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Abstract
Tuberculosis (TB) is a major infective cause of death globally, with the greatest burden
falling to those countries with lower socioeconomic status. The World Health
Organisation aims to End TB by 2035, but improved point-of-care diagnostics are
needed to make this happen. In particular, this will help rural populations in low and
middle income countries to access diagnostics easily and more quickly, thereby
reducing the spread of the disease. Smear microscopy has been the cornerstone of
TB diagnostics for a century but processing techniques, biosafety and the microscopy
infrastructure make it difficult to translate directly to the point-of-care.
This thesis addresses the development of a novel point of care diagnostic test for the
rural, low and middle income region. Three issues have been addressed
independently including the improved labelling of Mycobacterium species, a novel
filtering lens for use with a smartphone microscope and the design of a new sputum
collecting and imaging device.
It has been demonstrated that a novel fluorescent stain that is specific for
Mycobacterium can label within seconds, without further wash or processing steps.
The rate of labelling is dependent on the environment that the Mycobacteria is
exposed to, with desiccating conditions resulting in the quickest labelling.
The development of an integrated filtering lens, which combines both a lens and filter
into one component has enabled fluorescent Mycobacterium to be imaged with a
smartphone microscopy system.
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The designed device, that can capture a sputum sample, process and image it, would
negate the need for screening samples to be sent away to microscopy level suites.
The design process achieved the designs, incorporated the novel fluorescent stains
and the integrated filtering lens.
The work demonstrated in this thesis shows a potential solution for TB diagnostics at
the POC. While further work is needed in each of the areas discussed, such as
manufacturing and iterating the final design, a device similar to the one proposed
would disrupt the POC diagnostic space. However, the biggest challenge for all POC
diagnostics is integrating technology into healthcare systems and embedding it in
local culture so that patients and healthcare providers want to use the test.
Collaborating and working in partnership will be the key to any TB POC future success.
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Lay Summary
Tuberculosis is one the biggest infective killers in the world, killing around a million
and a half people every year. The situation is likely to worsen post Covid-19 as the
long term impact of the pandemic are felt, especially in low and middle income
countries. This is because tuberculosis is a disease that is caused by, and causes,
poverty. The World Health Organisation has set a target to End TB but 2035, but in
order for this to happen new diagnostic tests are needed that can be used at the
patient’s bedside.
One of the most commonly used diagnostic tools used is called smear microscopy. A
cough sample is taken to a laboratory where it is sanitised, put on a glass slide and
stained. It is then examined by hand under the microscope by a specialist technician.
There are a number of problems with this method including:1) The technique is not very specific or accurate so sometimes patients who
have tuberculosis are missed. This means they can continue to spread the
disease unknowingly.
2) The time it takes for this whole process means that if a sample is collected far
away from the microscope lab, it might be days before a result is known,
again allowing the disease to spread.
3) It must take place in a safe laboratory so that people do not come into contact
with live tuberculosis bacteria. These require large amounts of energy,
infrastructure and cost which are not possible in rural areas of low income
countries.
My research has attempted to address these issues by designing a device that can
image tuberculosis bacteria at the patients’ bedside. I have a) explored improving the
staining of the tuberculosis bacteria, b) developed an extremely low cost new lens
and filtering component for a portable fluorescent microscope, and c) designed a 3D
printable device that can process sputum without the need for a laboratory and so
therefore could be used in remote areas.
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a) In working with chemists, we have shown that new fluorescent stains, which
label only the bacteria causing tuberculosis, can work in a few seconds and
do not need further processing. (Many of the stains used currently need
many processing steps, such as heating and washing, and take much longer
to show up.) Furthermore, I have shown that if you expose the bacteria to
different conditions, the time it takes to label the bacteria changes. For
example, removing liquid from around the bacteria makes them stain more
quickly than when they are in the growing solution which could be beneficial
when the time to a result is important.
b) I have designed and manufactured a new type of plastic lens that can be used
with a smartphone to make a fluorescence microscope with good enough
resolution to detect fluorescent bacteria. The lenses cost a few pennies to
make and are able to filter out certain colours of light so that only the
fluorescent light from stained bacteria can reach the camera.
c) Finally, I designed a 3D printable device that can hold the cough sample and
in which all the processing and imaging steps take place. This occurs in the
same chamber so that exposure to the tuberculosis bacteria is avoided and
theoretically diagnosis could happen anywhere, including at the patient’s
bedside.
Overall this research has explored a possible solution to diagnose tuberculosis for
patients in rural, low income countries. There is a significant challenge in developing
this type of diagnostic test, and a single PhD cannot address or solve this on its own.
It does however begin to address the technology improvements, which if successfully
embedded into the local culture and healthcare pathways, could potentially save
millions of lives.
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1

Chapter 1: Understanding the need for new
Tuberculosis point-of-care diagnostics in the rural, low
resource setting

21

At the start of this work, there was not a single bedside diagnostic endorsed by the
World Health Authority (WHO) to aid early tuberculosis diagnosis. This thesis will
present a possible approach to developing a point of care (POC) diagnostic for TB in
rural, low resource settings. The project intersects microbiology, physics and design
engineering to provide an interdisciplinary view point which if realised would present
significant clinical benefit.
In order to develop of a new POC diagnostic for TB it is important to explore the wider
impact of the disease, as the final device must be relevant and sensitive to these
factors. This introduction will explain the approach taken throughout this thesis by
exploring the need for such a device in four sections. Firstly I will investigate the
current state of global TB, then I will explore the TB as a disease. Thirdly, I will examine
available TB diagnostics and finally, I will discuss the necessary considerations for
designing new frugal, optical imaging, diagnostic components.

1.1 The global state of Tuberculosis
Prior to 2020 with SARS-CoV-2 creating a pandemic, TB was the highest cause of
death by a single infective agent across the world, and the ninth highest cause of
death when all deaths were considered (1). Whilst this was the case overall globally,
there is great disparity between nations. At a national level the lowest burden
countries account for a prevalence rate of less than 5 per 100,000 and high burden
countries at a rate of up to 500 per 100,000 (2). The majority of cases are found in
Africa and Asia as shown in Figure 1-1 In fact, the World Health Organisation (WHO)
states that 66% of all TB cases can be accounted for in 8 counties (1). The burden of
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TB is negatively correlated to a countries GDP Figure 1-2; low and middle income
countries (LMICs) have a much greater burden than high income nations (3).
Furthermore, this pattern is cyclical. TB is caused by poverty but it turn it also causes
poverty, increasing the burden at both a national and individual level (4).
The ongoing spread of the disease occurs despite TB being treatable with a
combination of antibiotics that are usually free at the point of delivery (5). If it is
possible to find the cases of TB, and diagnose them accurately and quickly, cure is
highly likely. About 85% of non-resistant infections are alleviated with 6 months of
treatment (1). Therefore, new and accurate diagnostics are paramount in curbing the
TB epidemic so that treatment can start immediately.
The WHO End TB strategy aims to reduce deaths related to TB by 95%, to cut new
cases by 90% and to ensure no family experiences catastrophic financial burden by
2035 (6). Updated milestones were expected at the end of 2020 but The Global TB
report 2020 (collating data until the end of 2019) suggested that achieving these
milestones was unlikely

(1). With the additional pressures of the SARS-Cov-2

pandemic diverting finances away from TB, it was assumed that much progress
towards these goals during 2020 was even more unlikely, with a reverse of recent
trends (such as declining death rates) inevitable (7,8). The most recent Global TB
report (from 2021) confirmed this to be the case (9).
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Figure 1-1 The global distribution of TB incidence showing Sub-Saharan Africa and Asia accounting for
the majority of high burden nations. Global tuberculosis report 2019. Geneva: World Health
Organization; 2019. Licence: CC BY-NC-SA 3.0 IG

Figure 1-2 With increasing GDP per capita, the incidence of TB also declines. On average for every
doubling of per capital GDP, the TB incidence drops by over 38%. [7]
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The case rate is more complex than simply dividing TB cases along national borders;
the distribution of cases and the outcome of the disease varies greatly depending on
locality within the country.
A comparison of urban and rural life in LMICs demonstrates the challenges beyond
improving technology in the battle against TB. Urban areas are likely to have better
transport systems, better data connectivity, attract and retain trained health
professionals when compared to rural counterparts (10). However, the spectrum of
available health facilities across LMICs is vast. Some of the urban areas in low-income
countries fail to supply the most basic amenities (11), whereas some urban areas in
middle income area have access to the latest technology and excellent infrastructure
(12). In rural, poorer serviced areas, outcomes are generally worse than in the urban
areas of the same locality, although disadvantaged urban populations in these areas
can also have sub optimal outcomes (13).
Nigeria is an example that demonstrates the disparity between urban and rural TB
care in a high burden, low income country. Nigeria is 10th on the list of high burden
TB countries (2), is 4 times the size of the UK, has a 6 times lower GDP than the UK,
and has a split urban and rural population. Delivering a TB service across Nigeria is
challenging and even the better serviced areas (urban) remain resource limited, with
many facilities lacking basics such as running water (11).
The distribution of services and the experiences of patients is not homogenous across
urban and rural populations. The treatment and microscopy suites which are cost free
to users across the whole of Nigeria, (funded primarily through the Global Fund to
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fight AIDS, TB and Malaria (GFATM), and the United States Agency for International
Development (USAID) project, Challenge TB), favour urban distribution, leaving many
rural areas with poor access (14). Additionally, data collected across states in Nigeria
shows that the rural patients accessing clinics experience poorer outcomes (defined
as death and treatment failure), poorer access to health education, less HIV support,
reduced disease monitoring and fewer diagnosis laboratories and poorer outcomes
overall (11,14).
International aid and support has made attempts to address some of the issues, but
many hurdles remain in the equitable implementation. Rural patients attending local
private, faith-based clinics have better outcomes than those travelling to urban
centres (15) with one possible interpretation being that facilities and services closer
to home could have a more positive impact on TB control. Financial incentives have
been used with good effect in rural populations, with treatment success increasing
by nearly 10% during the trial period and less of the cohort being lost in follow up
(16). There is disparity between urban and rural populations in their attitude towards
TB, meaning that different approaches by local healthcare teams are needed.
However, all localities agree that local leaders need to be part of the solution to
improve TB care. (17).
While the focus of the device design within the thesis remains the rural population, a
frugal POC device may have future benefits to all low resource, high TB burden
regions. A global partnership effort is needed for substantial improvement across
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both rural and urban populations for TB control, which includes the development of
new POC diagnostics.
An understanding of the disease process is necessary for the development of a TB
diagnostic.

1.2 Tuberculosis: The disease and pathogen
In order to consider possible diagnostic innovations, it is vital to have an
understanding of the disease causing microorganism, and the disease process as this
may highlight vulnerabilities than could be exploited by diagnostic test.

1.2.1 Disease transmission and Progression
TB is caused by a Gram-positive Mycobacterium tuberculosis complex (MTBC)
infection, which is spread by droplets coughed or sneezed from an infective person,
and inhaled by a new host. MTBC is a group of genetically similar species about 5 µM
long and 0.3 µM wide that can cause similar clinical signs. Human TB is more often
caused by Mycobacterium tuberculosis (MTB). The other members of the MTBC are
shown in Table 1.1.
Table 1-1 – The species of the MTBC. Modified from (18–21)

The MTB complex species
Common Human
infection
MTB
M. africanum
M. bovis
M. bovis BCG
M. canetti

Rare zoonotic transfer to
humans
M. orygis
M. caprae
M. pinnipedii

Non-human infection
M. suricattae
M. mungi
M. microti
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TB is most commonly a pulmonary infection, initiated in the alveolar spaces of the
lung upon inhalation of the MTBC. If the bacteria disseminate from here through the
body it is known as extra pulmonary TB (22). About 15-20% of all TB cases are extrapulmonary (23).
Four factors that determine if transmission will occur include the susceptibility of the
infected person, the infectiousness (bacterial load) of the person transmitting (24),
the environment and ventilation where infection may occur (25), and the duration
and frequency of exposure to the bacteria (26). In addition to this, co-morbidities
such as HIV, diabetes, malnutrition, smoking, alcoholism and intra venous drug use
increase the risk of catching TB (27,28).
Upon MTB entering the host, one of 3 outcomes may occur. Firstly, the host’s immune
system may over power the MTB bacillus and the infection is cleared with the host
unaware that they had been infected. Approximately 5-20% of those who come into
contact with someone with active TB will become only transiently infected, and are
known as a resistant population (29).
Secondly, the MTB can evade the host’s immune system, and become a dormant form
of the disease called latent TB. Currently it is estimates that approximately 2 billion
people have this type of infection globally(30). Every year, between 5-10% of those
latently infected will progress to the active form of the disease (31). The definition of
latent TB as a person with an immunological response in the absence of clinical
symptoms covers a wide heterogeneous population (30). Within this population,
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there may be changing patterns of bacilli mutation rate, generation time of the MTBC
overtime (32).
Thirdly, the active form of TB can take immediately after the initial infection. This can
present clinically as mild, moderate or severe (33). Each of these will have distinct
features which may affect the clinical outcome of the patient. Contact tracing for
each patient in this population should be completed to try and limit onward infection.
All 3 of the outcome possibilities from initial infection are considered a spectrum
rather than a concrete categories (30,31,34). It is the interplay between the host
defence, risk factors for disease progression, and the MTB transmission and
virulence factors that will determine the pathogenesis of the disease in a particular
individual (35).
The susceptibility of an individual has been linked to polymorphisms in their genetic
code (36). For example, if a host has particular human leukocyte antigen (HLA), toll
like receptor (TLR) or vitamin D receptor (VDR) receptor polymorphisms, MTB is
more likely to infect and progress compared to other variants (29). Additionally,
linkage analysis has revealed a more naturally resistant human genotype providing
further evidence that host genetics play an important role in onward MTB infection
(29).
The host has defence mechanisms to prevent MTB infection. The alveolar
epithelium offers a physical barrier to the infection and can modulate the condition
in the airway to become more antimicrobial via the activation of pattern recognition
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receptors pathways (37). Alveolar macrophages are the resident primary
phagocytes of the lungs; they are the first line of defence of the innate immune
system, ingesting toxins, dust and bacteria that are inhaled. The alveolar
macrophages phagocytose the MTBC bacilli and can transport the bacteria into the
lung parenchyma from the alveolus (38). Here, the bacilli are able to deploy highly
evolved mechanisms to both evade and exploit the host’s immune system. Once in
the intracellular compartment of the macrophage, the MTBC bacilli can prevent
phagosome maturation (a vital step in the eradication of pathogens,) and remain
inside the macrophage. Infected macrophages have also been found to have
upregulated genes responsible for angiogenesis (such as VEG-F) (39).
Dendritic cells (DC) are antigen presenting cells (APCs) that and can also
phagocytose MTB. Usually with bacterial infection they migrate to the lymph node
and activate the CD4+ helper cells, which are key to the host defence against MTB
(29) . MTB inhibits the ability of the DC to migrate to the lymph node, and thereby
delays the onset of CD4+ T- helper cells from being activated, and maintaining
infection in the lung by avoiding immune system detection.
If inflammatory cells are activated they are attracted to the site of infection. The
newly recruited inflammatory cells form a barrier in an attempt to barricade the
bacteria off from the body, known as a granuloma (as shown in Figure 1-3).
However, the MTBC bacilli can turn host defences to their advantage again; many
immune cells, such as macrophages, that were initially recruited to help in the
body’s defence now provide a breeding ground for the MTBC as they phagocytose
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the bacilli. These macrophages found within the granuloma are often large, with
mature organelles and altered lipid metabolism. It is the MTBC bacilli that are
directly able to modulate host lipid metabolism, proteins linked with metal
transportations and antimicrobial effects, and activate host macrophage proteases
(35,40). The granuloma may develop a caseous, necrotic centre containing necrotic
macrophages and many MTBC bacilli. An equilibrium between the host immune
system and the MTBC infection leads to latent disease, a state where clinically the
patient does not experience symptoms. MTBC is able to survive undetected in latent
TB in low oxygenated granulomas due to the presence of dormancy of survival (dos)
genetics ( a region of about 50 genes responsible for hypoxic response) (41). One
mutation in the dos region is enough to tip the balance towards the MTB and push
the host into active TB (42). If the granuloma integrity becomes compromised,
MTBC escapes and can infect new sites either in or outside the lung, potentially
leading to active TB. It is also possible for granulomas to heal, and form calcified
nodes that can be seen on plain radiographs (30).
The cell wall of MTBC is extremely complex and it is key to their successful survival
in the host and to their virulence.
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Figure 1-3 Pathogenesis of TB infection cycle. a) An inhaled MTB bacillus reaches the alveolar space and
in engulfed by an alveolar macrophage. The MTB bacillus is able to replicate intracellularly b) a
granuloma forms as many immune cells are recruited to the site of infection and the body tries to
barrier the infection from the body. MTB are able to use this host defence mechanism to their
advantage and create an environment where it can replicate easily and alter the phenotype of the
recruited cells.
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1.2.2 The Mycobacterial cell wall
The exact functional and structural composition of the Mycobacterial cell wall
remains somewhat elusive, although recent work has contributed to various models
of this complex system(43–45).
Mycobacteria are weakly Gram-positive but the structure of their walls is functionally
similar to Gram-negative bacteria, with an inner phospholipid bilayer, a periplasmic
space and an outer waxy layer. These 3 layers are approximately 35nm thick. Recent
work has also suggested the additional presence of a capsule outside of the cell wall,
which can add up to a further 35nm to the overall depth (46). Together, these are
responsible for many of the properties associated with both virulence and immune
system evasion.
The capsule is largely made of α-D-glucan, a polysaccharide like molecule and other
secreted proteins that form a mesh that can regulate the internal environment of the
Mycobacteria (47).
The periplasmic space houses the arabinogalactan- peptidoglycan (AGP) complex,
made of arabinogalactan covalently linked to peptidoglycan. Peptidoglycan forms a
mesh like structure and is able to provide the cell with enough rigidity to withstand
changing osmotic pressures (48). It is thought to have a protective role during periods
of dormancy in the MTB lifecycle (49). Arabinogalactan is a polysaccharide, the mass
of which accounts for up to 35% of each cell wall (48).
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Approximately 60% of the dried weight of the Mycobacterial cell envelope is lipid
(50). The most important component of these are the long chain fatty acids, mycolic
acids, found in the inner leaf of the cell wall. It is the mycolic acids and the structural
link with the AGP that impart the poor penetrability associated with Mycobacterial
cell walls, which can be up to 1000 times less permeable than Escherichia coli or
Pseudomonas aeruginosa (51).
In MTB mycolic acids form alpha, methoxy, hydroxy or keto mycolic chains. They have
2 alkyl and 3 hydroxy groups per molecule. They are essential for survival of the
Mycobacterium (52). They can be free or bound as an ester to AGP, forming mycolic
AGP complex (mAGP). The outer leaf of the mycolic membrane is composes of
phospholipids, glycolipids and polysaccharides. The mycolic acid can bind with
trehalose to form trehalose monomycolate (TMM) or trehalose di-mycolate (TDM).
TDM is also known as cord factor, named after the appearance of colonies on agar
despite non-cording species also containing TDM and is thought to be an important
virulence factor for MTB although debate continues to what extent this is true(47).
Trehalose is a disaccharide made of 2 glucose molecules linked with a α (1-1) bond
with c2 symmetry (53). Naturally it is not found in mammalian cells but it can be found
in fungi, bacteria and insects (47). Trehalose is able to resist desiccation, heat,
freezing and γ-radiation. It is a highly stress-protective molecule (54). Trehalose is
known to be important in resuscitating dormant fungal species and has been shown
to have a similar role in Mycobacterial species (55). As well as TMM and TDM,
trehalose is found as diacytltrehalose, triacytltrehalose and pentacytltrehalose and
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sulfatides (such as sulphalipid-1) in all of the MTBC, excluding M. bovis BCG (47).
Figure 1.4 shows a schematic of the Mycobacterial cell wall.

Figure 1-4 A schematic showing the layers of the Mycobacterial Cell Wall and TDM highlighted. TDMtrehalose dimycolate

The cell wall has long been used to inform TB diagnostics; it was visualising the cell
wall that lead to Koch’s discovery of the MTB bacillus.

1.3 TB diagnostics
1.3.1 The history of TB diagnostics
The understanding of TB and MTB became much greater midway through the 18th
Century as epidemics swept through European and the American cities with rates
estimated to be about 900 per 100,000 (56). During this time, the industrial
revolution was under way in Britain with urban populations and poor living conditions
on the rise. In 1819, Laennec, a French doctor in Paris, published a unified concept
for both pulmonary and extra pulmonary TB, and described the clinical signs which
are still used today to raise TB suspicion clinically (56) or diagnose empirically.
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The theories of a contagious agent or genetic disposition were debated with a
northern and southern European divide. Separate work by Jean-Antoine Villemin and
William Budd in the 1860s proved the contagious nature on TB (56). In 1882, Robert
Koch presented his work on isolating the disease causing bacillus, MTB. During this
work he developed microscopy techniques that are still in use today, and are viewed
as cornerstone of current TB diagnostics globally (discussed further in section
1.3.2.4.1 and seen in Figure 1-5, and Figure 1-7) (57).

Figure 1-5 Example of a smear of Koch’s isolate from Taylor et al 2003 (57)

Concurrently and coincidently after the time of this discovery, the rates of TB started
to reduce substantially in Europe. A combination of improved living conditions,
nutrition and natural selection of a naturally resistance population giving rise to herd
immunity may go some way to explain this reduction (58).
In the early and mid-20th Century drug discovery lead to the development of the first
anti-tuberculous chemotherapy, in the form of antibiotics which provided a cure for
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TB. Finally, this meant that diagnosis could aid patient’s recovery.

