-positive individual.  

L IM IT AT IO NS  

Our study had several limitations that urge caution in interpreting these 

findings. The sample collection algorithm was not consistent for all 

respiratory manoeuvres (TiBr samples were primarily defined by time versus 

FVC and cough that were defined by event number), and the particle 

collection and measurement apparatus were connected in parallel and not in 

series. Consequently, extrapolations were required to estimate the total 

number of particles and organisms present in the entire bioaerosol. In 

addition, no work was done to determine the effect of the sequential order of 

manoeuvres on bioaerosol production; for example, the strict 

implementation of the FVC → TiBr → cough (Figure 3.2A) sequence could 

have impacted particle and Mtb production through participant exhaustion or 

particle clearance. That said, we did separate FVC and cough samples to 

ensure that TiBr provided a rest period between strenuous samples. In 

addition, the occurrence of spontaneous coughs during TiBr sampling did not 

impact the aerosolization of Mtb, and there was not a constant downwards 

trend in the numbers of Mtb between the three manoeuvres, further 

suggesting that manoeuvre order might not be a confounder of Mtb 

aerosolization.  

Another limitation is that the participants in this study presented with TB 

symptoms and were diagnosed TB-positive via GeneXpert. Therefore, we 

cannot conclude the relative importance of TiBr to asymptomatic 

transmission. Although our data indicate that significant concentrations of 

Mtb are aerosolized daily independent of participant cough, further work is 

required to investigate this hypothesis in GeneXpert- negative, asymptomatic 

individuals. This is a challenging task that will require cross-sectional 

sampling in our study community. It is also important to note that, owing to 

technical challenges inherent in studying spontaneous cough over short 

sampling periods, we only studied induced cough, which may not be as 

infectious; for example, owing to the fact that specific pathological and/or 

signalling events might be required to precipitate natural expulsion of 

irritants199. Nevertheless, we were able to detect spontaneous coughs in a 



Chapter three 

 
 

64                     

3 

proportion of TiBr samples, with no discernible effect on the overall 

production of Mtb. A further limitation is that, in estimating cough frequency 

per hour, we assumed that the rate was consistent throughout the day. This 

is a strong assumption, and it is more likely that coughs cluster into discrete 

events with multiple coughs occurring at a time, suggesting potential 

outbursts of infectious aerosol production. Finally, although it might 

reasonably be assumed that Mtb bioaerosol counts are directly linked to 

infectiousness, this has not been formally demonstrated.  

C O NCLUS IO N  

Despite these limitations, we interpret our results as indicating that TiBr 

might be a significant contributor to Mtb transmission. This has significant 

ramifications for both transmission studies and intervention strategies. 

Firstly, bioaerosol capture lends itself to a non-invasive participant sampling. 

Although the impact of induced cough on a participant is relatively low, if a 

less invasive sampling algorithm can be applied, it should be. Secondly, 

standard interventions targeting disease transmission, such as active 

screening for symptomatic individuals, may not be effective. Because 

bioaerosol sampling offers the potential to identify infectious individuals well 

in advance of any typical screening regimen, it may provide a novel means to 

identify and treat infectious individuals irrespective of the presence or 

severity of symptoms.  

A paradigm in which cough is the primary driver of TB transmission places 

disproportionate emphasis on lung pathology as essential for Mtb 

aerosolization. Moreover, it appears inconsistent with key epidemiological 

observations that increasingly recognise the likely role of subclinical TB as a 

source of TB transmission. Consequently, understanding how Mtb bacilli are 

aerosolized is of critical importance to curbing the epidemic, especially in 

high-burden settings   



 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4  -  CONCLUDING REMARKS  
 

 

 

 

 

 

 

 

 

 

 

 

“Such is hope, Heaven’s own gift to struggling mortals; pervading, like some subtle 

essence from the skies, all things, both good and bad; as universal as death, and 

more infectious than disease!” 

The Life and Adventures of Nicholas Nickleby, Charles Dickens1   
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The RASC was developed as an efficient bioaerosol sampler, compatible with 

several methods for the capture and detection of Mtb99,100. The successful 

detection of Mtb DNA in liquid-captured samples combined with the 

visualization of whole bacilli on SEM motivated for the shift from solid to 

liquid capture and the development of a microscopy-based method for the 

specific detection of Mtb.  