Initially

streptomycin was used (from 1934) to treat MTB infections but it soon became
evident that resistance to the drug evolved (56). It also meant the field of diagnostics
started to consider resistance status for the first time. Joint therapy with para-amino
salicylic acid increased the efficacy and had improved outcomes. In the 1950s
isoniazid and rifampicin were developed with fewer side effects than previous drugs
and also a greater potency for MTB(59) . With improvement in treatment options,
being able to diagnose the disease became ever more useful. However, drug
resistance also developed to these antibiotics and so a greater need to diagnose
resistance status was also realised.
The MTB genome was sequenced in 1998 (see Figure 1-6) which gave hope that more
specific therapies and diagnostics would be develop (60). However, in the last 23
years, whilst some innovations have occurred in the diagnostics field, particularly in
molecular testing, there remains an estimated $4.5 billion funding gap needed to
accelerate future diagnostic tools and achieve the End TB goals (9). At present there
is still not a single bedside point-of-care diagnostic for tuberculosis that is endorsed
by the WHO, despite the agreed need for such a test at the United Nations High level
meeting to End TB in 2018.
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Figure 1-6 The genome of MTB as sequenced in 1998 can be interpreted as a series of concentric circles,
from the outer most ring to the central ring. The outside ring had numbers from 0-4 showing the MTB
scale from the origin of replication at 0. The next ring inwards represents where the stable RNA
sequences are with the colours indicating the type of RNA (blue- tRNA, pink triangles- other RNA and
pink square- direct repeater region. The green strip represents the coding DNA sequences. The next few
rings notate specific of genes such as insertion sequences in orange, PPE family in green or PGRS in red.
The central ring is a histogram of C + G content with higher percentages shown in red and lower
percentages shown in yellow (61)

Discussed below are the current diagnostic methods and tests used clinically.

1.3.2 Current diagnostic methods
1.3.2.1

Clinical signs, symptoms and risk

Clinicians raise suspicions of TB if a patient reports high fever, night sweats, weight
loss, malaise, persistent cough, haemoptysis, (62). These are non-specific for TB and
so further diagnostic testing is required. However, in 2018 only 55% of all patients
were bacteriologically confirmed (3). Clinically higher risk populations include
children under 4, HIV/AIDS patients, patients with low body weight, patient with
alcohol or intravenous drug addiction and immunocompromised patients ((63–65)).
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1.3.2.2

Host Immune Response Diagnostics

At present host immune response assays are primarily useful in diagnosing latent TB.
The most commonly used assays globally are the Tuberculin Skin Test (TST) and the
Interferon Gamma Release Assay (IGRA). During the TST a small amount of purified
protein derivative (PDP) is injected intra-dermally and the reaction measured
approximately 72 hours later (66). There are 2 IGRAS currently approved by the FDA;
QFT-GIT and T-Spot. They have varying methodology but are both blood tests that
rely on the white blood cells producing interferon gamma (INF-γ) when in contact
with MTB antigens, ESAT-6 and CFP produced by the ESX1 secretory system of
virulent MTB species (41). One of the main limitations with IGRAs is the inability to
distinguish new active infections from those previously treated, or those with latent
TB. Whilst TSTs will be positive for any patient having already received a BCG
vaccination, the IGRA will not, offering one advantage (67). In addition to this, the
time for a positive IGRA result will take less than 24 hours (although this is dependent
of suitable facilities processing the tests). The IGRAs are more expensive and more
technologically demanding but can offer improved cost per diagnosis if used in
correctly targeted populations, such as with immigrants to low burden countries from
high burden countries (66). However, overall the WHO does not recommend using
IGRAs over TSTs in LMIC (68) guidance which was updated in 2020.
1.3.2.3

Culture Techniques

Solid culture of MTB isolates was considered the gold standard for MTB diagnostics
until liquid culture technology became as sensitive and specific (Specificity 100% and
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Sensitivity 95-100%) (69). Liquid culture has the additional benefit of reducing the
time to a result to around 10 days from 6weeks on solid media. The mycobacteria
growth indicator tube (MGIT™, BD UK) is therefore currently considered the gold
standard and is based on oxygen consumption of the growing organism (70). The
MGIT™ system is widely used in clinic but is unable to distinguish between
tuberculous and non-tuberculous mycobacteria. Solid culture or polymerase chain
reaction (PCR) methods can be used to further specify genotype and viability (70).
1.3.2.4
1.3.2.4.1

Imaging
Microscopy

The smear microscopy was pioneered by Koch at the end of the 19th Century. This
modified process is used today involves and involves taking a smear of infected
sputum and labelling first with a primary stain (most often 1% carbol fushin
currently). The primary stain is retained by the Mycobacteria after decolourisation. A
counterstain (usually 0.1% methyl blue today) is then added before the slide is
examined under a bright field microscope (71). This method requires a technician to
be trained and needs a laboratory to complete the process. More experienced
technicians have a high sensitivity and specificity that newer staff (72). The
differentiation between smear negative and smear positive patients can be clinically
important, with smear positive patients being up to ten times more infective than
smear negative, culture positive patients (73).
Fluorescent microscopy, now widely used around the world and endorsed by the
WHO, built on the principle of smear microscopy but uses fluorescent stains rather
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than carbol fushin as the primary stain. Most often auromine-o or auromine-o/
rhodamine combination are used to stain the acid fast bacilli. The fluorescent stains
are brighter that the Ziehl-Neelsen, and can be examined at a lower magnification,
which can limit technician fatigue and allow for longer periods at the microscope (74).
For a detailed understanding of fluorescent stains see section 1.4.2

Figure 1-7 Comparison of acid fast staining techniques of Mycobacteria with ZN staining on the left as
seen through a light microscope and auromine-rhodamine staining using a FM. Modified from
Caulfield et al. 2016 [49]

Fluorescence microscopy (FM) was initially dependent on the use of powerful lasers,
filtered to specific excitation wavelengths for each stain. These lasers are however
expensive, heavy and require special and specific maintenance making their
ubiquitous utility difficult in LMICs. The development of light emitting diodes (LEDs)
with specific wavelengths that were also portable and cheap has meant that LED
fluorescent microscopes entered the market with wider appeal. The WHO updated
the LED FM policy in 2011 and highlighted the increased sensitivity, operational
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advantages and cost benefits and recommended the switch from bright field to LED
microscopy across the world (75).
Current fluorescent stains in use for smear microscopy do not overcome many of the
limitations associated with the process as a whole. Sputum smears must be prepared
in a microscopy level suite, where risk of exposure to the potential pathogen is
minimised. This means that samples containing unknown species must be processed
by a biosafety level 3 (BSL-3) laboratory (please refer to section 1.4.1 for further
information on sputum) (76). Additionally the process is known as hot staining,
whereby most often the reagents are heated giving better penetration of the dye into
the Mycobacteria cell wall. Cold staining is possible but the concentration of reagents
needed makes this process more expensive for little gain (71).
Overall, the main limitation for smear microscopy is the low sensitivity offered by this
method. Rates vary greatly between individuals but best estimates suggest a best
case 98% specificity (77) and 34-80% sensitivity in sputum samples (78,79). Whilst
presenting a lower risk, smear negative, culture positive patients still account for
around 17% of onward infections (80) but are often additionally delayed in starting
treatment by the challenges in diagnosis (81). Improving the sensitivity of sputum
smears would reduce the potential delay by capturing more cases as smear positive.
Additionally, the sputum smear process takes approximately 12 hours to complete in
most laboratories after the sample arrives. This means that even a positive diagnosis
cannot be given during the patient’s initial consultation. The patient may leave the
clinic and not return, depending on circumstances (82). Treatment may begin
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empirically if clinical signs point towards a TB infection, but the presence of any
resistance will not be known (83). If they are indeed infective they may also be free
in the community to spread the disease before they start treatment. This is a major
problem with all currently available diagnostics, and is the underlying reason why a
rapid POC diagnostic test is needed in all settings, including the rural low resource
environment.
1.3.2.4.2

X- Ray

Often a chest radiograph (X ray) will be one of the first diagnostic tests to be
completed if TB is clinically suspected.
X rays are ionising radiation of between 0.1 and 10nm in wavelength. A beam is
directed through a patient onto a sensitive film. Where the beam is absorbed by
structures in the body, such as bone, the film will appear white on the resultant two
dimensional image. Where the beam is able to pass through the resultant image is
black as none of the radiation has been absorbed.
There are some classical features that may be present in TB on X ray, but often they
are non-specific and act only to guide a diagnosis in the absence of bacteriological
confirmation (84). Up to 15% of people with active TB have normal chest X-rays (85).
There is a suggestion that compared to other populations, only people with HIV will
have predictable chest X rays once co-infected with TB, and factors such as time to
infection play less of a role (86). Much of the literature separates primary and postprimary infection by time from infection to onset of symptoms, and there has been
some indication that the features seen on X-ray may vary between the two (84).
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Healing granulomas in the lung often calcify and form what can been seen as a
defined white Ghon complex on X-ray (62). An example of a chest X-ray with evidence
of TB is shown in Figure 1-8

Figure 1-8 X-ray showing right consolidation secondary to MTBC infection. Taken from (87)

1.3.2.4.3

Computerised tomography

Computerised tomography (CT) scans can be used for treatment monitoring or in the
diagnosis of new TB. It is able to better distinguish specific areas of disease due to the
improved special resolution when compared to plain radiograph. CT may be better at
identifying lymph node involvement. (88)
1.3.2.4.4

PET CT

One example of imaging with the potential to be used for tuberculosis diagnosis is
positron electron tomography (PET) CT. Although currently the most wide spread
contrast agent used clinically is 2-deoxy-2 -fluorodeoxyglucose (18F-FDG) to identify
areas of high metabolism in cancer diagnostics, active sites of TB, such as high glucose
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consuming granulomas can also been seen. CT PET can highlight small active
granulomas that have been missed via other diagnostics, as seen in Figure 1-9 (89).
Studies have shown the PET CT is able to detect a greater number of extra-pulmonary
sites than clinically suspected, in patients presenting for the first time with primarily
pulmonary symptoms (90). Alternatively, however, inactive, dormant or low
metabolic granulomas may fail to ignite with FDG contrasts (91). New contrast agents
are being developed, with various specific TB target moieties such as Carbon-11
rifampicin (92,93).

Figure 1-9 18F-FDG PET CT scan highlighting areas of pulmonary and extra pulmonary TB as indicated
by the yellow arrows. Modified from [75].

1.3.2.5

Molecular Techniques

The tests below are WHO endorsed test as of 2021 (94).
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1.3.2.5.1

Nucleic Acid Amplification Techniques

Nucleic acid amplification techniques (NAATs) amplify the presence of any
Mycobacterial DNA in a sample. Gene Xpert (Cepheid, France), Gene Ultra (Cepheid,
France) and TB-LAMP (Eiken Chemical Company, Japan) are all endorsed by the WHO
and have offered significant advances in diagnostics (3). In 2021, 3 further categories
of NAAT were endorsed by the WHO, including tests by Truenat (MTB, MTB plus and
MTB-RIF) (Molbio diagnositcs, Goa, India) (95), Abbot equipment (realtime MTB test
and realtime MTB RIF/INH), Becton Dickinson (BD Max MDR-TB), Bruker Hain ( Fluoro
Type MTB and FluoroType MTBDR) and Roche diagnostics (Cobas MTB assay, and
Cobas MTB-RIF/INH assay).

Figure 1-10 Gene Xpert (Cepheid) _ cartridge and hardware b) Steps needed in sample preparation for
the gene Xpert cartridge that must be carried out in an appropriate biosafety level area.

The Xpert MTB/RIF (Cepheid, France) amplifies sections of the rpoB Mycobacterial
gene using real time (RT) PCR. This gene serves two purposes as presence of this gene
indicates the existence of Mycobacteria in the sample, but mutations in this gene also
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give rise to rifampicin resistance. If mutations are detected then drug- resistance
Mycobacteria are in the sample, making the Xpert capable of diagnosing both
infection and resistance in the same test. It has made it possible to diagnose 75% of
smear negative cases in a few hours, which previously would have taken weeks via
solid media culture (96). The Xpert uses disposable sample cartridges that are
administered into a semi-automated hardware machine. The Xpert ultra (Cepheid,
Sunnyvale, US) was designed for improved sensitivity in HIV and paediatric
populations.
Whilst the potential for the Xpert to revolutionise the diagnostics field is clear, the
application of such technology globally has shown mixed results. The hardware
requires a constant supply of power, is expensive (and more cost effective with larger
economy of scale) and requires stable ambient temperature and environment. Many
high burden areas cannot offer these conditions, particularly at or close to the POC
(97). This means that many countries offer Gene Xpert in centralised laboratories,
away from the patient need, reducing the advantages of the short turnaround time,
and need for only low skilled technicians to operate the system. Having the
centralised systems raise potential issues with transferring samples from the point of
collection to the central location(98,99). In studies where the Gene Xpert system has
been placed closer to the POC, fewer patients have been lost to pre-treatment follow
up as treatment can begin on the same day (100).
During the SARS-CoV-2 pandemic, Cepheid (France) has developed a Covid-19 specific
cartridge that uses the Xpert hardware. Whilst this is novel approach is helping to
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diagnose Covid-19 positive cases (101), it could be at a detriment to Tuberculosis
diagnostics as the machine can only process one cartridge at a time. This has
impacted the capacity of TB testing. For example in South Africa a reduction of drug
resistant TB cases has been reported compared to previous years, which is thought
to be due to the reduced testing capacity and requests caused by using the TB Xpert
infrastructure for Covid-19 work (102).
1.3.2.5.2

TB LAMP

Loop mediated isothermal amplification (LAMP) techniques have the potential to
revolutionise genetic identification in the community (103). There is no need for
thermocycler as there is with real time PCR, and detection can be made under UV
lamp with the naked eyes (see Figure 1-11,) negating the need for expensive narrow
band wavelength sources and detectors. The method is simplified, with only 6
primers used in the Loopamp MTBC detection kit (TB LAMP, Eiken Chemical
Company, Japan). The sensitivity (89-90%) and specificity (93-95%) are promising
(104,105) and TB LAMP may prove to be useful at the POC.

Figure 1-11 : Lamp TB taken from Teran and de Waard 2016 [61]
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1.3.2.5.3

Line Probe Assays

Line probe assays (LPAs) are a molecular test designed to detect INH or RIF
resistance, and were first endorsed by the WHO in 2008 (106). The LPA detects
mutations in the katG, inhA, and rpoB genes. LPAs must be completed at a laboratory
level due to the sample processing needed; DNA must be extracted from
sample/culture prior to LPA and amplified using PCR in a clean room. Although LPAs
can capture 95% of RIF and up to 90% of INH resistance, traditional drug susceptibility
testing is often needed in addition to LPA testing, which can take many addition
weeks for a clear result (107). The cost can prohibit uptake in lower resourced
settings. LPAs are considered a rapid test with a turnaround time (TAT) of around 6
hours (108) but this is still too long for a patient to wait in a clinic for same day results.
Figure 1-12 shows a schematic for the LPA process.
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Figure 1-12 Schematic showing reverse hybridisation of DNA probes in Line Probe Assays

1.3.2.5.4

LF- LAM

With regards to POC testing urine offers an attractive biological sample; it is easily
collected and the risks associated with infection control are negated compared to
sputum samples. In addition, other POC tests using urine exist and are widely used
such as lateral flow assays (LFA) for pregnancy testing (109).
Metabolites from active or dying MTBC may be present in the urine. One such
metabolite is lipoarabinomannan (LAM) which appears to only be present in those
with active TB and is a constituent of the mycobacterial cell wall (see section 2.1.2).
The Determine ™TB LAM ag (Abbot, USA) lateral flow (LF- LAM) assay has been
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developed and can be useful in diagnosing co-infected patients with HIV and TB in
particular circumstances (110).
Of the various cohorts of people infected with TB, those who are HIV positive can be
difficult to diagnose (14). Traditional diagnostics have reduced specificity and
sensitivity in this group, in part because they do not often produce sputum and so
microscopy and culture techniques are unsuccessful(111). The evidence for using LFLAM is still of relatively low quality with a pooled sensitivity of 44% and specificity of
90% over 6 large scale WHO conducted studies comparing LF-LAM to sputum spear
(112). LF-LAM is WHO endorsed only for inpatient HIV patients with lowest CD4+
count (i.e. the sickest patients) due to the increased sensitivity in this group compared
with healthier patients or as part of multiple TB diagnostic tests being conducted
(113). It is possible that the higher bacterial burden, alongside permeable glomeruli
in the kidney enable more antigen to pass into the urinary tract or an overall
increased presence of the bacteria in the urinary tract give rise to better sensitivity in
the low CD4+ cohort (113). This is somewhat controversial, with many researchers
demonstrating significant benefit beyond the WHO recommended situations (73).
The LF-LAM costs <$3 per test and results can be ready within 25 minutes making it
a true PO diagnostic, albeit with limited utility(73). In addition, LF-LAM is the only
diagnostic with evidence from a multi centred randomised control trail of improving
mortality rate (8 week mortality rate showed a 17% risk reduction (112).Figure 1-13
shows the LAM test and reference card.
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Figure 1-13 LAM-TB strip taken from lawn [79]

1.3.3 Access to diagnostics globally
As discussed above, access to diagnostics is reliant on many factors other than simply
the technology existing. In low resource settings many tests, particularly molecular
tests, are not readily available for every patient due a multitude of barriers including
financial and human resources (99). With the global distribution of TB, and the socioeconomic factors underpinning the disease, it is perhaps not surprising that that
every patient suspected of having TB does not receive laboratory confirmation.
Indeed 45% of reported cases were treated without confirmatory diagnostics in 2018
(3). Even in higher income countries, only approximately 80% of cases are
bacteriologically confirmed (94). In cases of MDR or extremely drug resistant (XDR)
TB this drops further to about 51% of cases being bacteriologically diagnosed. Only
10 out of the 48 highest burden countries exceed the global average for MDR
bacterial confirmation, indicating that this too impacts LMICs to a greater degree than
higher income countries (3). These low confirmatory rates highlight the importance
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of developing a POC diagnostic that can support global progress in TB elimination
with rapid MTBC detection.

1.4 Considerations for POC diagnostic design
The definition of POC covers a wide spectrum of devices. Many of the diagnostic tests
described in 1.3.2 are considered to be POC by some, but not others. Figure 1-14
summarises the variation of POC tests (114). Importantly, the purpose in each case is
well defined. The device in this thesis sits under the TPP2 definition, where by it could
be used for onward referral to a TB clinic for treatment.

Figure 1-14 Spectrum of TPP for POC diagnostics modified from Pai 2012 (114)

There are many reasons why implementation of POC testing and devices can be
unsuccessful, including quality assurance and health system integration (115).
Operational considerations must be high on the priorities from the start of any
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project in order to design a device that is fit for purpose (116). The WHO developed
a set of criteria that can be used to benchmark POC diagnostics in the low resource
setting, known as the ASSURED criteria as shown in Table 1-2. These generic criteria
can be used when designing new POC tests, or when analysing the appropriateness
of a particular test for the market. For each disease profile, or condition, the ASSURED
criteria need to be expanded upon and specific parameters set.
Table 1-2 The Assured Criteria

A

Affordable

S

Sensitive

S

Specific

U

User-friendly

R

Robust and Reliable

E

Equipment free

D

Deliverable

Recently, these criteria have been expanded to consider the connectivity of a device
in real time and the ease of sample collection. When added to the original criteria
these are known as the REASSURED criteria (117).
Despite all of the available diagnostics, and WHO endorsement of molecular testing
in 2021, the smear microscopy remains the most utilised screening test in LMICs (99).
Therefore there is an opportunity to develop sputum imaging with improved
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sensitivity alongside an innovative microscopy platform suitable to the rural LMIC
that could disrupt the POC diagnostic space. There is a need to reduce associated
financial costs, improve the structural robustness and connect the device remotely in
order to make a successful imaging POC diagnostic. At the 2014 WHO meeting on
Tuberculosis the TPP for a sputum POC diagnostic test that could replace smear
microscopy was developed as one of four high priority TPPs. The agreed TPP from this
meeting can be seen in appendix 1.
As sputum is the chosen biological sample for this thesis, understanding of the
challenges around this is vital to proceed with development of the device.

1.4.1 Using sputum in POC diagnostics
Sputum is an obvious choice of testing sample for a condition that primarily affects
the lung, such as TB. However, there are many challenges associated with various
aspects of a sputum sample, such as collection, processing and analysis. This
challenge is only magnified when developing a true POC diagnostic for the rural and
low resource, in that all of these steps must be completed at the bedside in a bio safe
manner, with in a portable device that costs very little to manufacture and maintain.
Although sputum smear has been essential to TB diagnostics for a century, the
sensitivity varies dramatically, being particularly dependent on the quality of the
sample (73). Increasing the bacterial load within the sample and improving the
processing of the sputum would have major implications on the accuracy and
precision on a smear result. Any diagnostic must aim to reduce the number of false
negatives (i.e. smear negative, culture positive samples) compared to smear
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microscopy, given that the WHO’s concerns regarding this has led to the recent (2021)
recommendations to move away from this technique (94).
Sputum or clinical samples where MTB presence is suspected must be treated in a
Biosafety Level 2 (BSL-2) containment with Biosafety Level 3 (BSL-3) equipment (76),
but research into MTB strains must be carried out in BSL-3 areas. Primarily this is
because the MTB aerosols that measure up to 5µM in diameter can be in the air for
several hours and risk transmission of the disease (76). A POC diagnostic needs to
bypass the need for any BSL laboratory by catching a sample and trapping it with in
an enclosed cartridge.
Many people with active TB have a productive cough and are able to produce
spontaneous samples. There is also, however, a large proportion of actively infected
people who do not produce much sputum, including paediatric and HIV positive
populations. As a result, overall sputum smear sensitivity and specificity in these
populations is reduced. There is unclear evidence as to the best way to collect sputum
to give improvements in these measurements, although it is suggested that a pooled
sample collected over several hours may increase the bacterial load in the sample,
when compared to 3 consecutive samples often used as standard clinical practice
(118). The heterogeneity in sample collection methods has made analysing and
conforming on the best method difficult but has shown that the quality of the sample
will have great impact on the diagnostic performance (119). Methods that have been
compared or investigated to improve collection include using induced sputum
collection with nebulised hypertonic (6%) saline, physiotherapy support, airway
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clearance techniques, rinsing the mouth prior to expectorating, pooled samples and
subjective sample quality (119). Interestingly, the collection method and processing
steps of the sputum are not independent; the availability of centrifugation in the
laboratory impacts whether a greater initial yield of sputum is of benefit (120,121).
There is also great heterogeneity in the processing of sputum ranging from no
processing (often labelled as direct sputum smear) to using chemicals and physical
methods to increase the observed MTB in a smear. The most common processing of
sputum uses N-acetyl- L- Cysteine (NALC) and sodium hydroxide (NaOH). This
combination of mucolytic (NALC) and controlled decontamination (NaOH) releases
bacilli present so they can more easily be stained. Exposing the Mycobacteria for too
long to NaOH, or at too high a concentration may kill these cells, making culture from
these samples impossible (122). Using sodium hypochlorite (bleach) on a sample is
thought to digest mucus and debris so that it is easier to detect present Mycobacteria.
When combined with a sedimentation step, allowing the sample to rest overnight,
and centrifugation step, initially studies suggested that the sensitivity of smear
microscopy was improved, but more recent data contradicts this (123). However,
there could still be an advantage to exploring using sodium hypochlorite from a
biosafety perspective in low resource areas. Phenol ammonium sulphate (PhAS) has
been used in a sedimentation of sputum for smears. The PhAS sterilises the sample
making is safe for use in lower BSL laboratories (124).
Essentially a POC diagnostic faces two challenges with regards to the sputum; the
initial collection of the sample which includes the quality and yield of the sputum,
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and the processing of the sample in an enclosed space to improve sensitivity and
specificity and to negate the need for a BSL-2 laboratory.
One other important factor to consider in the development of the device is the
labelling of the infected sputum. One possible approach would be to use fluorescent
stains, based on an optical imaging approach.