This thesis combined bespoke nanowell devices with the novel fluorescent 

probe, DMN-tre, to facilitate the microscopic detection of viable Mtb bacilli in 

TB patient bioaerosols following liquid capture within the RASC. This 

approach provided several advantages over previously utilized technologies 

for the detection of Mtb in bioaerosol samples.  

The detection of Mtb in 90% of TB patients within 24 hours of bioaerosol 

collection was a considerable advancement over culture-based approaches, 

while providing a sensitivity equivalent to that of molecular techniques. 

Unlike both culture- and molecular-based approaches, however, the direct 

visualization of bacilli provided a first glimpse into the morphological and 

metabolic characteristics of aerosolized Mtb, with the noteworthy 

observation of bacterial clumps in some samples.  

Despite these advances in our ability to enumerate aerosolized Mtb, an 

important question remained: how are Mtb bacilli aerosolized? Cough-based 

studies perpetuate the belief that cough is the dominant source of aerosolized 

Mtb; however, the lack of any comparative manoeuvre has rendered this 

conclusion impossible to prove, while face-mask sampling studies provide 

strong evidence that cough-frequency and Mtb aerosolization are not 

correlated. Although it constitutes a positive attribute of face-mask sampling 

(owing to the capacity for capture of maximum biomass), the collection of 

bioaerosols from all naturally occurring respiratory manoeuvres precludes 

understanding the number of bacilli released per manoeuvre.  

The complexity of the RASC necessitates skilled personnel to facilitate its 

functioning, reducing its scalability and cost-effectiveness relative to face-

mask sampling. However, advantageously, this complexity enables the real-

time measurement of several important factors during participant sampling; 

most notably, particle counts and CO2 concentration. As such, we compared 

the extent of Mtb aerosolization between three distinct respiratory 

manoeuvres; namely, FVC, TiBr, and cough. Based on the number of Mtb 

released per respiratory manoeuvre and the frequency at which each 

manoeuvre is likely to occur per day, we conclude that manoeuvre frequency 

is the primary driver of the rate of Mtb aerosolization, and not the per event 

number. 
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The sensitive microscopic method for the detection of Mtb in paucibacillary 

samples developed during this thesis worked synergistically with the 

technically advanced RASC, enabling the holistic investigation of Mtb 

aerobiology; from the bacillary size, shape, and metabolic state to the specific 

respiratory manoeuvres responsible for releasing them. 

Despite these advances, further improvements are required to increase the 

utility of this method.  

SA M P LE  CA PT UR E  A ND CO NCE NT RA T IO N  

The current method for the liquid-capture of patient-derived bioaerosols 

results in a significant dilution of the sample, from 1 nL to 5 mL. Additionally, 

the current design of the nanowell-arrayed device is such that each microwell 

has a maximum capacity of 20 μL. Therefore, all sample processing steps, 

from initial concentration to DMN-tre staining, occur off the device, increasing 

the likelihood that Mtb bacilli are lost during manipulation. 

Several iterations of the nanowell devices were fabricated and tested, with 

the primary goal being to compare alternative nanowell structures and plastic 

compositions. In addition, some iterations were designed such that the 

volume capacity of each well was increased to 200 μL, facilitating on-device 

processing after the initial concentration step. Typically, these designs 

weren’t implemented, as the increased well capacity was combined with 

suboptimal nanowell layouts or plastic compositions. Although this suggested 

that the fabrication of an improved device was possible, the poor bacterial 

growth observed in serial imaging experiments stalled further development 

of these devices. Moreover, continued improvements to the RASC 

significantly reduced the extent to which background debris obscured the 

microscopy, reducing the need for the nanowell arraying of the sample. 

Currently, we are testing the applicability of 96-well imaging plates to 

improve sample processing and on-device culture. 

An alternative to reducing the number of processing steps required, thereby 

increasing the sensitivity of this approach, is to reduce the dilution that occurs 

during bioaerosol capture. Although not yet implementable, significant 

advances have been made in the development of a ‘virtual impactor’. This 

device captures patient-derived bioaerosols into a single drop, targetable to 

1mm2 area on the base of any compatible device. Switching to this technology 

would reduce the need for sample processing steps, thereby increasing the 

sensitivity of this method. 
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MY C OB A CT ER IUM  T UBE R C ULO SIS  DE T E CT IO N  

W H A T  W E  C A LL  MT B  

When this work was initiated, our intention was not to use DMN-tre as the 

definitive identifier of Mtb bacilli; rather, the DMN-tre signal (and 

incorporation/uptake profile) was intended to be part of a suite of tools used 

in conjunction for this purpose. However, the challenges of working with so 

few bacilli imposed technical limitations as to what techniques could be 

applied. For this reason, developing correlative techniques to increase the 

specificity of Mtb identification represents a crucial sphere for future 

research. 

To aid in the identification of Mtb in bioaerosol samples, we determined that 

cell width was the morphological characteristic of Mtb subject to the least 

variation. Applying this criterion, bacilli were only identified as putative Mtb 

if they were both DMN-tre-positive and between 0.4–0.8 µm in width. 

Problematically, our understanding of Mtb morphology is primarily driven by 

experience of bacilli cultured in different media and under various laboratory 

conditions. As such, the possibility exists that we are overlooking non-

canonical morphologies of Mtb in these samples. A correlative approach to 

Mtb detection will aid in the identification of novel Mtb morphologies in 

bioaerosol samples.  

The application of a more specific fluorescent probe would aid greatly in the 

identification of Mtb. However, when this work initiated, DMN-tre was the 

only viable candidate for the specific detection of Mtb in extremely 

paucibacillary samples. As this work progressed, additional candidates were 

developed and available for testing. Unfortunately, none of the probes tested 

outperformed DMN-tre, supporting the need for continued design and 

development of novel probes specific for Mtb.  

AU T O MA T ED  I MA G I N G  A N D  I MA G E  A N A LYS I S  

A current limitation of this work is the time-consuming nature of sample 

scanning. This has been a key motivator of switching back to glass-bottomed 

imaging devices, as hardware autofocus modules on the microscope do not 

work on plastic devices. However, imaging itself is not the only limitation. The 

relatively low contrast and high noise of the resulting images have impeded 

quantitative assessment of the images from all participants. As such, more 

work needs to be done in the imaging and image analysis component of this 

work.  
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PA T IE NTS  WE  RE CR UIT  

All bioaerosol sampling conducted in this thesis was performed on 

GeneXpert-positive participants, facilitating the establishment of a novel 

method for the detection of aerosolized Mtb. Although the resolution of this 

technique enabled a per-manoeuvre estimation of Mtb release, limiting 

participant sampling to TB-positive individuals provided insufficient 

evidence to understand the community dynamics of Mtb transmission or fully 

answer the questions of when Mtb are aerosolized, and by whom.  

Our priority now is the deployment of the RASC to identify viable Mtb in 

bioaerosols collected from potentially infectious subclinical and/or 

asymptomatic cases. The capacity for non-invasive capture and isolation of 

viable Mtb from bioaerosol within 24 hours of collection also supports the 

potential utility of the RASC to measure the impact of TB treatment on the 

viability of Mtb bioaerosol release.  

Two ongoing applications of the microscopic method developed in this thesis 

are intended to address these limitations. The first is a cohort study recruiting 

patients with suspected pulmonary TB from TB clinics in Ocean View and 

Masiphumelele177. Patients in this study are recruited directly following 

diagnosis as either GeneXpert-positive TB, GeneXpert-negative TB, and TB 

not diagnosed. Where required, participants are initiated onto standard TB 

chemotherapy directly after bioaerosol sampling. Participants are followed 

and resampled periodically for six months, giving insight into the differing 

capacity for Mtb aerosolization between the three groups, as well as the effect 

of treatment.  

Chapter three of this thesis outlined the role of TiBr in the aerosolization of 

Mtb and proposed this as a mechanism by which asymptomatic Mtb 

transmission may be possible. However, that work sampled GeneXpert-

positive, symptomatic TB patients exclusively. The second ongoing study is 

focussed on recruiting healthy Masiphumelele community members at a 

single time point. Through this study, it will be possible to conclude whether 

healthy individuals are capable of aerosolizing Mtb. Moreover, to increase the 

understanding of the community dynamics of Mtb transmission in this setting, 

captured bioaerosols are cultured for 50 days; where culture is successful, 

whole-genome sequencing of the Mtb bacilli is attempted.  