1.4.2 Optical Imaging in diagnostics
Optical imaging (OI) uses photons with wavelengths in the visible spectrum range
(approximately 400-750nm – see Figure 1-15) to build an image of a target. The target
is usually fluorescent molecules that can be endogenous to the body, or exogenously
applied through a specific stain or dye. Commonly OI is used clinically in diagnostics
(125), such as with the micro endoscopy system, CellviZio (Mauna Kea Technologies,
France) which uses naturally occurring fluorescence in the collagen and elastin fibres
to navigate through the lung. Many other areas of OI are being investigated to
determine their usefulness clinically (126).
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Figure 1-15 The Electromagnetic Spectrum The visible spectrum is part of the electromagnetic
spectrum that the human eye can detect, from wavelengths of 400-750 nm

Optical imaging can be low cost, high resolution and is non-ionising offering
significant benefit to patients over many current imaging methods (127). It is possible
for diagnostic OI to be in-situ in-vivo or ex-vivo (128). For a sputum based POC
diagnostic, ex-vivo imaging methods would be used which have the additional
benefits of less constrained parameters in terms of wavelength application, and
labelling toxicity(129).
OI makes use of fluorescence within a system. Photons of a particular wavelength
are absorbed by a particular fluorophore which excite it to a higher exergy state, from
the resting ground state. In this excited state, some of the energy is lost by internal
conversion, so that when the photon is released it has a lower energy (longer
wavelength) than when it was absorbed. This wavelength is the emission wavelength
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and the change from the excitation wavelength is known as the Stokes shift (Figure
1.16.). The stoke shift and shape of the peak will be unique for each compound. A
particular set up or system may select or use a particular fluorophore to exploit this
in various ways.
Fluorescence can be endogenous to a sample, i.e. it is unlabelled, or exogenous if a
specialised label or stain is used. Bronchoscopy and micro endoscopy in the lung can
make use of this endogenous fluorescence of OI, using the auto fluorescence of the
collagen and the elastin fibres. There are commercially available systems specifically
for this which use green light to excite these fibres that then enable the navigation
through the lung and allow imaging of the distal region of the lung. For example,
Cellvizio™ (Mauna Kea Technologies, France) used an excitation wavelength of 488
nm to exploit the auto fluorescence in the elastin and collagen lung fibres during
micro endoscopy procedures.
Often in OI a fluorescent label is added to tag a sample (exogenous fluorescence
detection). These stains can be targeted with a specific moiety such as a peptide, or
drug and attached to a fluorophore in order to label a specific type of cell or process.
The labelled target causes the dye to accumulate, increasing the concentration of
fluorophore present at a location, which visually offers spatial and potentially
temporal data regarding a particular biological process or cell.
The fluorophore can always be in an active “on” state or may behave as a switch, only
becoming fluorescent under certain conditions. These biological switching
mechanisms allow for greater signal to noise ration and for clearer detection. A

60

quenching mechanism is active when the fluorophore appears “off”, and acts to
receive (i.e. an acceptor) for the fluorescent photos being released by the fluorophore
(i.e. the donor). The switch to an “on” state may be the result of enzymatic activity
cleavage at the target moiety removing the quenching acceptor molecule, or a
change in environment, changing the photochemical properties of the fluorophore.

Figure 1-16 The mechanism of fluorescence The top panel shows the excitation photon rising the
fluorophore into a high excited state, internal vibration (conversion) resulting in a loss of energy, and
the release of emission photon from a lower energy excited state. The bottom image shows schematic
of stokes shift between excitation and emission energies.

These are both known as auto-quenching mechanisms. It is possible for the
fluorophores to self-quench where by molecules of the fluorophore act as both the
acceptors and the donors in the compound. Separation of the fluorophore molecules
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from each other releases the fluorescence. A fluorescence resonance energy transfer
(FRET) system can also be present in the dye which uses a non-fluorescent molecule
to quench the fluorescent one. On release of the fluorophore from the quencher
fluorescence is seen. The mechanisms of switching from a non-fluorescent to
fluorescent state (or vice versa) have given this type of label the term smart probes.
A schematic for these mechanisms can be seen in Figure 1-17

Figure 1-17 the different mechanisms of Smart probes Top box shows a schematic for 2 auto
quenching mechanisms where by fluorescence is induced either though a shift in environment towards
a more hydrophobic one, or through cleavage of a target moiety. The middle panel shows a selfquenching mechanism where the configuration of the fluorophores ensure they act as both donors
and acceptors prior to being released from each other and releasing the fluorescence. The bottom box
shows a FRET system where a non-fluorescent molecule (Q) acts as the acceptor before being cleaved
to release the fluorescence.
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This thesis will explore the use of exogenously applied fluorescent stains to
Mycobacterial samples and fluorescence microscopy to capture the images. These
labels will aim to be applicable for use at the POC, and be able to be used in the final
frugal fluorescence imaging system presented here.

1.5 Point-of- Care Diagnostics in 2021
With the SARS-CoV-2 outbreak reaching pandemic levels in 2020, rapid point-of-care
diagnostics have been thrown into the limelight. New levels of funding and a global
united interest have generated a plethora of innovative ideas, with some having gone
from concept to commercial in less than 6months (130–132). This effort has
mobilised academics, pharmaceuticals and government to unite and realise what
many researchers in diagnostics have been working towards for many years; new
faster, simpler and affordable diagnostics testing (133). This is exciting for the world
of diagnostics and it is vital that the enthusiasm and the new technology pathways
are embraced and adapted for diseases that have been around for millennia, not just
months.
However, in the meantime many diseases are not benefitting from this boom. As the
focus has been on SARS- CoV-2, resources and funding has been directed away from
areas such as HIV, malaria and TB research. Across the world there have been reports
of excess deaths caused by a focus on SARS-CoV-2 at the expense of other diseases,
including TB (94,102).
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1.6 Summary
There is not a single bedside sputum POC diagnostic endorsed by the WHO and yet
it is clear that as part of the End TB strategy one is needed (3). Whilst the
technology exists at laboratory level to diagnose both the presence of MTBC and
any resistance rapidly, these do not currently translate to a POC application, and
therefore rural populations of patients face inequality. Additionally the cost is
currently prohibitive for the molecular tests to be widely available in low resource
settings, even with support from charitable foundations.
This thesis seeks to explore possible solutions to develop a concept for a bedside
POC TB imaging diagnostic. To embed any POC diagnostic, it is vital to embrace to
social and human aspects of implementation; the technology must fit into existing
infrastructure, societal expectations and health pathways, (e.g. using technicians
and robust, low cost, and robust equipment needing minimal maintenance).
Improved TB diagnostics must be seen as part of a wider package of care for TB
control to be translated globally (96).
The frugal, low maintenance approach presented here uses fluorescent trehalose
probes, detected by an integrated filtering lens that can be coupled to a
smartphone microscope structure and collection pot, is described in the remaining
chapters of this thesis. It offers a possible concept to towards achieving improved
TB diagnostics in rural, low resource, high burden areas.
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1.7 Aims of this thesis


The aim of this thesis is to explore the development of a new frugal POC diagnostic
for TB that could be used in rural, low resource settings. Three approaches have
been taken to fulfil this.
1. To gain understanding into optimising novel trehalose based fluorescent
stains for a POC diagnostic.
2. To develop optical components that would be appropriate for use in a low
resource, high TB burden setting.
3. To conceptualise a design for a sputum based POC diagnostic that would
negate the need for bio safe laboratories, is portable and adheres to the
REASSURED criteria.

2

Chapter 2: Materials and Methods
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2.1 Ethics Statement
Blood samples for the preparation of erythrocytes, neutrophils and mononuclear
cells were taken from consenting from healthy volunteers. (AMREC Ref: 15/HV/013).
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2.2 Materials
The following reagents were purchased from Merck (Darmstadt Germany):Dimethyl sulfoxide (DMSO) (472301) , Fibronectin (F1141), Poly-d-lysine (P6407),
Paraformaldehyde 4% (158127),Triton X-100 (X100), Tween-20 (P1379), Bovine
serum albumin (BSA) (9647) Lysogeny Broth (L7275), Lysogeny Broth with agar
(L7025), 7H9 liquid broth (Merck M0178), tween 80 (93780), 7H10 Middlebrook Agar
base (M0303), Middlebrook OADC growth supplement (M0678), Middlebrook ADC
growth supplement (M0553), Ebselen (E3520), Sylgard 184 (761028), Nunc Lab tek
chamber slide, 8 wells (C7182).
The following reagents were purchased from Glibco Lifesciences, UK:Dulbecco’s Phosphate Buffered Saline (PBS) (14190-94), [10x] PBS (70011-044)
The following bacterial strains were purchased from ATCC, UK:Mycobacterium bovis Karlson and Lessel BCG (ATCC-35737), Mycobacterium
smegmatis Lehmann and Neuman (ATCC- 14468)
In addition to this the following bacterial strains were used that were previously
purchased within the research group :

Bacteria

Strain

Methicillin
Sensitive ATCC 252
Staphylococcus aureus
Escherichia Coli
ATCC 25922

Source
ATCC
ATCC
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The following materials were purchased from Pi Hut:Raspberry Pi (V3), Raspberry Pi V2 camera module (SKU: SC0023), Raspberry Pi 7”
touchscreen display (SKU: SC0025 )
The following materials were purchased from RS online:RS Pro 1.75 mm Blue PLA 3D printer filament (RS 220-8863)
The following materials were purchased from Bentley Advanced Materials, UK:Silc Pig Green (PMS 3292), Silc Pig Red, (PMS 186C)
The following materials were purchased from Thor Labs, UK:Aluminium Breadboard 300mm x 300 mm x 12.7 mm, M6 taps (MB3030), SM1 Series
Fibre Adaptor (SM1SMA), Mounting Base, 25mm x10mm (BA1S/M), Metric Linear
Translation Platform (XR50C/M), Fibre coupled LED @ 505 nm (M505F3), Metric XY
Translation Mount (XYF1/M), Mounted Ø=6.33mm, f=3.10mm, NA=0.68 D-ZK3
Aspheric,-A (C330TMD-A), Fibre Cable, MM, SMA-SMA, 10um, 0.10, 1m, 0.4-1.0
(M65L01)

2.3 Methods to investigate trehalose based probes
2.3.1 Probe Synthesis
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The trehalose probes were synthesised in Professor Mark Bradley’s laboratory at the
Department of Chemistry, University of Edinburgh, primarily by Dr Muhammed
Ucuncu and Dr Assel Beibek.
The compounds were characterised in the Department of Chemistry provided as a
dried powder.

2.3.2 Probe stocks and storage
Trehalose smart probes were weighed on a 5-point balance (AB54-S Analytical
Balance, Mettler Toledo, UK) and a stock concentration made using the mass and
molecular weight of each compound, diluting in saline (0.6%). Stock solutions of a
maximum concentration of 500 µM were stored at -20°C and stored in aliquots of 200
µL. Once thawed the compounds were not re-frozen.

2.3.3 Spectral reads
Probes were diluted to 5 µM in saline (0.9%) and 200 µL placed in a 96 clear, flatbottomed well plate. The absorbance read on a Synergy H1 Multi-Mode
Spectrophotometer (BioTek, VT, US) at 5 nm increments from 380 nm. The
fluorescence was read at 430 nm. 200 µL of saline (0.9%) was used to obtain the
background noise of the machine and subtracted from the absorbance and
fluorescence readings. Readings were made in triplicate.
For the testing of hydrophobicity, the probes were diluted to 5 µM final concentration
using increasing concentrations of Dimethylsulfoxide (DMSO) from 0-100%.
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Fluorescence was read at peak emission wavelength as determined by the initial
fluorescence spectral read.

2.3.4 Mycobacterial growth and storage
M. bovis Karlson and Lessel BCG (ATCC-35737) and M. smegmatis Lehmann and
Neuman (ATCC- 14468) were purchased directly from ATCC and re-constituted as per
manufacturer instructions. Stocks of each were stored at -80°C on glycerol beads.
A single bead was then placed in 5 mL of sterilised Middlebrook 7H9 liquid broth
supplemented with ADC growth supplement and 0.5 g of tween 80 and left in a
shaking incubator (300rpm) at 37 °C for 48 hours for M. smegmatis, or up to 14days
for BCG until the optical density achieved 0.4 on photo spectrometer at 600 nm. For
solid stocks, a sterile 10 µL loop of this brother was streaked on Middlebrook 7H10
agar base supplemented with OADC growth supplement and 0.5 g of tween 80. The
agar plates were left in a stationary incubator set to 37 °C for 48 hours for M.
smegmatis, or 14 days for BCG until single colonies could be seen. At this point, the
agar plates were transferred and stored at 4°C.
For each experiment a single colony was removed from the solid stock, and diluted in
5 mL of 7H9 Middlebrook supplemented media. This was then left in a shaking
incubator at 37 °C for 16 hrs (M. smegmatis) or 7 days (BCG). The media was then
centrifuged at 3000rpm for 10mins, and the pellet washed 3 times with PBS, and re
suspended in 1 mL of PBS. The optical density at 600nm (OD600) was calculated on a
spectrophotometer and the Mycobacteria were diluted to an OD600 of 0.1.
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Any modifications to these methods are explained in each experiment below.

2.3.5 Bacterial growth and storage
Pseudomonas aeruginosa (PA 01, ATCC 47085) and Escherichia coli (ATCC- 25922)
were stored on glycerol beads at -80 °C. From these stores, agar plates were streaked,
incubated overnight at 37 °C and stored at 4 °C as stock plates. A single colony was
removed from the plate for each experiment and grown in 10 mL Lysogeny broth (LB)
for 16 hours (overnight). 200µL was then removed from this overnight culture and
sub cultured in fresh 10 mL of LB broth until mid-log phase (OD600 0.4-0.6) was
achieved.
Bacterial populations were centrifuged at 3000 rpm for 10 minus, washed 3 times and
re-suspended in 1 mL of PBS. The OD600 was calculated and the bacteria diluted to an
OD600 of 1. Each well was seeded with 0.1 OD600 for each experiment.
For dead bacterial experiments, the 1 mL of 1 OD600 was heated in a shaking
incubator set to 60 °C for 20 min. Killing was confirmed by colony forming units (CFU)
counts of LB plates as described below.

2.3.6 Peripheral blood cell preparations
The preparation of PBMCs was completed by Jenifer Marshall in the CIR.
Briefly, blood from consented healthy adults was collected and anticoagulated (4ml
3.8% Sodium Citrate per 40ml blood). Tubes were inverted and centrifuged at 350g
for 20 minutes. The plasma layer was carefully aspirated and 6ml of 6% dextran (MW
500,000, 37˚C) was added to the remaining erythrocyte layer and the tube topped up
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to 50ml with sodium chloride. The tube was rested for 20 minutes in an inverted
position. The top layer was aspirated and transferred to a
50ml BD Falcon tube, topped up to 50ml with 0.9% sodium chloride and centrifuged
at 350g for 6 minutes. This was then re-suspended in 55% percoll stock, and layered
with 68% and 81% percoll before being centrifuged at 720g for 20 minutes to form
two bands at the gradient interfaces. The PBMC layer and the neutrophil layer were
placed in separated tubes, washed twice and enumerated using a haemocytometer.
Confocal 8-well chambers coated with fibronectin were prepared. The PBMCs were
re-suspended in phenol free media and 100,000 cells were placed in each chamber.
The chambers were incubated at 37 °C for 20 minutes before a gentle wash. MeroTRE was added to a final concentration of 10 µM in the wells and incubated for a
further 20 minutes before imaging.

2.3.7 Mycobacterial and bacterial counts
Bacterial samples were vortexed and then diluted in PBS 1 in 10, serially 12 times to
give 12 log10 dilutions (noted as n in the equation below). 5 x 20 µL drops were placed
on LB agar segments and then incubated overnight at 37 °C. Each drop that had
between 3 and 30 colonies formed, was counted and the number of CFUs was noted
per mL. For Mycobacterial samples the process was the similar, replacing LB agar with
7H10 agar, and leaving the plates incubating for 48 hrs for M. smegmatis or 14 days
for BCG.
𝐶𝐹𝑈 = 10 × log10 𝑛 × 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑝𝑒𝑟 100 µ𝐿
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2.3.8 Counterstaining Mycobacteria
The Mycobacteria were stained with DNA Syto stains (Thermo fisher Scientific,
Massachusetts) or cell wall Cellvue Claret PKH stains (Merck Life Sciences, UK). For
Cellvue Claret, mycobacterial samples were diluted to 1 mL of 0.1 OD and then a cell
pellet was made by washing a sample 3 times in PBS and vortexing at 12000 rpm for
1 min. The cell pellet was re-suspended in 500 µL of diluent C. 2µL of dye was added
to 498 µL of diluent C. These 2 eppendorph tubes were then mixed together and the
cells and dye combine for 60 s. The cells were then washed 3 times and the pellet resuspended in PBS.
For DNA staining, Mycobacterial samples were diluted to 0.1 OD in PBS and 1 µL
added and allowed to combine for 5 min. The cells were then washed 3 times and resuspended in PBS.

2.3.9 Haemolysis toxicity assay
Erythrocytes were isolated from fresh, anticoagulated blood, donated from
consenting donors. 2 mL of erythrocytes was suspended in 8 mL of PBS. 500 µL of this
suspension was added to 500 µL of probe concentration ranging from 0 µM – 100 µM
and incubated for 1 hour at 37 °C. 0.2 % Triton X-100 was used as a positive control.
The Eppendorf tubes were centrifuged 1200 g for 10 mins. 200 µL of the supernatant
from each concentration was placed in a 96 well plate in triplicate and the absorbance
read at 350nm on the Synergy H1 Multi-Mode Spectrophotometer (BioTek, VT, US).
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2.3.10 Confocal Imaging
For mycobacterial experiments ,8 well confocal chamber slides were coated with
poly-d-lysine, incubated for 1 hour at 37 °C and then once washed with normal saline.
Mycobacteria were seeded at 0.01 OD600 per well and left to rest for 30 minutes at 37
°C. The wells were then washed with normal saline. 200 µL of probe to a final
concentration, or PBS, was added to each well depending on the experiment, and left
for an allotted amount of time, again depending on the experiment. For imaging
experiments, a well containing cells labelled with Syto dye was set up for the positive
control (Syto 9 green, Syto 60 red) and unlabelled cells used as the negative control.
Imaging took place on a Leica TCS Sp8 or Leica TCS Sp5 laser scanning confocal
microscope (LSCM). The Sp8 uses an inverted Leica DMi8CEL microscope, using the
63 x oil objective (LSM 510 META objective). For green fluorophores, the 488 nm
argon laser line was used for excitation. For the red probe Mero-TRE the diode laser
at 561 nm was used for excitation of the fluorophore. For red counterstains the HeNe laser (633 nm) was used for excitation. The HyD detectors were primarily used for
photon collection at emitted wavelength range. The laser power was limited to 1.5%
of total laser power. The pinhole was set to 1 Airy unit.
The Sp5 uses an inverted DMI 6000 CS microscope base. The argon (488 nm) or HeNe (633 nm) laser lines were used for excitation. Detection was via photomultiplier
tubes (Hamamatsu R 9624).
Images were taken using the Leica LAS X software.
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2.3.11 Time lapse imaging
For time lapse imaging 8 well confocal chamber slides were set up as described above.
Depending on the experiment, the final volume of saline added was reduced. This
was to allow the probe to be added at the microscope and the final concentration to
be calculated. For example, 100 µL of saline may have been added to the well, and
100 µL of 20 µM probe added at the microscope during filming to give a final well
concentration of 10 µM.

2.3.12 Environmental condition imaging
8 well confocal chamber slides were set up as described above, until the
Mycobacteria were washed. At this point, the wells received varying treatment. One
well was left dry after the wash, one well had 190 µL of normal (0.9%) normal saline
added, one had 190 µL of hypertonic saline (6%) and one had 190 µL of 7H9
Middlebrook media containing both tween and ODAC supplement added as
described above. These wells were left for 2 hours before imaging. 10 µL of 500 µM
probe was added to the wells with saline, hypertonic saline and media 30 s after
initiating imaging to give a final probe concentration of 50 µM. 200 µL of 50 µM probe
was added to the desiccated (dry) well.

2.3.13 Fixation imaging
8 well confocal chamber slides were set up as described above, until the
Mycobacteria were washed. 3 wells were filled with 200 µL of saline, 1 well was filled
with 200 µL of 4% PFA and 1 well was filled with 200 µL 50% methanol. These were
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left for 30 mins at 37 °C and then washed twice with saline. Each well was then filled
with 190 µL of saline. 10 µL of 500 µM probe was added to each well and left in a
shaking incubator for 15minutes. The wells were then washed once with saline. The
wells that previously has PFA and methanol and one other well were filled with 200
µL of saline. The wells filled previously with saline, one was filled with 200µL 4% PFA
and one with 200 µL 50% methanol. The wells were left for 30 mins at 37 °C and then
washed twice with saline and filled with 200 µL of saline prior to imaging.
For 4% PFA fixation time lapse, the well was filled with 190 µL 4% PFA and left for 45
mins. The cells were left unwashed and 10 µL of 500 µM MU161 was added after 30s
of time-lapse recording.

2.3.14 Image analysis
For each experiment, 3 fields of view (FOV) were selected at random and 10 regions
of interest (ROI) for analysis were selected on each from the bright field image to
prevent bias. Each experiment was completed 3 times unless stated. Results are
shown as ±SEM across these unless stated. Image analysis took place on Leica LAS X
software or on Fuji Image-J.
For time lapse experiments ROIs were selected at random the initial frame.

2.3.15 Inhibitor growth rates to determine MIC
M. smegmatis was seeded to a concentration on 0.0001 OD in 200 µL of 7H9
Middlebrook broth supplemented with ODAC and Tween 80 as described above, and
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including a final concentration of inhibitor. The Synergy H1 Multi-Mode
Spectrophotometer (BioTek, VT, US) was used to determine the absorbance at 450
nm over a period of 16 H.

2.3.16 Imaging with inhibitors
8 well chamber slides were set up with 0.01 OD of mycobacteria in each well in 200
µL of 7H9 Middlebrook broth. Inhibitor was added at 5 x minimum inhibitory
concentration (MIC) and the wells left to incubate for 1 H at 37 °C. The wells were
washed 3 times and then 190 µL of saline was added. At the microscope 10 µL of 500
µM probe was added during a time lapse recording or at a set time at imaged after a
period of incubation.

2.3.17 Statistical analysis
Data was analysed using Graphpad Prism (version 8.1 for Windows, Graphpad Prism
Software, San Diego, USA) where alpha was set to 0.05. Significance was considered
if p= <0.05. Each experiment was completed to 3 independent replicates, unless
stated in the results section. Error bars show ± SEM for the average of each
experimental repeat, or ± SD where n<3. Normally distributed data (as determined
by Shapiro-Wilks normality test) was analysed using students t-test and non-normally
distributed data was analysed using the Mann Whitney U and ANOVA tests.

2.4 Methods for manufacture and characterisation of the integrated
filtering lenses
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2.4.1 Waterscope Printing and assembly
The Waterscope Open Flex microscope was printed at the CIR, QMRI with help from
Dr Gareth Williams and was assembled as per the instructions accompanying the
STL files. 3 x elastic bands and 3 x M6 hex head screws were needed in addition to
the 3D printed components.

2.4.2 Non fluorescence Imaging
2.4.2.1

Haematoxylin and Eosin (H&E) stained macrophage slide preparation

PMBCs were isolated as described in section 2.3.6. These were then adhered to a
glass microscope slide with heat fixation and the washed in 20 µL of haematoxylin
solution, incubated at room temperature for 5 minutes and then washed in PBS x 2.
400 µL of eosin solution is then placed on the slide for 30 s and removed by washing
under running water. The sample is then dehydrated in absolute ethanol for 10
minutes.
2.4.2.2

Using the Waterscope to image H and E stained macrophage

The Waterscope was printed and assembled as described above in section 2.4.1. The
python command (-e) was used to capture representative images with the H and E
stained slides clipped into position on the Waterscope stage.
2.4.2.3

Imaging set up for H and E staining with smart phone

The 1+5 smartphone camera app was opened and the front camera selected. The
phone was placed on the bench top. The glass planar convex lens (Thorlabs) was
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balanced over the front camera lens of the phone. The H and E slide was moved
towards the lens until focused and images captured.

2.4.3 Fluorescence imaging
2.4.3.1

Fluorescent Mycobacterial slide preparation

M. smegmatis (ATCC 23032) colonies were grown on 7H10 Middlebrook agar (Merck,
catalogue M0303) supplemented with 10 % v/v oleate-albumin-dextrose-catalase
(OADC) (Merck cat. M0678), 0.5 % glycerol (Merck, catalogue G5516) and sodium
pyruvate (Merck, catalogue 5280) at 37 °C and stored at 4 °C. A single colony was
smeared directly into an ‘all microbe’, NBD-based Smart Probe (30 µL, 5 µM) on a
clean glass microscope slide and mounted with a coverslip. Images were captured
using the smartphone-IFL device setup as described above, or by wide-field
microscopy (EVOS® FL Imaging System, Thermo Scientific AMF4300) with GFP LED
filter cube and 20x objective. Images were brightness and contrast enhanced using
Fiji_64 Image J.

2.4.4 PDMS lens manufacture
First iteration: PDMS solution (Sylgard 184, Merck) was mixed in manufacturer’s
guidelines 10:1 of polymer to curative agent. Additionally, green or red silicone dye
(Silc Pig Green or Red, Bentley Advanced Materials) was added to 0.1 %, 0.3 %, 1 %,
3 %, 5 %, 7 % or 10 % by weight to the polymer mix. This was then degassed for 15
minutes using water bath sonification. The polymer was then pipetted in small
droplets on to heated glass slides at a range of temperatures from 100 – 220 °C.
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Second iteration: PDMS solution (Sylgard 184, Merck) was mixed in manufacturer’s
guidelines 10:1 of polymer to curative agent. Additionally, green or red silicone dye
(Silc Pig Green or Red, Bentley Advanced Materials) was added to 1 %, 3 %, 5 %, 7 %
or 10 % by weight to the polymer mix. This was then vacuum degassed to remove
bubbles and ensure overall good imaging quality through the lens. 10 µL or 25 µL of
polymer was syringed onto an acid cleaned glass slide on a heat plate at a range of
temperatures from 150 °C to 225 °C.
Third iteration: PDMS solution (Sylgard 184, Merck) was mixed in manufacturer’s
guidelines 10:1 of polymer to curative agent. Additionally, green or red silicone dye
(Silc Pig Green or Red, Bentley Advanced Materials) was added to 1 %, 3 %, 5 %, 7 %
or 10 % by weight to the polymer mix. This was then vacuum degassed to remove
bubbles. 10 µL or 25 µL of polymer was syringed onto a detergent clean glass slide on
a heat plate at a range of temperatures from 150 °C to 225 °C.
Filtering and imaging characterization of PDMS filtering lenses

2.4.5

Setup for transmission measurement

The filtering effect of the lens with added dye was tested by placing the lens in the
optical path of a white light source. The light source was collimated and the spot
minimized using an iris before passing through the filtering lens which focused it into
the spectrometer (USB2000+, Ocean Optics).

2.4.6 Optical setup for lens focal length
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To test the effect of the doping on the focal length of the lens, a 505 nm fibre coupled
LED (M505F3, Thorlabs) setup was used. This incident light was collimated using a
lens (C330TMD-A, Thorlabs) and minimized using an iris (SM1D12D, Thorlabs). A
CMOS camera (DCC1645C, Thorlabs) was placed on a micrometre stage (XR50C/M,
Thorlabs) so that the focal length of the lens could be calculated by finding the
smallest spot size on the camera.

2.4.7 Measurement of filtering lens contact angle
To measure the contact angle of each lens, a OnePlus 5T smartphone (android 9)
camera (16MP) was positioned fixed to the normal of the glass slide in a slide holder
(XYF1/M, Thorlabs). The filtering lens was on the superior surface of the glass slide.
Images were taken at maximum zoom (x8). Image analysis was performed using
Fiji_64 Image J contact angle plug-in.

2.4.8 Optical setup for resolution imaging
The imaging capabilities were tested using a white LED light source to illuminate a
positive 1951 USAF resolution target for non-fluorescence imaging (R1DS1P,
Thorlabs). The target was placed at the focal length of the filtering lens which was
placed on the front camera of the OnePlus 5T smartphone.

2.5 Methods for design of frugal imaging platform
2.5.1 Computer Assisted Design Software
All design work was completed using Autodesk CAD inventor professional 2022.
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3

Chapter 3: Using fluorescently labelled sugar to stain
Mycobacteria
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3.1 Introduction
3.1.1 The need for improved MTB staining
Despite being in the age of technology, with ever increasing knowledge and skill, as
of yet no diagnostic test has been able to sufficiently rid the need smear microscopy
and it has remained the cornerstone of TB diagnostics for a hundred years (134). The
Global TB report 2021 recommended a move away from initial smear microscopy, in
favour of molecular testing, due to the poor sensitivity of sputum smears (9).
However, in reality, a molecular POC TB diagnostic test for rural, low income
countries is not available or a viable option at the present time, with molecular testing
across Kenya, Uganda and Tanzania 33% less utilised than smear microscopy in 2021
(99). The molecular tests, such a Gene Xpert, require high level of infrastructure,
financing, maintenance and technical expertise that cannot be made use of in rural,
low resource settings (94). Given the reliance on smear microscopy, replacement
with similar imaging tests may have improved uptake and buy in by health care
partners in LMICs than molecular testing. Furthermore, prior to the start of this work
in 2014, the WHO had recommended developing sputum based testing specifically to
replace traditional smear microscopy.
Smear microscopy is low cost and relatively quick diagnostic method that has
expanded to all parts of the globe (135). The WHO recommended a move towards
light emitting diode (LED) fluorescence microscopy from conventional smear
microscopy in 2011, (136) but uptake was slow with only 6% of laboratories
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implanting it by 2013 (134). While rural areas may not have ubiquitous access to all
services, microscopy level suites require considerable less infrastructure than those
for completing culture or molecular diagnostics. In part, these logistics are why to
date no other technology has provided microscopy services with competition, and
why smear microscopy is so widely used despite the poor sensitivity. A frugal, true
POC diagnostic, with high sensitivity, will disrupt this space once developed.
Developing staining methods that are appropriate to the rural, low resource setting
will be necessary for a POC diagnostic imaging platform, and may improve the
sensitivity of imaging techniques if specific and bright.
This chapter explores Mycobacteria specific, fluorescently labelled sugar stains that
were synthesised in the School of Chemistry, at the University of Edinburgh. The aim
of this chapter was to characterise three stains and explore conditions that impact
the rate of labelling.

3.1.2

Current MTB staining methods and limitations

Conventional microscopy used to identify mycobacterial acid fast bacilli uses any
white light source or sunlight and a carbol fuchsin acid fast staining (135). In this
method carbol fuchsin binds to lipids in the cell wall staining it red and then alcohol
is added to decolourise the stain. The lipids in the cell wall of the MTBC retain the
stain as the alcohol cannot easily penetrate through, and are therefore known as acid
fast cells. The counter stain of methylene blue is added to stain the background cells
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(137). If the carbol fuchsin is hot, this is known as Zhiel Neelsen staining and if it is
cold (and at higher concentration), it is known as Kinyoun staining (71).
Fluorescence microscopy commonly uses fluorescent stains auromine-O or
auromine-rhodamine, and needs an illumination light source with the excitation
wavelength.
The sensitivity of smear microscopy can range from 22-80%, depending on bacterial
load, technician experience amongst other factors (71,78). Other studies report that
up to half of smear negative samples are culture positive and associate smear
negative status with poorer outcomes (such as death) (135). The situation is worse in
non-sputum samples. For example, in cerebrospinal fluid, detection of MTB can be
as low as 0-20% in culture positive samples (138). Specificity however is reported to
be greater than 97% (139).
Development of a new stain that is highly specific to Mycobacteria has the potential
to improve the sensitivity of smear microscopy. Additionally, a probe that labels
rapidly and has few processing steps would be an advantage at the POC in rural low
income countries. The approach taken with the stains used in this chapter was to
exploit trehalose, a sugar that naturally occur in the complex Mycobacterial cell wall.

3.1.3 Mycobacterial Trehalose pathways
The trehalose pathway is an attractive target for labelling Mycobacteria because it is
lacking in host cells. Therefore identifying the presence of this pathway in a patient
with clinical symptoms suggests the presence of a pathogen such as MTB.
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Trehalose can be synthesised intracellularly though the conversion of glucose-6P and
NDP-glucose via an enzymatic (OtsA (trehalose-6-phosphate synthase) and OtsB
(trehalose-6-phosphate

phosphatase)

condensation

and

de-phosphorylation

reactions. Maltose can also be converted into trehalose via the maltooligotrehalose
synthase (TreY) and maltooligtrehalose trehalohydrolase (TreZ) pathways or the
Trehalose synthase (TreS) pathway (140).
Free trehalose can also enter the cell. It is thought that porins in the cell wall allow
for passive diffusion of trehalose into the periplasmic space, where LpqY-SugA- SugBSugC (LpqY-SugABC) transports the sugar across the inner membrane (141).
Intracellularly pks13 produced TMM through a condensation reaction between the
trehalose and mycolic acid. This TMM is then transported across the membrane by
mmpL3 into the periplasmic space. The Ag85 mycoltransferase complex is able to
synthesise TDM from TMM, releasing trehalose in the process which can be recycled
into the cell as described (47) and generate mAGP.
These pathways have been exploited to label Mycobacteria is a number of ways.
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Figure 3-1 Key targets for the trehalose pathway. Trehalose is able to enter the cell through porins in
the cell wall. SugABC-Lpq-Y then transports it across the inner membrane. Once in the cytoplasm pks13
converts trehalose and mycolic acid into TMM which mmpL3 transports across the inner membrane
into the periplasmic space. Ag85 is able to incorporate the TMM into the cell wall, or synthesise TDM
adding an additional trehalose molecule. Intracellular conversion of glucose to trehalose through
intermediates of glucose 6P and trehaolse 6P via OtsA and OtsB can occur, as can conversion of
maltose (by Tre-S) or α(1-4)glucans (by Tre-Y or Tre-Z). TMM trehalose monomycolate, TDM trehalose
dimycolate

3.1.4 Using fluorescent trehalose experimentally
Fluorescently labelled trehalose has been used to research MTBC in many different
ways. In 2011, Barry and Davis (142) proved that labelled exogenous trehalose was
incorporated into TMM and TDM in MTB. They initially used fluorescein as
fluorophore (FITC-tre), meaning that the fluorescence was always “on”.
Accumulation in the cell wall was necessary to achieve a signal above background,
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and wash steps uses to increase this signal to noise ratio further. Further fluorescein
probes were developed including 2-FITC-tre, 3-FITC-tre and 4-FITC-tre (143) ,
azido−trehalose (144). Hodges et al (43) modified TMM to become a quenchable
probe that fluoresced once the Ag85 converted 2 TMM molecules into TDM. The
quenchable probe improved the signal to noise ratio (SNR). A breakthrough came
when the Bertozzi group developed a switchable trehalose molecule using 4-N,Ndimethylamino-1,8-naphthalimide (DMN) as the fluorophore (145). This enabled
further improvements to the signal to noise ratio, as the probe only switched “on”
when it was in a hydrophobic environment. Furthermore, they claimed that this
probe only labelled living MTB which if repeatable, would be highly beneficial in
treatment monitoring. Dai (2020) has taken this one step further and combined a
trehalose molecule with an enzymatic linked fluorophore – cepholspoinase green
dependent trehalose (CDG-Tre). The advantage of this is the β-lactamase, βlackC is
highly specific for MTB, and has been shown to be trackable even after macrophage
ingestion (146). Additionally, Probes such as deoxy-[19F]fluoro-D-trehalose (19FFDTre) are fluorescent probes that have been used as a stepping stone to develop
PET probes with MTB specificity (141).
Work within the Bradley and Dhaliwal groups at the University of Edinburgh has
produced a library of trehalose probes including the Mero-TRE, BODIPY-TRE and NBDTRE described in this chapter.

3.2 Characterisation of Mero-TRE and NBD-TRE trehalose based stains
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The main purpose of this chapter was to explore using fluorescently labelled
trehalose to stain Mycobacteria and consider their use in a POC device for rural, low
resource setting. Therefore I was interested in the labelling ability of the stains in
terms of the brightness, the length of time to labelling, how different species respond
to the stain, and the impact of different environmental processing steps which could
be used in a final device.

3.2.1 Mero-TRE and NBD-TRE are environmentally sensitive stains
The first trehalose probes developed were constructed using a red fluorophore,
merocyanine or a green fluorophore, nitrobenzoxadiazole (NBD) and an amine linker
attaching to the trehalose molecule as seen in Figure 3-2 a and b. The red probe will
be known as Mero-TRE and the green probe NBD-TRE.

The fluorophores

merocyanine and NBD change their behaviour in polar environments. In a polar
environment, where there is access to dipolar interactions, the fluorophores donor
photons are quenched by the dipoles acceptor properties. As an environment
becomes less polarised, less of the fluorescence is quenched and more photons are
emitted. DMSO is less polar than water, the cell membrane is less polar (more
hydrophobic) than the surrounding fluid. In this way, DMSO can be used to mimic the
action of the fluorophore at the membrane interface, switching “on” and emitting
fluorescence with increasing DMSO present in solution.
The excitation and emission properties of the spectra of these probes were
investigated. NBD-TRE has an excitation peak of 505 nm and emission peak of 540 nm

90

and Mero-TRE has an excitation peak of 590 nm and emission peak of 640nm (c and
d) confirming that Mero-TRE is a red probe and NBD-TRE is a green probe. Any device
that is developed must consider the spectra of the fluorophore/probe coupled to it,
so that the correct filter/detector can be aligned to it.
Both Mero-TRE and NBD-TRE are environmentally sensitive probes. With increasing
concentration of DMSO the fluorescence increases (Figure 3-2 a iii and b iii), which
mimics the hydrophobic environment in the cell wall. The probe therefore is autoquenched, switching on with the polarity shift, offering a good signal to noise ratio.
One difference between the 2 probes is that the Mero-TRE appears to reach
maximum intensity close to 75% DMSO whereas NBD-TRE continues to gain
brightness up to 100% DMSO.
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Figure 3-2 Chemical structures and properties of NBD-TRE and Mero-TRE a i) Structure of NBD-aminotrehalose (NBD-TRE) with aii) absorption and emission spectra. NBD-TRE has excitation peak of 505nm
and emission peak of 540nm. a iii) NBD-TRE is environmentally sensitive with increasing fluorescence
when dissolved in increasing concentrations of DMSO solvent. b i) Structure of merocyanine-aminotrehalose (Mero-TRE) with absorption and emission spectra shown in b ii) Mero-TRE has an excitation
peak of 590nm and emission peak of 620nm. b iii) Mero-TRE is environmentally sensitive dye with
increasing concentration of DMSO, increasing fluorescence is seen
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3.2.2 MERO-TRE and NBD-TRE label BCG in a concentration dependent
manner
The Mero-TRE and NBD-TRE labelled BCG and can been seen with confocal imaging
(Figure 3-3). A counterstain was used to ensure correct plane of view for the BCG in
case of no labelling. These images are taken without wash steps and with 15 minutes
of incubation.
With increasing concentrations of probe, there is increasing labelling intensity for
both Mero-TRE and NBD-TRE. Mero-TRE is a brighter probe as seen by the greater
maximum pixel intensity in the quantification when compared to NBD-TRE. At
concentrations of 1 µM, Mero-TRE there is labelling with low signal to noise ratio as
shown in the middle column. The syto 9 counter stain (left column) is a DNA stain and
labels live bacteria. This data suggests that the detectors in the Sp5 inverted CLSM
are sensitive enough to identify the present of BCG even at very low concentrations
of Mero-TRE. One of the primary advantages to low labelling concentrations would
reduce manufacturing costs associated with the probe commercially.
The NBD-TRE labels the BCG but with a lower intensity compared to Mero-TRE. At 10
µM it is possible to identify the presence of BCG but at lower concentrations this is
not clear (Figure 3-3, middle column). One way to improve the detection further
would be a higher concentration of probe, adjusting the gain/ contrast on the
microscope, or a greater concentration of probe could be used. The Syto 60 dye is a
red counterstain DNA dye.
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This data suggests that there is significant labelling of BCG within 15 minutes of
incubation with Mero-TRE. This raised the question of exactly how rapidly Mero-TRE
was able to label BCG.