So, although the work contained within this thesis cannot definitively 

conclude on the extent to which asymptomatic transmission contributes to 

TB incidence in South Africa, that question is being investigated using the 

technologies and techniques developed in this thesis. 
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C LO S ING  T HE  LO OP  

Finally, while this technology enables the detection of viable bacilli, like all 

aerosol capture methods it does not provide a measure of infectiousness. 

Ascertaining which Mtb isolates go on to infect new individuals and cause TB 

disease will require innovative approaches toward “closing the loop”; that is, 

demonstrating productive infection of a new host following release. 

Historically, this has been achieved primarily by demonstrating infection of 

animals203, however, the application of genomic epidemiology or a 

macrophage infection model in combination with RASC-enabled bacillary 

capture, perhaps in closed community (or even household) settings, offers a 

modern alternative. For now, the planned modifications to our platform are 

primarily informed by the need to enable multi-omic analyses of the single-

cell organisms isolated from patient aerosols to generate insights that can be 

pursued in the human host. 

C O NCLUS IO NS  

This thesis has detailed the development of a novel, microscopy-based 

technique for the identification of Mtb within liquid-captured bioaerosols. 

This technique showed an improved sensitivity and reduced turnaround time 

over culture, and an increased resolution for determining the aerobiology of 

Mtb over molecular-based techniques. The significance of this research was 

demonstrated in the per-manoeuvre quantification of Mtb release and the 

establishment of tidal breathing as potential major contributor to the 

aerosolization of Mtb. The methods developed and described here have been 

implemented in routine practice at the Aerobiology Research Centre (ARC) in 

Masiphumelele to facilitate ongoing research into the aerobiology of Mtb. 
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“‘It’s very soon done, sir, isn’t it?’” 

The Life and Adventures of Nicholas Nickleby, Charles Dickens1  
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Figure S2.1: DMN-tre staining and visualization of Msm. (A) Visualization 

of Msm stained with DMN-tre without any wash steps. (B) DMN-tre staining of 

heat-killed Msm.  
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Figure S2.2: DMN-tre staining and cell morphology enable discrimination 

between Csi, Msm, and Mtb. (A) Representative images of Csi Msm, and Mtb 

stained with DMN-tre for 5min, 10min and 2hours, respectively. (B) The 

average normalized shape of Csi (red), Msm (blue) and Mtb (green). (C) The 

length and (D) average width distributions of Csi (red), Msm (blue) and Mtb 

(green). (E) The relative fluorescence intensity profiles of DMN -tre for Csi 

(red), Msm (blue) and Mtb (green), indicating the relative positions which 

were used to calculate the polarity index: defined as the average relative 

intensity of B over A. (F) The polarity index for Csi (red), Msm (blue) and Mtb 

(green). Scale bars = 5μm. A Wilcoxon rank sum test was used, *** p < 0.001.  
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Msm, 10min 
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Figure S2.3: Custom-designed, nanowell-arrayed slides used in 

conjunction with DMN-tre pre-staining enables the immobilization and 

detection of mycobacteria. (A) Images of the custom-designed slides used in 

this study, indicating the structure of the arrayed microwells at both 10 and 

100 magnification, with a representative image of an immobilised Mtb 

bacillus stained with DMN-tre (100 scale bar = 10μm, and 5μm on enlarged 

image). (B) The latest design of the microwell -arrayed slide (10 

magnification  scale bar = 50μm). (C) A representative image (100 

magnification) of patient sputum spiked with DMN -tre pre-stained Msm; Scale 

bar = 10μm.  
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Figure S2.4: Debris and Mtb staining patterns commonly found within TB 

bioaerosols. (A)Representative images of the three major categories of debris 

found within bioaerosol samples after overnight staining with 100 μM DMN -

tre and visualization within a 50  50 μm nanowell. (i) Large , crystalline 

debris, (ii) small fluorescent debris, and (iii) granular debris. ( B) Additional 

images of putatively identified Mtb. 
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Figure S2.5: Exclusion of non-mycobacterial, DMN-tre-positive organisms 

detected in bioaerosol samples based on cell morphology. (A) 