94

95

Figure 3-3 Mero-TRE and NBD-TRE label BCG in a concentration dependent manner without the need
for wash steps. a) Representative images of Mero-TRE showing labelling of BCG at 1µM, 5µM and 10
µM concentrations with (SYTO 9) green counterstain. b) Representative images of NBD-TRE labelling
BCG with improved labelling at 10 µM compared to 1 µM or 5 µM and with a (SYTO 60) red
counterstain. c) Quantification showing that Mero-TRE labels to a greater intensity compared to NBDTRE at the same concentration (***= p <0.01, ****= p<0.001). Both Mero-TRE and NBD-TRE result in
brighter labelling with an increase in probe concentration. N=3 Error bars ±SEM, calculated from the
average of 5 ROIs, across 3 frames from each of the repeat experiments. Imaged on Leica CSLM SP5.
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3.2.3 Mero-TRE labels BCG immediately
In a POC device, it is important that results can be seen within approximately one
hour, as per the WHO TPP (147).
To determine the rate of labelling of trehalose probe a time lapse video was set up.
Mero-TRE was selected for this due to the improved fluorescence intensity at 10 µM
compared to NBD-TRE, which would improve the sensitivity of the experiment.
A time lapse video revealed that labelling occurred as soon as the probe was added
(Figure 3-4). Initially it appears as though the outside of all the BCG is covered and solid
oval structures can be seen, but as time passes ring like structures become more
apparent. Magnified section showing the labelling directly after probe addition, and
after 35 mins incubation (Figure 3-4 b) show the different appearance of the labelling
from complete rod like shapes to rings.
There is a change in background fluorescence between the start and end of the time
lapse suggesting that some photo bleaching is occurring. This happens when the laser
leaches the fluorophore so that it loses the ability to emit fluorescence over time.
It is possible that that Mero-TRE was not specifically labelling the BCG and perhaps it
was simply sticking to the solid surface of the cells. Therefore the next experiments
investigated the specificity of the stain. Additionally, this experiment raised questions
as to the mechanism of trehalose incorporation, which will be discussed further in
section 3.4.
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Figure 3-4 Mero-TRE rapidly labels BCG. Representative frames taken from a 35 minute time-lapse
video of 10µM Mero-TRE being added to a confocal chamber of BCG. The rapid labelling occurs upon
probe addition with the phenotype of the labelling changing over time. Magnified sections from second
image demonstrate the changes in fluorescence distribution over time from solid blocks of colour per
cell, on probe addition, changing to ring like structures developing by 35 min after the addition of
Mero-TRE. Imaged on Leica CLSM SP5. N=3 Quantification showing the drop in max pixel intensity after
the addition of the probe (** = p < 0.01). Error bars = ±SEM (Some error bars too small to see),
calculated from the average of 5 ROIs, across 3 frames from each of the repeat experiments.
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3.2.4 Mero-TRE and NBD-TRE show high specificity Mycobacteria
One of the concerns regarding labelling of Mycobacteria immediately was that the
probe was able to label all cells, and was not specific for Mycobacteria. To test this
10 µM of NBD-TRE and MERO-TRE were tested on Gram-positive (Staphylococcus
aureus (S. aureus)) and Gram-negative (E. coli) and compared to 10 µM NBD-TRE on
BCG (positive control) (Figure 3-5 ). Both probes showed little labelling of the Grampositive or negative bacteria suggesting that MERO-TRE and NBD-TRE are specific to
the BCG.
It was then important investigate how different species of Mycobacteria might
respond to the probes.
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Figure 3-5 Mero-TRE and NBD-TRE are specific at 10 µM for BGC labelling. Labelling with Mero-TRE
and NBD-TRE is specific to BCG over S. aureus (Gram-positive) and E. coli (Gram-negative) in unwashed
conditions. S. aureus and E. coli exhibit minimal fluorescence on addition of either Mero-TRE or NBDTRE (10 µM). Each point represents the maximum pixel value average per experiment, calculated
across 10 ROIs from 3 frames per repeat. N=3 Error bars= ±SEM.
****= p <0.0001.
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3.2.5 Different species of Mycobacteria label with difference intensities
To test the probes on the species of Mycobacterial species the probes MERO-TRE and
NBD-TRE were compared. The probes were incubated with the Mycobacteria for 30
mins to give a maximum time for labelling and incorporation into the cell wall and
washed once, to maximise signal to noise ratio.
For both MERO-TRE and NBD-TRE, the higher intensity labelling occurred on the BCG
compared to the M. smegmatis. For NBD-TRE, there is a concentration dependent
labelling on BCG with significantly greater intensity at 10 µM that at 5µM or 1 µM.
For NBD-TRE on M. smegmatis the labelling at 5 µM and 10 µM is similar and greater
than at 1 µM. For the Mero-TRE on BCG there is a high level of labelling for all
concentrations with no significant difference found between them. For NBD-TRE M.
smegmatis the 5 µM and 10 µM have greater labelling than 1 µM. These results can
be seen in Figure 3-6.
Using BCG is more similar to MTB genetically, and labels more brightly than M.
smegmatis but M. smegmatis is easier to grow and has a much faster replication rate
allowing for a faster through put of experiments. From a practical perspective, the
decision to continue the experiments with M. smegmatis was made. Additionally, a
new Leica Sp8 microscope was also procured at this time by the University of
Edinburgh CaLM team, which has highly sensitive detectors, and this offered the
potential to offset the differences in image intensity between the M. smegmatis and
the BCG, particularly if increasing the concentration of probe was also considered.
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Figure 3-6 NBD- TRE and Mero-TRE label BCG more brightly than M. smegmatis. a) NBD- TRE labels
BCG in a concentration dependent manner with a significantly greater intensity of labelling at 10 µM
compared with 5 µM or 1µM of probe. b) NBD-TRE labels M. smegmatis with 5 µM and 10 µM
concentrations labelling significantly more brightly than 1 µM. c) Mero-TRE labels BCG with 10 µM
yielding greater fluorescence that 1 µM and 5 µM. d) Mero-TRE labels M. smegmatis with 5 µM and 10
µM labelling more brightly that 1 µM. e) Comparison of 10 µM concentration on BCG and M.
smegmatis shows that both Mero-TRE and NBD-TRE label BCG more intensely that M. smegmatis.
Mero-TRE labels BCG more brightly than NBD-TRE. N=3. Bars show mean ±SEM, taken from 10 ROIs
from 3 frames per repeat. ****=p<0.0001 ***=p<0.001 **=p<0.01 *=p <0.05 ns=not significant
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3.2.6 The trehalose probes are non-toxic
A haemolysis assay was completed to indicate the toxicity of the NBD-TRE. As a
percentage of the lysis caused by triton X-100 (i.e. triton x-100 indicated 100% lysis),
concentrations of NBD-TRE up to 250 µM showed 0% lysis of erythrocytes. For the exvivo use of the probes this is less important characteristic but it would be possible to
use these in situ in-vivo if desired in the future.

3.3 Characterisation of BODIPY based trehalose stain
As the trehalose probes were synthesised in house at the School of Chemistry at the
University of Edinburgh, I was dependent on them for the supply of the novel new
probes. A decision was made there to prioritise synthesis of a new trehalose probe,
BODIPY-TRE.
BODIPY-TRE is a Trehalose probe that is linked to an environmental BODIPY molecule
via a triazole linker (Figure 3-8) and was synthesised by Dr M Uncuncu. BODIPY is
known to have a high quantum yield and can be engineered to behave
environmentally and triazole linkers have the advantage of using click chemistry,
increasing the speed and ease of the probe synthesis and potentially improving the
supply of the chemicals.
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3.3.1 BODIPY-TRE is a green, environmentally sensitive stain
BODIPY-TRE is a green probe with an excitation peak of 505 nm and emission peak of
515 nm. Imaging of the BODIPY-TRE probe characterisation on the Leica Sp8 is highly
controllable (with filters to the nearest nm) and so the narrow Stokes shift does not
present an issue for this set of experiments.

The BODIPY-TRE behaves

environmentally with increasing fluorescence with increasing DMSO concentrations.
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Figure 3-7 - BODIPY-TRE is a green fluorescent stain which is environmentally sensitive. a)
The structure of BODIPY-TRE b) the excitation peak for BODIPY-TRE is 495nm and emission
peak in 515nm. The BODIPY-TRE shows increasing fluorescence with increasing
concentrations of DMSO at 5 µM.
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3.3.2

BODIPY-TRE offers bright, concentration dependent labelling of M.
smegmatis

BODIPY-TRE labels M. smegmatis in a concentration dependent manner (Figure 3-8).
As M. smegmatis appeared to label less brightly than BCG in previous experiments, a
higher concentration of BODIPY-TRE (50 µM), and a longer incubation period of 60
mins was used to overcome this. When directly compared NBD-TRE under the same
conditions, the BODIPY-TRE has a much higher, significantly different intensity of
labelling (P= <0.001) (Figure 3-8 ).
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Figure 3-8 BODIPY-TRE labels M. smegmatis in a concentration dependent manner and has a
greater fluorescence intensity at 50 µM than NBD-TRE. Top: Representative images show M.
smegmatis labelled with various concentrations of BODIPY-TRE following 60 min incubation.
As the concentration of probe is increased so too does the fluorescent signal, with 50 µM
giving the greatest signal compared to 1 µM, 5 µM or 10 µM of probe. Images taken on
Leica CSLM SP8. Bottom left: Quantification showing trend of increasing fluorescence when
the concentration is increased, calculated from 10 ROIs, from 3 frames per repeat
experiment, N=3 Error bars= ±SEM. Bottom right: Comparison between BODIPY-TRE and
NBD shows that the BODIPY fluorophore is significantly brighter (****=p<0.0001) that the
NBD linked trehalose (NBD-TRE) when labelling M. smegmatis at 50 µM concentration.
Calculated from 10 ROIs, from 3 frames per repeat experiment N=3 Error bars ±SEM
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3.3.3 BODIPY-TRE increases labelling intensity over time
In the previous experiment an incubation time of 60 minutes was selected to enable
and optimal labelling time, and in line with the WHO TPP for a result within 60 mins
(Appendix 1- 2014 WHO TPP sputum based POC diagnostic). However, a range of
incubation time points were investigated to find out how long a signal could be
detected and at what point maximal labelling occurred. M. smegmatis was labelled
with 50 µM of BODIPY-TRE and at 15 mins labelled cells could be seen. This continued
to increase up to 90 minutes (Figure 3-9) without plateauing of signal.
In the context of a POC device, 15 minute labelling offers a promising labelling
solution. However, the above images were taken with a wash step in order to
maximise signal to noise ratios. This may not be feasible in a POC device. Therefore
the next experiments aimed to investigate the time to labelling with unwashed
conditions was also investigated and the rate of labelling on probe addition to see
how quickly the probes were incorporated into the cells.
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Figure 3-9 BODIPY-TRE labels M. smegmatis rapidly, with fluorescence intensity increasing
over time. Representative images show 50 µM Mero-TRE added to M. smegmatis and
imaged at time points following a single wash step. By 15 mins of incubation of M.
smegmatis with BODIPY-TRE, there is a fluorescence signal present, suggesting that labelling
can occur within this time. As time increases, the fluorescent signal increases in intensity.
Imaged on Leica CSLM SP8. Quantification taken across 10 ROIs, from 3 frames per
incubation time, per repeat. N=2. Error bars ±SEM.
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3.3.4 BODIPY- TRE starts to label within 100 s of probe addition
A time lapse video was used to capture the initial rate of labelling of BODIPY-TRE at
50 µM (Figure 3-10). Unlike with the MERO-TRE in section 2.3.3, which labelled BCG
immediately (10 µM), the BODIPY-TRE took about 100s to label M. smegmatis. The
labelling continues to increase until 400 seconds.
Following the rapid labelling of M. smegmatis with BODIPY-TRE, it was important to
explore the specificity of the probe by testing on other species.
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Figure 3-10 BODIPY-TRE labels live M. smegmatis rapidly. Representative frames taken from 6 min
time-lapse video showing BODIPY-TRE added to a well of M. smegmatis (final concentration 50 µM).
Signal appears after 100 s and then continues to increase in intensity over time. Imaged on Leica CSLM
SP8. N=2. Bottom graph shows an example of mapping across 3 ROIs indicating the dynamic processes
occurring within the cells, as the maximum pixel intensity varies across each ROI varies over time,
within the overall trend of increasing fluorescence with time
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3.3.5 BODIPY-TRE selectively labels M. smegmatis
To test the selectivity of the BODIPY-TRE, a mixed well of E.coli and M. smegmatis
were imaged. The E. coli appear smaller and shorter phenotypically and the M.
smegmatis are longer, thinner and have less contrast in the bright field image. When
BODIPY-TRE was added to the co-cultured M. smegmatis and E. coli, it only labelled
the M. smegmatis and not the E. coli (Figure 3-11) suggesting that the BODIPY-TRE is
selective. Different images were taken in various planes to ensure the E. coli and M.
smegmatis were in focus. Labelling of the E. coli did not occur in any of the images.
The BODIPY-TRE appears to be specific to M. smegmatis over the E. coli Gramnegative bacteria and labels rapidly.
I became interested in the various intensities of BODIPY-TRE labelling and wondered
if there would methods that could to augment the labelling of the Mycobacteria in a
POC device.
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Figure 3-11 BODIPY-TRE is specific to M. smegmatis at 100 µM Representative images of a mixed well
containing 0.1OD of E.coli and 0.01OD of M. smegmatis with 100 µM of BODIPY-TRE added and
incubated for 60 min without a wash step. Mero-TRE labels M. smegmatis but not the E. coli. The
different species were identified by the different phenotype, with the M. smegmatis longer and thinner
shape than the shorter and smaller E. coli. Other images (not shown) were taken across various Zplanes to identify the correct focal plane for both species as per images above. Images from Leica
CSLM SP8. N=3 Quantification taken from 10 ROIs across 3 frames from each repeat. ****=p<0.0001.
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3.3.6 The environmental conditions affect the rate of labelling of BODIPYTRE
The time taken to label the Mycobacteria is vital measurement, as this would give the
time a positive result in a POC diagnostic. Understanding how to influence this will
also be important, particularly given the normal processing undertaken in smear
microscopy.
To investigate this further, the M. smegmatis were treated differently prior to
staining, by either being left to dry out and become desiccated or bathing in saline,
hypertonic saline (6%) or growth media. Saline was chosen as it readily available,
cheap and has been used to dissolve the probe in for the previous experiments.
Hypertonic saline was chosen as induced sputum uses hypertonic saline to draw a
sputum sample from a patient and may therefore lead to samples with higher salt
content. Growth media was chosen as an enriched environment that has complex
molecules that may impact the probe mechanism.
The desiccated Mycobacteria labelled the most quickly, and with a greater intensity
than those bathing in the solvents (Figure 3-12 left column). The saline and hypertonic
saline bathed cells labelled to a high intensity but over a longer period of time (Figure
3-12 middle 2 columns), while those bathed in media failed to label brightly ( Figure
3-12right column).

It is possible that proteins within the media may have cleaved the probe, or prevented
the adherence to the cell wall, thereby limited the labelling effect of the fluorescent
probe.
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There is a suggestion here that the conditions the Mycobacteria experience impact
the rate of labelling. Further work is needed to explore this in sputum samples but if
similar results are seen then exploiting this effect could benefit POC diagnostics and
augment sample labelling. However, health and safely of infected samples poses
another challenge. This prompted an investigation into the effect of fixation methods
on labelling with the probes.
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Figure 3-12 Desiccated M. smegmatis label rapidly. a)Representative Images showing
different time points taken from a time-lapse recording of M. smegmatis labelled with
BODIPY-TRE (50 µM) after being exposed to various environments. Left-right columns show
M. smegmatis that are desiccated, in 0.9% saline, in 6% saline and in 7H9 growth media. The
desiccated condition shows labelling with 1 min. The saline and hypertonic saline show
labelling at 10 min. The media shows low level of labelling after 30 mins. b) This is confirmed
by the quantification below showing the rates of labelling in each condition across the whole
time lapse recording N=3 Error bars =±SEM. Images on Leica CSLM SP8 c) Statistically there is
no significant difference in labelling intensity at 30mins between the desiccated, saline or
hypertonic saline, but all are significantly brighter than media (***= p <0.01). Over the first 3
minutes of recording the desiccated rate of labelling is significantly faster than the other
solvents (****= p <0.001).
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3.3.7

BODIPY-TRE is able to label fixed cells

The proposed labelling methods for trehalose generally consider enzymatic activity
to be the key to incorporating trehalose probes into the cell wall, and indirectly
activating the fluorophore switching mechanism as it comes into contact with the
polar environment of the cell wall. This may mean it is not possible to label fixed cells,
depending on the lifespan of the enzyme post fixation. However, if it is possible to
label fixed cells, or fix cells post labelling within a device then biosafety concerns
would be negated, and it would pose a significant advantage at the POC.
Live M. smegmatis was compared to M. smegmatis that had been labelled with
BODIPY-TRE and then fixed with either 4% PFA or methanol, M. smegmatis that had
been fixed with either 4% PFA or methanol and then labelled with BODIPY-TRE as
shown in Figure 3-13 .
BODIPY-TRE was able to label Mycobacterial cells that were first fixed with PFA 4%.
This raised many questions regarding mechanism of labelling and is explored more in
the discussion section of this chapter.
The methanol fixed cells also labelled brightly. However, on examination of the
images, it is clear that the methanol fixed cells do not display the stereotypical ring
like structure, and have filled the cell. Methanol is known to perforate the cell wall
and these images are suggestive of damage which allowed probe leaking into the cell.
Additionally, cells labelled with BODIPY-TRE and then fixed with 4%PFA also labelled.
Labelled cells treated with methanol disintegrated, and were no longer fluorescent,
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and no cell structure could be seen on bright field imaging. All fixation was confirmed
by CFU counts.
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Figure 3-13 4% PFA could be used to fix M. smegmatis before or after Mero-TRE labelling at
50 µM Representative images showing fixed M. smegmatis before or after being labelled
with 50 µM BODIPY-TRE. Images taken in normal saline following a single wash step after a
15 minute incubation period with Mero-TRE. When the M. smegmatis is labelled prior to
fixation, the method of fixation determines the integrity of the cell labelling; the pre-labelled
M. smegmatis fixed with 4% PFA has the ring of the BODIPY-TRE can be seen with both the
4% PFA and the methanol fixed cells. The 4% PFA fixed cells show the ring structure of the
BODIPY-TRE with in the cell walls where the methanol fixed cells appear to have a phenotype
suggestive of compromised membranes. Fixation confirmed by CFU plating. N=3 Error bars
=±SD. Images on Leica CSLM SP8. Quantification suggests that the fixation prior to labelling
could augment the intensity of the labelling within 15 mins.

3.3.8 Labelling of fixed M. smegmatis in 4% PFA increases over time
As discussed previously, the suggested mechanism for labelling is that the trehalose
incorporates into the cell wall, bringing the quenched fluorophore in contact with a
polar environment, which switches it from “off” to “on”. This is enzyme dependent.
It is thought that fixing the cells in 4% PFA would stop enzymatic activity. This
experiment looked to investigate the rate of labelling to determine the mechanism
of labelling.
In order to explore the mechanism of fixed labelling of BODIPY-TRE, a time lapse
recording of 4% PFA fixed Mycobacterium was taken to investigate the rate of
labelling. BODIPY-TRE (50 µM) was added after 30 s of imaging. The M. smegmatis
were bathed in 4% PFA for imaging. Initially there is a lag in the rate of labelling of
fixed M. smegmatis, but at 100 s there was a rapid increase in the rate of labelling
(Figure 3-144). Maximum pixel intensity was reached by 450 s. CFUs were completed
for bacteria both with and without BODIPY-TRE labelling and confirmed no growth,
and successful fixation by 4% PFA. It was thought that probe flooding into the cell
might suggest damage, or instant labelling may suggest stickiness of the probe but
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this pattern of labelling is suggestive of an active process. The mechanism of labelling
here remained unanswered.
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Figure 3-14 BODIPY-TRE is able to label 4 % PFA fixed M. smegmatis rapidly. Representative
images from time-lapse video showing 4% PFA fixed M. smegmatis being labelled with MeroTRE. Imaged in 4 % PFA with a final BODIPY-TRE concentration of 50 µM. Labelling of M.
smegmatis occurs within 200 s of probe addition and then increases in fluorescence intensity
rapidly. Fixation confirmed by CFU plating. N=3 Error bars =±SD. Images on Leica CSLM SP8 .
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3.4 Discussion, future work and limitations
3.4.1 Discussion
The results presented in this chapter outline the potential for novel fluorescently
labelled trehalose stains to be specific to Mycobacteria populations. These stains may
provide opportunities for use at the POC as they require no heating and no washing
for imaging. Designing a device that could make use of a similar stain could benefit
TB diagnostics in the rural, low resource settings.
3.4.1.1

Trehalose labelling of species

The trehalose probes NBD-TRE and Mero-TRE are able to label M. smegmatis and BCG
in a concentration dependent manner. In the initial experiments there was some
concern that the counterstain affected the behaviour of the trehalose probe, or the
viability of the Mycobacteria. A decision was made not to use counter stain for the
ongoing experiments.
When BCG and M. smegmatis were used with NBD-TRE and Mero-TRE, BCG appeared
to label more intensely. The reasons for this are unknown although possible
explanations could be a greater density of porins in the cell wall allowing trehalose to
flow freely into the cell for incorporation, a greater density of enzymes with enabling
a more dye to be incorporated at once, a greater amount of TDM, or TMM able to be
incorporated into the cell wall in BCG. Although not tested, if this pattern was the
same for BODIPY-TRE, with a greater intensity labelling of BCG than M. smegmatis,
brighter labelling would be seen than the results in this chapter as BODIPY-TRE was
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only tested on M. smegmatis. Repeating the BODIPY-TRE M. smegmatis experiments
with BCG would be useful to determine this.
A greater intensity of labelling would be advantageous in a POC device as it would
require a less sensitive detector (i.e. potentially less costly) in the diagnostic. The
ultimate goal is having a stain for MTB, and therefore using MTB in experiments
would be advantageous but would require use of a BSL-3 laboratory.
3.4.1.2

Trehalose probes labelled rapidly

The three trehalose probes all labelled species of Mycobacteria rapidly. Mero-TRE
appeared to label instantly where as BODIPY-TRE appeared to label after a few
minutes. It is difficult to compare the rates of labelling between these probes directly
as different methods were used. For MERO-TRE experiments, the BCG were taken
from a solid stock colony directly, and for BODIPY-TRE the M. smegmatis colonies
were grown in liquid broth. It would have been interesting to compare the probes
with identical methods in investigate if there truly is a difference.
It is known that growth conditions of Mycobacteria can result in different
phenotypes and therefore perhaps these phenotypes affect the labelling
characteristics. For example, when MTB are grown without tween in the media, a
thicker capsule is seen (148). One possible hypothesis for the altered rates of labelling
seen between Mycobacterial species is that growing BCG on a solid media induced
capsular differences not seen in M. smegmatis. This resulted in the increased rate of
Mero-TRE labelling on BCG, compared to M. smegmatis as the capsule was able to
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act as a sponge for the disaccharide water based probe. Mycobacterial
exopolysaccharide capsules are known to absorb many molecules (46). Initially a
sheet of fluorescence is seen across the whole cell when Mero-TRE is used on BCG
(which could possibly correlate to a capsular sponge), but overtime ring like
structures appear (cell wall integration). Non-virulent strains of Mycobacteria, such
as M. smegmatis are thought not to have an external capsule (46)and so this could
not increase the rate of labelling, and might explain why the labelling is slower with
BODIPY-TRE for M. smegmatis than Mero-TRE on BCG. To determine this, more work
would be needed, including imaging the rate of labelling of Mero-TRE on M.
smegmatis, and BODIPY-TRE on BCG. It would also be interesting to complete
scanning electron micrographs to try and determine the capsule in each state.
However, this presents a great challenge as many preparation methods disrupt the
capsule and presence can be difficult to determine.
3.4.1.3

The cellular environment affects the rate and intensity of labelling

It is unclear as to why the desiccated M. smegmatis labels significantly quicker than
those in alternative solvents. It could be that there is a greater trehalose diffusion
gradient, or that the cell is starved and in need of water and energy and so therefore
actively recruits the diluted trehalose. Trehalose is known to prevent desiccation and
so perhaps there is an up regulation of the enzymes involved in the trehalose pathway
under this stressful condition to counteract the environment.
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3.4.2 Future work
Whilst this chapter has some interesting findings, it also opens up many more
interesting questions.
Firstly, the plan was to complete the set of BODIPY-TRE experiments with BCG, and
then to repeat the environmental and fixation experiments with Mero-TRE on both
M. smegmatis and BCG. This would have given further insight into if the trehalose
conjugate had affected the labelling, or if the whole probe was responsible for the
effects seen.
Other future work should aim to develop an understanding the mechanisms of
labelling of these probes. This would provide a greater level of insight into trehalose
absorption in Mycobacterial species. For example, investigation into how the fixed
M. smegmatis labelled with BODIPY-TRE would be interesting. Inhibitor experiments
using SQ109 (mmpL3 inhibitor) and ebselen (Ag85 inhibitor) were planned prior to
the pandemic. If inhibition of these enzymes led to a reduction in labelling then it is
likely the enzyme pathway contribute to the labelling. In fixed cells this would be
particularly interesting as it would be possible to investigate if and for how long
enzymes remained active upon fixation. Additionally, ebselen has been found to be
less effective at inhibiting M. smegmatis than MTB (43).
With labelling occurring within seconds to minutes, the likelihood of enzymes being
responsible for the switching on of fluorescence by incorporation of the probes into
the cells is doubtful. Any shift to a more polar environment would cause the auto
quenched trehalose probes to fluoresce and so this raises questions about the
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environment surrounding the cells, or if passive diffusion through the cells was
enough to switch on the probe.

The inhibitor assays would have provided

information to this end, as would competition assays with unlabelled trehalose.
Ultimately, future work should be directed to using the trehalose based probes in
sputum as understanding their behaviour in sputum will determine if they are able to
be used at the POC.

3.4.3 Limitations
Whilst some of the results in this chapter are interesting, the aim of this chapter was
to characterise trehalose probes to determine their suitability for use at the POC.
Ultimately there are some limitations that impact the applicability of the probes.
One limitation is the lack of data on sputum. It is unknown how the probes behave
within a mucoid environment. This is critical in the pathway as the device proposed
throughout this thesis uses sputum samples as the possible source of Mycobacteria.
As discussed with regards to the desiccated, saline and media environments behaving
differently with regards to rates and intensity of labelling, a mucoid environment
could have multiple effects.

It may mean that a greater concentration of probe

would be needed in a device, and a longer time to process if the mucoid environment
behaved most similarly to the media bathed cells. Alternatively, it could mean that if
the sputum was dried out and desiccated, the rate and time of labelling could be
increased.
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Although being able to have a supply of in house chemicals was extremely fortunate
for many reasons, it also presented challenges. Being reliant on novel chemicals being
synthesised by a team who have demanding pressures and priorities meant that the
supply of chemicals was not always consistent. Decisions regarding the priority of
particular probes synthesis by the Department of Chemistry was out of my control,
and whilst accepting of this, it significantly impacted the continuity of some
experiments and the direction of experiments was left constrained. Additionally, the
complex nature of sugar chemistry required specialty knowledge and skills which did
not exist in the team at the start of this project. This naturally took time to embed
and there was a lag from the start of the project until probes were ready to be tested.
Missing chemical data, including the stability and purity of the probes, would be vital
information needed if they were to be used at the POC.
The BODIPY-TRE probe was not very soluble in PBS, saline or other biocompatible
solvents. Particularly with regards for the need for a switchable probe, DMSO was not
useful. The insolubility resulted in small non-fluorescent precipitates of probe on
confocal imaging. Without modification, an insoluble probe would not be suitable for
clinical use concentration and the unknown impact of the precipitates.

3.5 Summary
Chapter 3 explored 3 trehalose based stains (synthesised in the School of Chemistry,
University of Edinburgh) for Mycobacteria labelling and investigated the impact of
environmental processing on labelling.
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The main findings are as follows:

NBD-TRE is able to label M. smegmatis and BCG rapidly without wash steps
and high SNR.



Mero-TRE is able to label M. smegmatis and BCG rapidly, without wash steps
and high SNR.



BODIPY-TRE is able to label M. smegmatis rapidly, without wash steps and
high SNR.



Mero- TRE labels BCG instantly, but over 30 minutes the shape of the labelling
changes from solid oval shape, to ring like structure.



NBD-TRE and Mero-TRE are specific to Mycobacteria when compared to E
coli and P aeruginosa.



BODIPY-TRE is specific to Mycobacteria when compared to E. coli.



NBD-TRE and Mero-TRE label BCG more brightly than M smegmatis.



BODIPY- TRE labels more brightly than NBD-TRE on M smegmatis



BODIPY-TRE labels within 100s of probe addition and continues to increase in
intensity for over 90 minutes of incubation.



BODIPY-TRE labels desiccated M smegmatis more rapidly than saline and
hypertonic saline surrounded M smegmatis, which label more rapidly and
brightly than the M smegmatis surrounded by growth media.



BODIPY-TRE labels M smegmatis that have been fixed by 4% PFA in an
unknown mechanism that increases labelling over time.
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Unknown mechanisms remain for the labelling of NBD-TRE, Mero-TRE and
BODIPY-TRE.

3.5.1 Conclusion
The trehalose probes Mero-TRE, NBD-TRE and BODIPY-TRE are able to label
Mycobacteria without the need for processing steps such as heating or washing.
Mero-TRE or NBD-TRE fluorescently labelled sugar probes could potentially be
suitable for use in the POC. BODIPY-TRE is a bright probe but is insoluble in the
present formulation. Further work is needed to ascertain the behaviour of the MeroTRE in sputum and suitability of the probe in conditions found in rural low, resource
areas.
The purpose of characterising the novel probes in the chapter is in the context of
suitability for use with a POC device. Many interesting questions were raised during
this work, and would warrant further investigation but unfortunately within the
scope of this project I was not able to follow up on each route. However, where
appropriate they are discussed with a view of further work
.
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4

Chapter 4: Development of the integrated filtering lens
for low cost fluorescence microscopy
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4.1

Introduction
4.1.1 Microscopy
At its most basic, microscopy allows details that cannot be seen with the naked eye
to be realised, magnifying them many times over and enabling the microscopic world
to be optically dissected. With modern microscopes, the microscopic world can be
manipulated to gain better understanding of behaviour, function and phenotype in a
number of ways, including with specific stains and imaging methods such as and
confocal z-stacking or time lapsing (149,150). With such a range of microscopy
techniques available it is vital to understand the specific requirements of an imaging
system as a POC device (151). Broadly speaking, the greater level of complexity
required, the more expensive, and detailed the optical set up must be to capture the
information. As we know historically from Koch’s work, MTB can be seen on a
conventional light microscope (56,57). This is positive for POC diagnostics as this
simple optical set up has the resolution needed to visualise the Mycobacteria, but
offers a challenge in translating to a POC low resource setting in terms of size, cost,
maintenance (151) and implementation into a healthcare pathway. Fluorescence
systems have improved the sensitivity of smear microscopy but up to half of smear
negative samples, are culture positive (74). Therefore the challenge discussed in this
chapter is developing a fluorescent imaging system that is portable, reliable and
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extremely cheap for use at the POC with the capability of detecting fluorescently
labelled MTB with highly sensitivity.
4.1.1.1

Fluorescence Microscopy

In a fluorescence imaging system incident light is used to excite a fluorophore in a
sample. The emitted and any reflected excitation light is then passed through a filter
so that only the emitted light wavelength (i.e. that which has undergone a Stokes
shift) is able to reach to a detector. This detector (camera) is then able to build a
spatial and/or temporal picture of where and when the photons passing through the
detector are captured. If the fluorescent molecule has been targeted to a process or
cell type, presence for the fluorescence indicates presence and location of the cell
type or process (152–156). In reality, there will always be a level of background
photons arriving at the detector and so the fluorescence signal must be greater than
the background “noise”, known as the signal to noise ratio (SNR). There are
essentially 5 attributes of fluorescence microscopy that are specificity, sensitivity,
spectroscopy, temporal resolution and spatial resolution (157).
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Figure 4-1 A schematic showing the traditional components of a fluorescence imaging system. In this
example an incident light source transmits photons yellow wavelengths. The light passes through a
concave lens which acts to magnify the sample and can also collimate the light so that the waves are
parallel and will travel on a predictable pathway. The sample fluoresces under the incident light of the
appropriate wavelength, and it emits light of a red shifted wavelength. (In this example red light.) The
emitted light is then filtered to remove any of the remaining the incident light wavelengths (yellow in
this example). The emitted light is then focused via a convex lens on to a light detector, translating the
data into an electric signal.
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The incident light can be from a pulsed laser or light emitting diode (LED). LEDs have
a major advantage in that they are cheap and portable, whereas lasers are not
portable and extremely expensive. LEDs have the disadvantage of often having
broader bandwidth than lasers, although it is possible to purchase single wavelength
LEDs at a higher price. Using cheaper LEDs with the wide range of wavelengths, can
mean multiplexing different fluorophores, or targeting a specific fluorophore
excitation peak is more challenging. The final imaging system needs to accommodate
this, and may have to include additional filtering, or image processing steps that
enhance a captured image.
Lenses are used in a fluorescence system in various ways. Convex lenses magnify the
image and another lens is often needs to focus the emitted light onto the detector to
form a clean, crisp focused image. This second lens may be omitted depending on the
system requirements, such as in the Waterscope (see section 4.1.2). Traditionally
glass lenses are used in microscopy, with specific focal length (F) and numerical
apertures (NA) used to characterise the lens behaviour. Newer manufacturing
methods using plastics have also produced lenses with highly controllable
characteristics (158–160).
A filter acts to absorb all wavelengths of light except for a narrow bandwidth which
are transmitted. Optical filters can be glass or plastic, and coated or uncoated, with
various band widths but essentially their purpose of splitting light frequencies to
allow certain ones to pass is the same. Highly sophisticated optical systems will have
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specific requirements from their filters but at the POC again the cost and robustness
are 2 of the most important qualities.

4.1.2 Translating microscopy to the POC
There are many challenges in translating a light or fluorescent microscopy system to
the LMIC rural POC. In addition to the fluorescent systems traditionally containing
expensive optics, they are also large. A POC device will be handheld and so the
technology and component architecture must be miniaturised from benchtop
systems. Two approaches were explored for LMIC POC compatibility using the
Waterscope or smartphone technology.
4.1.2.1

Waterscope

Waterscope is a 3D-printable open source microscope that was conceived by a group
of researchers from the University of Cambridge, and spun out (161). It is now known
as Open Flexure microscope. With the STL files available as open source, it is possible
to modify and add newly designed modules, like those discussed in Chapter 5. When
initially conceived the Open Flexure microscope was developed to enable
communities to test drinking water supplies in order to reduce global diarrhoea
related deaths but since then many other diagnostic application have been
discovered (161–163).
The Waterscope model is intended for use with the V2 Raspberry Pi Camera (CMOS
sensor) and Raspberry Pi Module. Other groups have printed similar frames and used
Raspberry Pi Cameras and board for fluorescent microscopy in whole model
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organisms (164). The Raspberry Pi is a low cost (as little as £30), small portable
programmable computers that were designed as starter coding packages. Their
appeal stretches beyond this however and could serve great purpose for POC
diagnostics, with their low cost and portable nature. Add-on components to the
Raspberry Pi motherboard are the camera modules (such as the V2 mentioned above)
or the screen and keyboard, (most monitors and keyboard are compatible via USB
port connection).

Figure 4-2 The 3D printed open source light microscope (Waterscope Open Flexure microscope) design
(161)

4.1.2.2

Smartphones

Smartphones are almost ubiquitously available across the globe. In addition to their
availability, the inbuilt CMOS detector (camera), lens systems, imaging programmes
and their ability to connect to others across the globe makes them an appealing
target for POC microscopy technology (165). There are multiple smartphone
microscopy platforms that have been designed to image fluorescent targets
(155,166). CMOS detector (167).
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4.1.3 PDMS lenses
Polydimethylsiloxane (PDMS) has been used for optical applications, such as in
microfluidics for decades but Sung et al (168) pioneered heat cured PDMS lenses
appropriate for use with a smartphone. Prior to their research lens fabrication
methods such as embossing, lithography, and surface tension driven methods were
time consuming, or expensive or limited to the microfluidic scale (169–171). Sung
exploited the heat curable nature of PDMS to control lens curvature.

4.2 Initial experiments
4.2.1 Initial smart phone and Waterscope imaging experiments
The initial experiments using the Waterscope and smartphone were primarily
planned to gauge the resolution of the systems. Stained macrophages were chosen
as the target as they are larger than bacteria so would be easier to image initially.
These fixed samples had been imaged previously (by Dr T Speight) and so the staining,
distribution and phenotype was known. Using a fixed sample meant that it was
possible to reuse the same slide repeatedly over a time course. In terms of a suitable
POC device imaging resolution of <5 µM is essential to be able to distinguish a single
mycobacterium. The first, rudimentary, proof of concept smartphone system used a
£30 Thorlabs plastic lens balanced in front of the front camera of the 1+ 5T.
Imaging with the USAF 1951 showed that this front facing camera could determine
114 line pairs per mm (lp/mm) which is equivalent to approximately 4.4 µM. The
Waterscope system had a resolution of 228 lp/mm which is equivalent to 2.2 µM.
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Imaging of the stained macrophages demonstrated that single macrophages could be
identified but revealed that the unstable nature of the smartphone system (with
balanced lens) introduced blur and challenges with focusing on the sample. Stabilising
the lens would be essential for better imaging.
The focus of the Waterscope system also needed improving. The limitation of this
system was the focal length of the inverted V2 camera lens on to the detector
(dependent of the tube length of 3.3cm which cannot be modified during imaging)
rather than focal length between sample and lens. The z-stage was adjusted to the
best imaging position (lens and sample were touching). Modification to the tube
length on the STL files could potentially improve the image quality.
However, the main objective of determining a suitable resolution in the system had
been achieved, and so a decision was made to build a fluorescent system at the same
time as incorporating any system changes.
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Figure 4-3 The smartphone camera and Waterscope have the capability to image macrophages.
Initial imaging experiments determined the resolution and capability of the smartphone and
Waterscope using a US air force (USAF) target (a) and H&E stained macrophages (b). The smartphone
front camera was used with an additional lens to achieve a resolution of distinguishing the 6th element
of group 6 (c) equating to 114 line pairs per mm or a resolution 4.4 µM. This was enough to see
individual stained macrophages (d). The Waterscope was able to distinguish the 6th element of the 7th
group (e), equating to 228 line pairs per mm or 2.2 µM and could clearly identify individual
macrophages (f).

4.2.2 Choosing frugal components for a fluorescent imaging system
With the resolution of <5 µM on both the Waterscope and the smartphone, either
would be sufficient to image MTB. The selection of frugal components for the POC
fluorescent microscope was initiated for both systems. At the time of these
experiments, our group had had successfully developed a series of green imaging
probes, primarily using FAM and NBD fluorophores due to their compatibility with
clinical systems. While not restrained by clinical system (and the corresponding in
vivo compatible wavelengths), the approach was taken to build a system for the stains
that have been fully characterised. FAM and NBD were therefore chosen as the
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coupling stains, and fluorescence microscopy components were selected based on
this.
4.2.2.1

LEDs

A light source that was capable of exciting the FAM was needed. With the focus of
our selection being the cost of the device, widely available plastic LEDs were tested
as to an appropriate excitation wavelength. Both the white and blue LEDS had
appropriate spectra with the potential to excite FAM as the emission wavelengths lie
to the left of the FAM peak excitation peak (i.e. they are blue shifted) as seen in figure
4.4 middle graph. However, the green LED spectrum lies to the right of the FAM
excitation peak and would fail to excite the FAM fluorophore.
The white or blue LED should be able to excite the fluorophore and therefore were
used for the initial system.
4.2.2.2

Filters

It is vital that the excitation light is filtered out prior to reaching the detector in
increase the signal to noise ratio of the detector. This is because the detector is
unable to discriminate between photons of a particular wavelength and builds an
image from all photons collected. Using plastic photography filters the filtering
capability was measured by how much of the blue LED excitation light they removed
(as seen bottom panel of figure 4.4). Either the blue filter or one green filter were
able to remove about 75% of peak excitation wavelengths, whereas two green filters
or one yellow filter removed over 95% of incident light.
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Figure 4-4 The selection of blue LED light source and yellow or green filters were chosen as frugal
components for a fluorescence imaging device coupled to an NBD labelled sample. The top panel
shows the spectra for a NBD based stain (NBD- trehalose). The components performance
characteristics will integrate into the device as shown by the green overlay. The light source must excite
the NBD fluorophore and the filter must block the excitation wavelengths. Additionally, as shown by the
red overlay, the filter must allow the fluorescence to pass through. The middle panel shows the light
sources that could couple to NBD. The white or blue LEDs have wavelengths that are suitable for
excitation. The green LED is too far right shifted from the NBD excitation peak and not suitable for use
in this device. The bottom panel shows the possible plastic photography filter combinations to remove
the excitation wavelengths with either one yellow or 2 green filters removing almost all incident light.
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4.2.3 Building a system using the selected frugal components
The theory of selecting the frugal components based on characteristics and then
integrating them into one single system appeared a solid approach. However, despite
multiple attempts no viable system was built and no quality images were obtained.
The main contributing factor for this failure was being unable to achieve the right
distance between the lens and the sample whilst using a filter. For the smart phone
system, the lens’ focal length meant the lens needed to be in contact with the sample
and by adding a thin plastic lens this was altered. In a handheld device this physical
distance between components can be a limiting factor in achieving results.
Additionally, the photography plastic lens were not robust. They collected scratches
which made imaging unclear as the light was diffracted through the defects and
appeared to alter filtering capability. Additionally, we had been using the £30
Thorlabs lens under full knowledge this would be too expensive for the final system.
Therefore we had to overcome issues with both the filtering and lenses in our
systems. A cheap solution that combined both filtering and focusing the light in the
system would solve all of these issues.
In the final device only a specific wavelength would need to be filtered as the plan
was for our device to be coupled with a specific fluorophore. With this in mind, the
filtering lens was conceptualised. The aim was to manufacture and develop a novel
cheap plastic lens with the capability of filtering out the selected excitation
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wavelength of a specific fluorophore. The integrated filtering lens (IFL) would need to
focus and filter, effectively combining 2 components into one.

4.3 Proof of concept for the integrated filtering lens
4.3.1

The integrated filtering lens is able to focus light

PDMS has been used to make lenses previously (158), but at the time of manufacture
no one had published work on coloured PDMS lens. PDMS lenses were therefore
manufactured with either red, green or no pigment (Silc pig,) in various
concentrations. These doped PDMS lenses will be known as integrated filtering lenses
(IFLs).
As a functioning lens, one important characteristic for the IFL was the ability to focus
light, and it was necessary show that adding dye into the PDMS had no impact on
this.
The lenses with either red or green pigments had a focal length (F) was approximately
3.8 mm, the same as the clear PDMS lenses (Figure 4-5- top panel, middle row). When
the lenses were moved away or towards the light source, the spot size of the light
enlarged, indicating that the lens was moving away from F. This suggested that the
dye had no effect on the focal length.
One major issue was the focal spots produced by shining the laser through the IFLs
did not appear circular. This was likely due to imperfections within the lenses. Bubbles
from the manufacturing process could be seen with the naked eye which would
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distort the light and change the light pathway. The manufacturing process would
need to be improved for the next iteration to ensure light could travel in a more
predictable pathway through the lens and ultimately produce a round focal spot. The
method of degassing the PDMS for the IFLs was changed from ultrasonic degassing
to vacuum pump gas removal in the future iterations of the PDMS.

4.3.2 The IFL is able to filter light and behave as a filter
The next stage was to see if the IFLs behaved to filter light. The 1% doped IFLs were
used to test the filtering ability by shining 0.04 mA power of fibre coupled laser (either
485 nm or 665 nm) on to a CMOS detector through the IFL. The green IFL was able to
filter the 485 nm laser light, as no focal spot could be seen on the detector (Figure
4-5 middle panel, bottom left image) , but not the 665 nm wavelength. The red IFL
was unable to filter out either laser. This may have been due to a mismatch between
the laser and dye wavelengths, or it may have been that too much power was used
so the red laser photons overcame the filtering ability and were able to reach the
detector regardless of wavelength.
When the green IFLs were tested with lower percentage doping, the 0.1% doped lens
was able to filter out over 80%, and ≥0.25% this over 90%, of the 0.4 mA of 485nM
photons (Figure 4-5 bottom panel) and no focal spot could be seen on the detector.
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Figure 4-5 The green integrated filtering lenses (IFL) can both focus and filter light. Top panel: A white
light was shone through clear, red and green PDMS lenses and the focal point (smallest spot) was
found by moving the lenses away or towards the light source. The 3 colours all had the same focal point
of 3.8 mm. The imperfections within the manufactured IFL altered the shape of the focal spot. Middle
panel: A green and red fibre coupled laser at 0.04 mA of power were shone through the green and red
lenses to determine the filtering effect. The green lens absorbed the green photons and therefore
behaved as a filter. This effect was not demonstrated with the red lens at this time. Bottom panel:
Quantitative analysis of the filtering effect of green IFLs, to show that with minimal doping (> 0.1 %)
there is a significant drop in a photons collected by the detector at 0.04 mA.
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4.4 Iterating the IFL for improved performance and characterisation
There was scepticism amongst physicists in the IFL concept at the outset. However,
the initial results gave some indication that the concept of a filtering lens was
plausible. The proof of concept experimental set up was rudimentary and there was
much improvement to be made at both the experimental and manufacturing level to
solidify and confirm what had been seen in the initial experiments.