Representative images of (i) C. striatum cultured in LB broth during log-phase 

and stained with 100 uM DMN-tre for 5 min, and (ii) DMN-tre-positive 

organisms detected within a bioaerosol sample. (B) A panel of non-Mtb, DMN-

tre-positive organisms, as determined by our inclusion criteria, identified in 

various bioaerosol samples. Scale bar, 5 μm.  

 

 

 

Figure S2.6: The Respiratory Aerosol Sampling Chamber (RASC).   
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Figure S3.1: Updated Respiratory Aerosol Sampling Chamber (RASC).  
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Figure S3.2: Examples of the automated manoeuvre detection algorithms 

for particle count and CO2 data. (A) A single particle dataset was captured 

for each participant during sampling; however, particles were only 

enumerated periodically during participant sampling. This resulted in large 

gaps in time, which were detected and used to split the data into the three 

respiratory manoeuvres. (B) CO2 concentration measurements were captured 

throughout sampling, leaving no time gaps for splitting manoeuvres. To 

separate the CO2 measurements according to respiratory manoeuvre, the data 

were smoothed and the lowest minima in the regions indicated between the 

red and blue vertical lines were detected: these positions corresponded to the 

end of FVC and TiBr sampling, respectively. These positions were readily 

detectable, as the breaks between manoeuvres were longer then within 

manoeuvre samples, generating long, contiguous zero measures for CO 2 

concentration, thereby lowering the smoothed average detected for these 

sections.  
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Figure S3.3: Example of the bespoke smoothing algorithm used to 

facilitate peak detection. A peak, representing a single manoeuvre, was 

detected as a maximum flanked by two minima. Prior to smoothing, sharp 

kinks in the data prevented peak detection through the introduction of several 

minima and maxima within the peak.  This can be seen in the right-hand panel 

in the ascending red line. A localised smoothing algorithm was written that 

detected and removed these kinks (black line, right panel)  to facilitate the 

detection of the entire peak.  
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Figure S3.4: Variation in volume of bioaerosol production by FVC, TiBr 

and cough. A comparison of the (A) sample volume, (B) volume/manoeuvre 

and (C) total volume of particles during sampling. The adjacent tables contain 

the results of univariate linear mixed models for each. The beta -coefficient (β) 

and 95% confidence intervals (CI) are presented with fold -change relative to 

TiBr. 
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Figure S3.5: The relative volume contribution of particles of various sizes 

is consistent between FVC, TiBr and cough.  (A) A comparison of the average 

volume per manoeuvre stratified by size category. Grey lines indicate the 

average volume of particles per manoeuvre stratified by size category and 

participant ID (PTID). Results of a mixed effects linear regression of average 

count (B) or volume (C) per manoeuvre against size category and manoeuvre. 

The beta-coefficients (β) and 95% confidence intervals (CI) are presented with 

fold-change relative to TiBr. p < 2e-16 for all coefficients, except where 

indicated by an asterisk, p = 5.63e-07. 

 

 

 

 

Figure S3.6. The detection of Mtb bacilli within each respiratory 

manoeuvre sample. A comparison of the number of samples that were 

positive for aerosolized Mtb. The “pooled” variable represents the number of 

individuals who produced at least one positive sample.   
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Figure S3.7. No association between spontaneous coughs and the 

aerosolization of total particles or Mtb during TiBr sampling. (A) CO2 

(purple) and particle count (orange) versus time stratified by participant. 

Itb0001 represents an ideal sample collection ; Itb0024 indicates the 

occurrence of spontaneous coughing during TiBr sampling. ( B) Scatter plot of 

the total number of particles and spontaneous coughs detected during TiBr 

sampling. (C) Scatter plot of the number of putative viable Mtb bacilli and 

spontaneous coughs detected during TiBr sampling. Spontaneous coughs 

occurred in 11/33 participants, and the mean number of coughs was 1.55 per 

five minutes (max = 13). 
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