4.4.1 Limitations on first iteration IFLs and proof of concept experiments
The first set of experiments with the IFLs were used to explore the concept in a quick
and low complexity set up. For measuring the characteristics of the second
integration of IFL (IFL2nd gen) a more sophisticated system was needed for accurate
results that could possibly be taking into a device.
During the focal length experiments, too much light was reaching the sensor and the
focal spot covered too many pixels which meant that the detector was saturating over
a large area. The amount of light reaching the detector needed to be reduced for a
more accurate measurement to accurately determine the focal spot.
The ability for the lens to image had not been tested up until this point so the aim of
the second iteration of IFL (IFL2nd gen) was to have reliable and robust set of lenses that
could then be used to image.
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4.4.2 Changes to manufacturing techniques
The IFLs manufactured in the first iteration had visible bubbles and it was thought
that these were causing the focal spots to be irregular and it made determining an
accurate F challenging.
During manufacture the IFL2nd gen were de-gassed using a vacuum pump method
(rather than sonification). Additionally, the microscope slides that were used as the
substrate for the IFLs were also acid cleaned. This was to rule out if the any dust or
dirt was impacting the pathway of light and causing the photons to be dispersing and
altering the focal spot.

4.4.3 Changes to characterisation set up
As part of the improvements for the 2nd iteration measurements, an XYZ micrometre
stage was added to the set up for measuring F. This enabled fine incremental changes
and accurate measurement. A slide holder was fixed to the XYZ stage and moved
away/towards the detector until the focal spot converged on the detector at F.
Another change that benefited the F measurement was switching to a fibre coupled
LED (FCLED) so that a lower power incident light could be used and the detector
would not become saturated over a many pixels.

4.4.4 The impact of the improvements
The changes to manufacturing and measuring set up resulted in improving the focal
spot so that it was circular (Figure 4-6a - right), and small. This is an indication that
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the pathway the light has taken is uniform and predictable. It also made finding the
specific F more accurate, and small deviations from F were easily identifiable
compared to the proof of concept experiments. The distribution of the light appears
Gaussian (normal) with higher pixel intensity in the centre becoming less intense
away from the middle. The changes in manufacturing and optical set up resulted in a
circular focal spot (Figure 4-6a - right).
Determining the reliability and repeatability of the IFL 2nd gen was vital during the
iterative stage; measurements of the contact angle and diameter were taken to
explore this in relation to the predictability of F (Figure 4-6-b and c). Both contact
angle and diameter are known to be influenced the by temperature of curing, volume
and height of polymer drop during manufacture amongst other factors. The IFL2nd gen
were manufactured at 220°C with a 25 µL volume. Drop height was 2cm from the tip
of the syringe to the hot slide. In reality controlling the volume was difficult with a
viscous polymer and the drop height was adhered to as much as possible but there
was uncontrollable variation due to the PDMS hand dropping technique. There was
variation in the IFL2nd gen diameter as a result.
However, with our IFL2nd gen the diameter appeared to have a better correlation with
F (R=0.6) than contact angle (R=<-0.5) (Figure 4-6-c). Statistically with Pearson’s
correlation coefficient of R = 0.6, the relationship between diameter and F can be
described as medium, which is still not strong enough to make a prediction of F
from a known diameter.
The experimental design was examined for sources of error.

152

During data processing it became clear that there were errors in measuring contact
angle, with large variation between the same IFL2nd gen. Each IFL 2nd gen was imaged 3
times and yet the measured angles varied considerably. On inspection of the set up,
it became evident that the smartphone used for taking the images for contact angle
had not been securely fixed and this was likely a source of introduced error. Further
investigation confirmed this was the case with a variation of 10 degrees in the
contact angle depending on the detector (camera) position. A higher zoom
appeared to reduce the variation of measurements, as did ensuring the camera was
at normal to the IFL2nd gen and not tilted forwards or back, as seen in figure 4.6 d. This
information was used to re-design an optical set up for the next iteration of IFLs.
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Figure 4-6 Figure 1-6 The IFLs2nd gen enabled more extensive characterisation than the original IFLs
with improved set ups and manufacturing techniques, but exposed the need to further iterate. a) A
comparison of 1st (left) and 2nd (right) iteration lens focal points highlights the improvement in
manufacturing allowing for a more circular focal spot with the 2nd. Improvement in detection methods
enabled the focal point to cover just a few pixels and without excessive pixel saturation. Together these
improvements made measuring the analysis more accurate and robust. b) A representative IFL image
for contact angle measurement and the subsequent image J analysis c) An increasing focal length
correlates to a reduction in contact angle (left hand graph) but the relationship is not as predictable as
expected, with a low R value. Increasing the diameter of the lens correlates with increasing focal length
(right hand graph) and shows a closer relationship. A contributing factor to the low R values, is the
contact angle measurement set up introduced variation to the sensor position. This effected the
resultant image and impacted the contact angle measurement (d).
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4.4.5

The IFL

Imaging with the ILF 2ndgen
2ndgen

were used in an imaging set up to determine if the resolution was

suitable imaging Mycobacteria in the future. A fluorescence set up (Figure 4-7a) used
a blue LED directed towards FAM target (spectra shown in Figure 4-7-b) placed behind
the USAF 1951, with the IFL2nd gen attached to the microscope slide in front of the 1+5T
smartphone colour camera. The resultant imaging showed that the IFL2nd gen were
capable of producing images with a resolution of 142 lp/mm (Group 7, element 2),
equivalent of 3.48 µM. The image appears to show green pixels, indicating that the
IFL 2ndgen behaves to filter out the blue excitation wavelengths. The green wavelengths
resulted from the fluorescence of FAM, excited by the blue LED.
These images suggest that the IFLs can both filter, focus and image to an appropriate
resolution for imaging bacteria.
However, as seen in Figure 4-7d, other issues became apparent as the lens was
removed from the optics set up and attached to the smartphone directly, either on
or off the microscope slide. . There were optical distortions which are discussed
further in the limitations section below.
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Figure 4-7 Imaging with IFLs2nd gen showed high resolution but image distortions appeared once
removed from the glass slide a) The set up for imaging with blue LED, USAF 1951 target with a 6carboxyfluorescein (FAM) soaked paper disc behind, the IFL2nd gen on a glass slide and smartphone
camera. B) FAM was used for initial imaging experiments with the excitation and emission spectra are
shown. c) Imaging a negative and positive USAF 1951 target through the working diameter, with the
IFL attached to the microscope slide showed that the resolution was equivalent 143 lp/mm or 3.48 µM
d) Removing the IFLs revealed radial imperfections (left hand image) and distortions possibly from
bubbles or dust when focusing through a larger diameter of the IFL (right hand image).
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4.4.6 Limitations of IFL2nd gen
During imaging experiments previously, the IFL had remained attached to the
microscope slide on which it had been manufactured (Figure 4-7a). Smart phone
imaging was attempted with the lens attached to the slide, and with the lens
removed. Both identified issues with the IFLs second iteration Figure 4-7d.
When the lens was attached to the slide, at low zoom on the camera distortions can
be seen, with only a small clear, working diameter as seen in Figure 4-7d, right hand
panel. This posed a problem for using the lens in a device as finding the target area
needed extreme precision. The working area appeared to be an approximately 1
mm radius area (size of Inner Square of the target). This raised the question of if it
would be possible to use across an area such as a microscopy smear with the
distortions present. A higher zoom could increase the turn-around-time as each
slide would take much longer to examine, adding to technician fatigue as well.
For the final system the aim was for the lens to attach directly to the smart phone.
When the lens was removed from the microscope slide to trial this, radial striations
could be seen across the IFL, as seen in Figure 4-7d, left hand image. The
imperfections and distortions resulted in poor image quality. It is important that the
light entering the IFL has travelled the same pathway length to reach the detector
and is not changed by physical defects in the IFL.
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4.4.7 Changes made for final iteration
A decision was made to explore the substrate that the IFLs were manufactured on
to. Initially the ultra-clean, acid cleaned glass slides had been used. The radial
striations appeared to be as a result of adherence to the glass as the IFL peeled off.
Therefore, the slides were cleaned with a detergent to reduce to bonding between
the glass and PDMS for IFL3rd gen. The PDMS was pipetted directed onto the slide as
described in section 2.4.4, third iteration.
IFL3rd gen were manufactured across the range of temperature, volumes and dye
doping described in chapter 2. The manufacturing results are shown in Figure 4-8a.
The working diameter of the IFL can clearly be seen for the 10 µL lens and the 25 µL
lens in Figure 4-8b. The IFL3rdgen were characterised in greater detail than the
previous iterations.

4.5 Characterisation of the IFLs 3rd gen
4.5.1 The focal length of the IFL changes with temperature but is
independent of doping concentration
The focal length of the IFL3rdgen is dependent on the temperature at which they were
cured. Up to 200 °C the F decreases with temperature and the F plateaus above this
temperature. The doping percentage does not affect the focal length with 0 %, 3 %
and 10 % doped IFLs3rd gen behaving the same at each temperature (as shown in Figure
4-8d). This aligns with previous work by Sung, who found that F decreased with
temperature(172).
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The volume of the IFL3rd gen affects the focal length with 25 µL having a longer focal
length (6 mm) than the 10 µL IFL (3.5 mm). There is no significant different between
the concentration of doping and the volume of the IFL3rd gen. The practical application
makes the 25 µL IFL3rd gen an attractive choice in terms of size of use, working diameter
and the sample can be imaged further away due to F.

Figure 4-8 The IFL3rd gen focal length (F) is temperature and volume dependent but unaffected by doping A) the 25 µL
green IFLs were manufactured with different doping levels and at various temperatures to give a range of appearances B)
The working diameter is greater in the 25 µL than the 10 µM lens C) The F optical set up with fibre coupled LED light
source, collimating lens (L1), iris and IFL (LPDMS) focusing light into the CMOS detector on the XY micrometre stage. D) As
temperature increases from 140- 200 °C, F reduces from > 9 mm to 6 mm. Above 200 °C there appears to be a plateauing
with F remaining around 6 mm. Doping does not appear affect this with 0 – 10 % IFLs demonstrating similar ranges at a
given curing temperature and no significant difference found. E) The 10 µL IFLs have a shorter F that the 25 µL IFLs but the
doping remains irrelevant with no significant differences found between 0, 3 or 10 % doping.

159

4.5.2 The doping and volume of the IFL does not alter contact angle but is
dependent on the temperature of the lens curing
The doping of the IFL3rd gen has no effect on the contact angle of the lens, with the 0,
3 and 10 % IFL3rd gen having no significant differences at a given temperature. The 10
µL and 25 µL IFL3rd gen also had no significant difference for the same temperature (at
225 °C), suggesting the two variables are independent. Temperature altered the
contact angle with a greater contact angle, i.e. steeper sides of the lens, seen at
higher temperatures. The contact angle for 225 °C was near 140 °, but at 150 °C it was
only 100 °C. This is seen as at higher temperatures, gravity has less time to take effect
as curing occurs more quickly.
There is a correlation between F and contact angle. At 6mm F, a range of contact
angles can be seen. At higher Fs, manufactured at a lower temperature, the range is
smaller. The focal length is related to the radii of the curvature of the lens, as
described by the lens makers’ equation, thin lens approximation:1 𝑛2 − 𝑛1 1
1
≈
( − )
𝑓
𝑛1
𝑅1 𝑅2
where the refractive indices of air and PDMS are expressed by n1 and n2
respectively, and the radii of the curvatures of the lens surfaces as R1 and R2. For the
planar convex PDMS lenses, such the IFLs, 1/R1 vanishes and the equation can be
rearranged when PDMS has a refractive index of 1.4.
:-
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1 1.4 − 1
1
≈
(− )
𝑓
1
𝑅2
Which becomes:𝑅2 ≈ 0.4𝑓
Figure 4-9c shows the correlation between temperature and R, with R decreasing
between 150 °C and 200 °C before plateauing. The small variations in R at high
temperatures give rise to the variation seen in F. The 10 µL IFLs3rd gen have a smaller R
than the 25 µL IFLs3rd gen as predicted. Considering these results, the doping does not
have an effect on the curvature of the lens. Based on the working diameter, and the
curvature of the radii of the IFLs 3rd gen, the numerical aperture (NA) of the lenses is
0.27, which is in keeping with other work.
It is possible that the plateauing of the contact angles above 200 °C is due to reaching
the maximum achievable contact angle. More research is needed to explore this and
at present, but errors may also account for this effect. For example, contact angle and
drop height are dependent on each other, but drop height is only controllable to
nearest 0.5 mm in this set up. Additionally the heat plates are not uniformly hot
across the full area and so potentially spatial variations in temperature across the
slide could impact the contact angle or R slightly and introduce slight variations across
the IFL curved surface. However, this work fits with other research on micro-PDMS
lenses (3 µL) with f-number and NA found to be independent of temperature above
98 °C.
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This body of work with the IFL3rd gen confirmed that it would possible to use the
components as a lens. It was then necessary to confirm the behaviour as an emission
filter.

Figure 4-9 A) The doping does not alter the IFL geometry A) as the curing temperature of the IFL reduces, so
too does the contact angle. The doping has no effect on this, with a given temperature resulting in IFLs with
the same contact angle regardless of their doping. Each point represents the average of 3 IFLs, with the SEM
shown by error bars. B) The contact angle of the IFL correlates with curing temperature; a higher
temperature curing results in a greater contact angle. There is greater variation at lower Fs, but this is
irrespective of doping %. Each point represents a single IFL, with 3 measurements per lens shown as error
bars ± s.d. For each doping temperature combination N = 3 IFLs. C) Doping does not alter the relative
curvature (R) of the IFLs, with R being dependent on temperature. 10 uM IFLs have a lower R, as expected as
R is proportional to F. Each point represents the average of 3 IFLs, with the SEM shown with error bars.

4.5.3 The IFLs can filter green light effectively
The emission filter has 2 inherent behaviours. 1) To block excitation wavelengths
from passing through the filter and reaching the detector, and 2) To transmit the
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emitted wavelengths and allow these photons to reach the detector. When the green
IFLs3rd gen are compared to the red and clear versions, the ability to block/transmit
light depending on the wavelengths is shown (see Figure 4-10 b). The red IFL3rd gen
transmits red wavelengths and blocks green ones, the clear IFL3rd gen transits the full
spectrum of wavelengths while the green IFL3rd gen transmits green wavelengths but
blocks red shifted light. The percentage of light transmitted by the IFL

3rd gen

is

dependent of the level of doping. The 1 and 3 % doping allows for greater
transmission of the emitted fluorescence wavelengths, while the 7 and 10 % block
more of this light (Figure 4-10 Error! Reference source not found.c), suggesting that
the lower doping may be more appropriate in a fluorescence based system. The
higher doped lens effectively block too great a percentage of light across the
spectrum, acting as optical density filters, which is discussed further in section 163.
Conversely the lower doping allowed for more light to be transmitted and less
blocked. As described at the start of this section, an ideal filter should block excitation
wavelengths and transmit emission wavelengths and so a balance between these
characteristics is needed to find the most suitable IFL3rd gen. If we consider that
fluorescence is generally red shifted, the green IFLs3rd gen are suitable to couple to
fluorophores with an excitation of < 470 nm and emission of > 520 nm. The 3 % IFLs3rd
gen

4.6

offer a potential balance the characteristics needed for imaging.

Imaging with the IFLs
The IFLs3rd gen were removed from the slide and self-adhered to the camera of the 1+
5T smartphone to build a platform that could have imaging capabilities at the POC.
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At the time of imaging, the 1+ 5T was running android 9. The camera was a 16MP
with an f= 20mm, sensor 1/3.1 and a pixel size of 1 µm.
A simple set up was built using a blue LED placed underneath the target, with the
IFL3rd gen attached to the rear camera of the 1+ 5T smartphone (Figure 4-11 a). The
USAF 1951 target was used, as with the previous iteration of IFL, to determine the
resolution of these lenses. The 10 µL and 25 µL lenses
Were compared. The 10 µL lenses have a greater resolution at 181 lp/mm or 2.76
µm compared to 114 pm/mm or 4.4 µm for the 25 µL.

Figure 4-10 The IFLs have the ability to filter light from the visible spectrum A) Optical set up for
determining the filtering ability of the IFL with white fibre coupled light source passing into a
collimating lens (L1), Iris, and doped IFL. The second lens (L2) focuses the light into a fibre coupled
detector. B) Transmission of light for each green doped IFL and 1 % red doped IFL (R) as measured by
the spectrometer over the visible spectrum. C) Transmission spectra for the green IFLs demonstrate a
concentration dependent response with 10 % doped IFL transmitting less light than 1% IFL. A peak
transmission at 545 nm shows the IFLs are able to transmit green wavelengths. D) Optical density plots
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for the green IFLs show that the higher doped green IFLs filter out a broad range of wavelengths
compared to the lower doped IFLS.

Imaging was attempted with all of doping percentage,

but as the filtering

experiments identified, the optical density filtering of the lenses were too great to
enable an image to form at the doping above 3 %. At 1 % and 3 % the IFLs3rd gen were
able to filter the excitation light out but allow an image to form. It is interesting to
note that there are jpeg artefacts present in the images. These are the result of file
compression on the 1+ 5T smartphone, and is a known issue with this particular
model and make.
Mycobacterium smegmatis were fixed on a microscope slide and then stained with a
Smart Probe (173) that labels the M smegmatis within seconds. Images were taken
of the stained M smegmatis with the clear and 3 % IFL3rd gen. As seen in Figure 4-11c,
the clear (0 %) IFL shows no fluorescent puncta, whereas the 3 % IFL clearly shows
the labelled Mycobacteria as bright puncta on a dark background.
This shows that the IFLs3rd gen are able to function as both a lens, and a filter in a
fluorescent imaging system used for a biological application. The added advantage of
this system is the potential to reduce fatigue for those examining the sample. At a 1.8
x optical zoom, the field of view is approximately 10 mm2 which would require fewer
fields of view to be examined compared to conventional smear microscopy. In
comparison to wide field fluorescent microscopy, at 20 x zoom, the IFL imaging
system offers a possible, hand held alternative. When looking at the same area of the
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prepared slide, digitally enlarging the 1.8 x zoom to match the 8 x zoom area (top
images of Figure 4-11D), there is little loss of resolution in the system.

Figure 4-11 Figure 1-11 IFLs attached to a 1+ 5T smartphone are able to image fluorescently labelled
Mycobacterium smegmatis, and targets of 3.1 µM. A) Schematic of the imaging setup for imaging
fluorescent targets with the IFL attached directly to the smartphone and white LED light source B) Images
from 1+ 5T smartphone of USAF 1951 target imaged with the 0, 1 and 3 % IFLs attached to the smartphone.
Top images left –right show the 25 µL IFLs, 0, 1 or 3 % doped, having a resolution showing the 6th element of
the 6th group, equal to 4.38 µM (114 lp / mm) and the bottom images, left to right, show 10 µM IFLs, with 0,
1 or 3 % doping, showing a minimum resolution of the 3rd element of the 7th group, equal to 3.1 µM (or 161.3
lp/mm). Scale bar = 5 µM. C) Representative images taken through IFL attached to the smartphone at 1.8 x
digital zoom or 8 x digital zoom of fluorescently pre-labelled M. smegmatis. For comparison, fluorescently
labelled M smegmatis were also images on a wide field fluorescence system (x 20 zoom). All images are to
scale (250 µM scale bar) and show full FOV. 1.8 x zoom images show 0% doped (clear) IFL on the left and
right % doped IFL image on the right, with fluorescent targets clearly seen only with the 3 % doped lens. D)
Images from C) scaled to show same size area from 1.8 x zoom image and 8 x zoom image, and for
comparison. The image quality appears fair in each image. Scale bar 100 µM.
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4.7 Discussion
This chapter has described the body of work in taking the IFL for conception through
to a functioning filtering lens. The final iteration of the work was published and can
be found in Appendix 1.
The IFLs offer a solution for a cheap, robust solution for fluorescent microscopy that
could be used in various systems at the POC. In the smartphone system
demonstrated here, showing the potential to image fixed, labelled Mycobacteria
smegmatis. There are however improvements, and ongoing experimentation that
would need to be completed if the IFL was to be a component in a diagnostic
device.

4.7.1 Limitations
There are some limitations and cautions to the work presented in the chapter. As
smartphone technology improves, and the cameras/ CMOS detectors so as well, the
ability to image bacteria will only become easier and clearer. The images presented
at the end of this chapter were using an entry level smart phone from 2018. The
megapixel count in smartphone cameras is doubling every 2 years (174) which should
only lead to improved smartphone bacterial imaging.
This chapter explored the use of the IFLs attached to the smartphone with in an
expensive optical set up with precision optics. One of the limitations here is that the
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IFLs were not used in a frugal set up. Using them with the Raspberry Pi camera
module in the Waterscope could have overcome this.
The IFLs were only explored in detail with green pigmentation. This means that it can
only be coupled with a green fluorophore, and so would not be appropriate with the
Mero-tre from chapter 3. The fluorophore used for imaging was a general bacterial
label. Mero-tre showed promise on the confocal microscope and the IFL3rd

gen

experiments showed that the red pigment also had good filtration effect. These could
be explored together and could lead to a Mycobacterial specific IFL.

4.7.2 Future directions
The images so far are only on M smegmatis. The next stage would be to image
cultured BCG and MTB and then in induced in sputum, and then in clinical samples.
It is likely that clinical samples with MTB would have a lower density of
Mycobacteria across the slide. If the IFL system was able to identify positive and
negative samples correctly this would put a strong case forward for using the IFLs.
The image quality limitations are due to the software on the 1+ 5T. As standard, the
software saved the images a jpeg files which introduces data loss errors as the files
are compressed. The 1+ 5T has widely been criticised for over processing images,
particularly at high zoom. This was a factor in many of the images taken. The 1+ 5T
was chosen at the time of publishing as a cheap, entry level smart phone that might
be suitable for the POC. More expensive phones with improved cameras were
available at the time, such as the Samsung and iPhone series and it is possible that
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the IFL in combination with these would have improved the image quality seen, but
the focus of the device was on keeping each component as cheap as possible. The
current 1+ entry model is the Nord 2, which is reported to have a greatly improved
imaging capabilities, and in particular improved software.
The smartphone IFL imaging system was taken forward, rather than the Waterscope
imaging system. Other groups have looked at developing the Waterscope into the
fluorescence system. The IFLs would be able to be integrated to the Waterscope on
the top of the tube lens. Modifications could be made to adapt the tube length to
accommodate for focal length variation from the V2 raspberry Pi camera.
Alternatively, manufacturing different volumes of IFL is possible if these would be
better suited to the Waterscope. The Waterscope provides a robust structure and is
used for the inspiration for the imaging platform in chapter 6.
To date the green IFLs are the only components to have been used for imaging with
but it would be of benefit to further explore red and other pigments to expand the
possible fluorophore coupling. The green IFLs were chosen to take forward due to
their possible compatibility with Smart Probes with in the research group, and also
the other cheap, widely available fluorophores. Other pigments and doping could be
explored for other fluorophores, beyond the red and green which were
manufactured.
One of the main issues surround POC diagnostics is the limitation of needing a
microscopy level suite for health and safety. Improving the imaging capabilities has
less impact while this step exist.
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4.8 Chapter 4 Summary
Chapter 4 set out to develop a novel imaging fluorescence platform that could be
used at the POC to diagnose TB. In the process a new component was developed,
known as the integrated filtering lens (IFL).


The Waterscope has a resolution appropriate for imaging Mycobacteria



A rudimentary microscopy system comprising of a balanced lens in front of a
smartphone camera, has the appropriate resolution for imaging
Mycobacteria



Selection of frugal components for a fluorescence imaging system based on
being compatible with the NBD fluorophore spectra included a blue LED and
yellow filter in addition to the a clear lens. No viable imaging occurred from
this approach.



The challenge of incorporating a frugal filter into a handheld microscopy
device, led to the development of the integrated filtering lens.



Improvements in manufacturing between IFL and IFL3rdgen occurred in the
degassing method, the drop height control, the substrate contributed to a
repeatable, reliable product for focusing, imaging and filtering.



Improvements in the measuring setup between IFL and IFL3rdgen included
purchasing optical components such as a precision xyz stage, and slide holder
and standardising imaging settings.
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Doping of PDMS has no effect on the curvature of the lens, the diameter of
the lens, the focal length of the lens or the contact angle of the lens at any
given temperature.



Doping of the PDMS enabled the green IFL to transmit wavelengths
appropriate for use with an NBD based fluorophore



An IFL3rdgen attached to the smartphone was able to image NBD labelled
Mycobacteria.
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5

Chapter 5: A concept design for a new POC diagnostic
device
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5.1 Introduction
Designing a new rapid POC for TB diagnostics presents many challenges, but also an
opportunity to potentially improve the lives of millions of people across the world in
rural, LMICs. Design thinking is a mind-set where the human need is based at the
centre of any resulting product and is comprised of 5 stages (empathising, defining,
ideating, prototyping and iterating) (175–177). It is a highly relevant approach in the
field of diagnostics (178,179). A human-centred approach is needed to find diagnostic
solutions which can disrupt the status quo and help address the multi-faceted issues
that arise both as a result of MTB infection, and in turn fuel on-going infection.
This chapter of the thesis will consider 3 stages of design thinking; empathising,
defining and ideating a POC TB diagnostic within the regulatory framework.

5.2 Regulation
In vitro diagnostics, such as the frugal imaging components described throughout this
thesis, are required to conform to regulations that meet safety and operational
standards for commercialisation. The country of manufacture and the intended
market, will determine which country’s standards need to be applied. Primarily, the
manufacture of this device will occur in the UK initially, but considering the
requirements of the countries with partnership would be vital prior determining
commercial viability of a product. Whilst partnership is planned, this is not yet
established and would need to be considered in the next phase, after prototyping
these design concept ideas.
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Currently the regulations are in transitory and phase in the UK. In part this is due to
Brexit meaning that the UK will have independent directives separate from those in
the EU which come into effect from January 2022 (depending on class and type of
medical device). The Covid-19 pandemic has highlighted additionally requirement to
strengthen the regulations and standards as the field of POC diagnostics has rapidly
expanded since 2019.
During late 2021 there was a consultation period throughout which consideration
was given by the medicines and healthcare products regulatory agency (MHRA) as
to amendments needed to the IVD regulations. Until the outcome of this in known,
the current Medical device regulations (MDR) 2002 apply.
This frugal imaging platform is categorised as a general IVD, as per the MDR 2002 –
part 4 (180) .
The following must be considered and adhered to during manufacture:

Medical Devices Regulations 2002 (SI 2002 No 618, as amended) (UK MDR
2002)



General Product Safety Regulations 2005 (SI 2005 No 1803)(181)

Following on from successful prototyping in a research environment, prior to
commercialisation there is a need to fulfil the essential requirements of Directive
98/79 EC (182), leading to conformity marking (CE marking, or UKCA marking as of
July 2023). In particular, manufacture of the sputum receptacle will need to adhere
to sterile processes and marked as such.
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5.3 Empathising
The purpose of this is to understand the in depth needs and concerns of the end user.
When designing a new diagnostic for TB the end-user is two-fold whereby the patient
group and the healthcare professionals have equitable stakes in the successful
implementation of the test, and so the needs of each must considered independently
before being unified.

5.3.1 Rural LMIC populations
In the case of TB, there are many known and perceived challenges as to why current
diagnostic methods are less effective in reaching rural populations in LMICs.
Qualitative research interviews have provided secondary evidence from which to
empathise with the needs of populations in rural LMICs. A full table of quotes can be
found in table 5.1.
There are many themes that arise from the interviews with TB patients in high burden
countries about the barriers they face when seeking TB diagnosis. Systematic review
and Meta-analysis conclude that many of the challenges identified could be
addressed with a true POC diagnostic test (81). The distance to the testing facility is a
common barrier for patients and a POC test would negate the need for this.

5.3.2 The healthcare worker
The healthcare workers were asked about their experience of delivering diagnostics
in LMICs. The quotations taken from qualitative research are shown in Table 5.2.
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Table 5.1 Quotes from qualitative research regarding the reasons given by patients from LMICs for not seeking diagnosis for TB

Theme

Quote

Country

Reference

Distance to facility

I didn’t come to the health centre early because it is far from my village

Ethiopia

(183)

Ethiopia

(183)

China

(184)

Ethiopia

(183)

Tanzania

(185)

Bangladesh

(186)

Financial burden
associated with
travel

“Many patients from rural areas do not come to the health facility in time. They come here when
they are seriously sick. They face more problems even after they are diagnosed as TB patients and
their prognosis is very poor”
“I could not do it early enough due to lack of money for transportation……due to lack of money for
travel and diagnosis I stayed for a while before going for the test”
Rural and ethnic minorities have been greatly impacted by removal of free MDR treatment in China
and is barrier to seeking diagnosis.

Patient’s belief
system

It takes nine hours to get here to the hospital in Kunming and it costs about 150 Yuan (24 USD) for a
single journey. We also have to stay in a guesthouse. The travel takes a long time and is costly
“When my condition worsened… my mother took me to a traditional healer…It didn’t really help, but
I continued to use it with the hope that I was going to get better”
“Now I realize it has nothing to do with witchcraft, like I thought in the past. It is a punishment of
God. He pushes the wind that contains TB in the direction of the person that will subsequently
develop TB”
Patients referred to impoverished living conditions, unclean water and insufficient food as the
reasons for their TB. These causes were linked to a sense of hopelessness and an inability to improve
the conditions of one’s life

Fear or stigma of
diagnosis and the
influence of
friends and family

“I am afraid. I fear that I do have it. It's really fear that overwhelms me”

Philippines

(187)

Cambodia

(188)

“My uncle suspected that she had TB. But my mother said that in her family, no one had ever had TB

… She still rejected the idea and insisted that no one in her family ever had this TB. She asked us to
stop referring her.”
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Table 5.2 Quotes from health care workers around the challenges in confirming a diagnosis of TB with in TB prevention and control measures taken from qualitative
research.

Theme
Lack of supplies

Quote
“when we get a patient we use the old slides, we recycle slides which is not good for sputum smears”

Country
Uganda

Reference
(189)

“Mouth masks we do without”
working space is very small

Uganda

(189)

It poses a risk to whoever works there

Uganda

(189)

some of the personnel don’t want to touch on those TB samples
Some of us are trained, but some new staff are not trained

Uganda

(189)

Dominican
Republic

(190)

India
Uganda

(191)
(189)

“The microscope is only one, being shared by almost all sectors. That leads to a lot of traffic jam and a
delay in the service to the patients”.

Environment not
suitable
Risk to HCW

Lack of training

Staff unaware and not attending any TB regular training
“I feel all the basic investigation should be available at all health care centre, also the health care workers

Time for results

in villages should be given regular training to identify, investigate and referred at earliest at sub district
and PHC level for both pulmonary and EPTB”
“The problem is that everything associated with TB…you have to give in a lot of time… you give a sample,
you wait, come tomorrow, that’s all time”
“They get the first specimen. The next day, they just don’t come back”
Results are not available the same day and must been given by a specialist TB clinic.

Location of
services

South
Africa
Uganda

(192)

India
Dominican
Republic
Ethiopia

(191)
(190)

The rural patients present with later stage disease

India

(191)

PCR testing not useful as not widely available

India

(191)

However much TB can be confirmed in the lab, if the follow up is not made in the community and then
patients… then the lab will miss a chance of getting a TB patient”.

(189)

People come from very far…That is a challenge, because really nobody can move the longest distance on
foot.
You can imagine I come today with my sample. You tell me that tomorrow bring the [sample]. Again you
tell me to come the next day… So that kind of dosing makes some of them give up”
HCWs perception that patients do not want to use primary care diagnostics for fear of inaccurate result,
or social sigma

Feeling powerless
to deliver change
Ownership of
biomedical
knowledge
Late presentation
of TB
Lack of
appropriate
testing

“We look for many strategies but feel helpless”
Nurses preferred to use indigenous language relating to a “bird” causing TB to avoid “unnecessary
confusion”

(193)

“no single test is good enough to give final diagnosis”
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Complex patientdoctor
relationship

Doctors did not want to lose paying patients and so refrained from ordering tests associated with TB such
as PCR testing

India

(191)

“In poor patients the response to treatment is better for diagnosis as patients are satisfied if doctor didn’t
prescribed many tests and patients feel that the doctor has treated me well in few days without spending
lot of money on investigations and waiting for reports”
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5.4 Defining the problem
From the data reviewed above, there are recurrent themes that can be pooled to help
synthesise a considered design approach. Table 5.3 has combined the issues raised by
both patients and healthcare workers and analysed the impact of a rapid POC diagnostic
in relation each one and well as any other considerations for the future implementation
of the test.
Table 5.3 The effect of POC diagnostic on the current barriers raised by patients and health care workers

Barrier in diagnostic testing
Distance from health care
facility / location of services
Financial burden associated
with travel
Time away from
home/work associated with
travel
Patient’s belief system

Delays in the healthcare
system/ lack of resources
Lack of knowledge

Fear of sigma and the
influence of friends/family
Complex
professional/patient
relationship
Lack of appropriate testing

Impact of rapid POC test
on barrier
Carried out at patient’s
home/ local community
hub
No travel required
therefore no associated
burden
No travel required and
no multiple trips so less
time away
Local health care team
would need to consider
working in partnership
with local healers/ faith
leaders.
Embed with local
healthcare system from
early development.
Education component
may be necessary in
conjunction to embed in
local health pathway
Could be completed in
private environment
Quick tests may maintain
confidence in
professional ability
This would act as a
screening test so only
those with high chance
of TB would need further
tests

Future considerations
Must be healthcare
worker trained to deliver
service
Other financial impacts of
new POC i.e. must low
cost of test for patient
Travel for local
healthcare worker. Data
connectivity important
Involve public early on
and understand specifics
in local area.

Ensure financially
sustainable model with
consumables and parts.
Time / financing of the
programme should
consider this. Specific to
locality.
Consider how clinics are
run. Could a home service
be offered?
Work to educate so there
is less stigma with testing
How does this integrate
into each specific
country?
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Currently many patients are having to travel long distances for TB diagnostic testing. This
places a financial burden on families and requires them to be away from home for a
period of time. In addition to these, the complex healthcare system pathways in LMICs
combined with particular beliefs and a lack of disease knowledge have led to patients
being diagnosed later, allowing TB to spread.
Therefore, the problem is that patients do not have access to a reliable, affordable TB
diagnostic test that can be used at the rural LMIC POC. The designs in the chapter will
provide initial concept solution for this.
Future challenges of embedding such a test into healthcare systems which must be
taken into consideration during the design process, and will be important to develop
partnerships during the testing phase to overcome this. However this is beyond the
scope of this chapter and discussed more in future work.

5.4.1 Target Product Profile
It is necessary to consider the long term feasibility of implementation with in a LMIC
healthcare system at the very early stages of the process, although some of the details
can only be addressed after the initial design development.
As discussed throughout this thesis, developing a POC diagnostic for TB a priority and
the WHO developed a target product profile (TPP) for sputum based TB diagnostics in
2014 (appendix 1). This TPP suggests that a diagnostic test performed at the level of the
microscopy suite would be sufficient to allow treatment to begin in the same clinical
visit. The WHO are considering the global population of TB patients with this TPP, and it
is likely that a change at this level of the healthcare system would have an impact on a
majority of TB cases across the world, such as those in large urban centres. However, as
discussed in the empathising section for the rural, for the LMIC population, testing at
this level may not bring about much improvement to early diagnosis rates; the initial
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journey to the healthcare testing centre, prior to the samples reaching the microscopy
suits, causes delay in being tested. Testing as close to the patient’s home is likely to bring
about a more significant change for rural LMIC populations.
For this reason, a set of product requirements and specifications specific to the LMIC
population have been identified.

5.4.2 Product Requirement
A novel POC diagnostic test must:


detect MTBC in sputum



be effective (sensitive, specific and deliverable) at the POC in a rural LMIC



be low cost at the point of delivery



allow for screening/onward referral/ more rapid initiation of treatment



low maintenance

5.4.3 Considerations for rural POC diagnostic design
Considering the requirement above, the following areas have been addressed.
5.4.3.1

Collection and processing sputum

The diagnostic device should collect, contain and enable processing without the need to
open chambers of the device as a health and safety precaution, and negate the risk of
exposing testers to unnecessary aerosols.
5.4.3.2

Amplification of MTBC from sputum

In a sample that does not contain large numbers of bacilli, it is important to detect as
many as possible which will improve the sensitivity of the test. Amplification can occur
via growth or by concentration. As the doubling time for MTBC is a number of days,
concentrating a sample is likely to provide a more appropriate approach for a rapid POC
test.
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5.4.3.3

Rapid detection MTBC

Fluorescent labels such as those described in Chapter 3 of this thesis allow for wash free
labelling of Mycobacteria species. Incorporation of a similar probe into a diagnostic
device could enable use at the POC. The stains would need to be stable and specific
enough for use at the POC.
5.4.3.4

Appropriate for the rural LMIC

Conditions in LMIC mean that the device must be robust enough to last at the POC.
Device parts must be easy to maintain/replace and any chemicals must be able to
survive heat, humidity and transportation. Additionally, there cannot be dependency on
electricity or data connection.
5.4.3.5

Cheap

Financial burden is one of patient’s largest concerns so cost at the point of delivery must
be extremely low. One way to enable this is to use low cost materials in the production
and manufacture in combination with ubiquitously available technology. In reality this
means coupling smartphone cameras with frugal components such as the IFL (see
Chapter 4) and 3D printable scaffolds.
5.4.3.6

Rapid turn-around time (TAT)

If each device can only test one sample at a time, a rapid TAT is vital to ensure a high
enough turnover of samples. Therefore, the more quickly samples can be analysed, the
more samples can be tested in a given time frame. This may be particularly important
when screening villages with known positive cases when the contact numbers may be
high and a large number of people need to tested. This is reliant on a suitable label, and
suitable processing steps within the receptacle.

5.4.4 Technical Specification for the microscopy scaffold
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The detailed specification table used to generate the concept design ideas is shown
below.
Table 5-4 Technical Specification Table

Number

Technical Specification

Receptacle
1

The receptacle must be sterile

2
3

4

5

6

7

Z-axis stage
8

8

9

Main stage
10
11
12
13

Cross
reference

The receptacle must seal so that no air can
escape
Once sealed the receptacle must be able 6
to stay closed for sample processing and
imaging
All additional reagents for processing to
the sample must be stored and be able to
mix easily with the sample in the
receptacle.
The receptacle should be able to
concentrate the pathogens from the
sample
The receptacle must have an optically 8
suitable surface to image from and align
with optics of smartphone
The Receptacle must integrate with the 11
main stage on the platform

Standard
(if
applicable)
ISO 117372 (2019)
ISO 209162019

The stage should support the weight of a
contemporary smart phone (approx.
200g)
The z stage should support a OnePlus 6T
smartphone so that the phone camera
aligns with the main stage aperture.
The stage will be compatible the Open Flex
microscope design and be controlled by
the Z-axis aperture

The main stage should be controlled by
independent x y z actuators
The main stage should integrate with the 7
sample receptacle
The main stage must allow imaging to 8
occur through it
The main stage must integrate with the 8
smartphone and integrated filtering lens
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14

The mainstage must integrate with the
open flexure microscope designs

Light Module
15
The light module must integrate with the
main stage and receptacle to illuminate
the sample
16
The light module must be interchangeable
with LEDs of various wavelengths
17
The light module must have an
independent power supply.
Full Device
18
The device should fit in a box 30 cm x 30
cm for transportation
19
All parts must be able to be manufactured
on site/ remotely
20
The device should weigh less than 1.5 kg

Implementing the specification above has led to the initial concept designs in this
chapter.

5.4.5 Product Purpose
The proposed structural components are designed to assist with diagnostic screening
and referral, and potentially to aid with treatment monitoring. With the present set of
stains available, it is not possible to detect resistance and so susceptibility would be
unknown and further testing would be required.
For example, clinically this device could be used in contact tracing a known TB positive
patient in the rural LMIC community. A local healthcare worker could travel to the
positive patient’s village, set up a satellite testing site and test anyone with symptoms
or who has been in contact with the patient. Assuming that the specificity and sensitivity
are >95% (accepting a 5% error), then people with a positive test result could be
signposted to local clinics to receive treatment. Negative tests could initiate
preventative treatment (194). This is of benefit as many of the contacts of this patient
would not currently seek medical opinion until extremely unwell, and contact tracers at

186

present have no way of discriminating infective/non-infective patients other than
clinical symptoms. This could help identify cases that are part of the 3 million case gap
on national registries due to under-reporting and under-diagnosis (195).

5.5 Technology Roadmap

Figure 5.0-1 Technology road map. Integration between the technological innovation and health pathway
in vital for success for the POC diagnostic.

5.6 Design of a sputum based frugal imaging platform
5.6.1 The design process
The component parts of this concept are designed to integrate with the open flexure
microscope base described in Chapter 4 originally designed by Dr Bowman at the
University of Bath (161). A similar model base would be enlarged (100%) to fit the new
designs for the stages and receptacle described in the rest of the chapter. Figure 5.2
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shows the components modified in this chapter and where they integrate to the design
of the original Open Flexure microscope. Additionally, the concept design make use of a
smartphone such as the OnePlus 6T, and the IFL described in Chapter 4.

Figure 5.0-2 Open flexure 3D printed microscopes will provide the base for the novel concept designs. Left
hand side shows version 4 (same version as shown in Chapter 4) and the right hand image shows the
newer version 6. Both versions will be compatible with the concept designs with modified 1) light source
module, 2) Z-axis stage clip/stage, and 3) Main stage.

5.6.2 Definition of Planes
The z-axis is defined as the optical axis in the microscope, in line with most common
major manufacturer’s guidelines. This is shown in Figure 5.3. Each individual drawing
shows a coordinate system for image clarity, which may not correlate to the product
xyz axis.
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Figure 5.0-3 A schematic showing the axis of the overall device design.

5.6.3 The overall concept design
This initial concept design shows the assembly of the sample receptacle (filter press, lid
and base), sitting in the main stage with the light module adjacent to the glass base.
The filter press is shown in 3 positions.
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Figure 5.0-4 The assembled POC receptacle on main stage. Three positions of the filter press are shown a)
at the top, immediately after the sample has been added to the pot, b) in a half way position which allows
any stored reagents to mix with the sputum sample and c) fully engaged compressing the processed
sample between a mesh and base of the receptacle for imaging.

5.6.4 The Sample receptacle
The sample receptacle has 3 parts. The filter press, the lid and the base. The filter press
and the lid tessellate so that a storage compartment is formed. Reagents could be
stored in this for sample processing. A cough sample would coughed into the base, the
lid sealed. The filter press can then be released to free stored reagents from the
storage compartment. Time given for the sample and reagents to mix before the press
filter is fully engaged. The pot is fully sealed and once closed does not require opening.
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Figure 5.0-5 The sample receptacle shown in two filter press positions. a) Shows the lid attached after
sample collection. The bottom section of the filter press does not extend into the lid allowing for storage of
reagents needed for processing. b) Shows the filter press fully engaged with the bottom of the filter
pressed in contact with the sample on the base of the jar.

5.6.4.1

The filter press

Design features:


There is a telescopic handle (that folds into the lid for easy transportation,)



The imaging cone shown in 20 designs with 4 cut outs, or 1. This will allow
different amounts of light onto the sample and needs testing before selection
can be made.
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A mesh filter (3 µM mesh) will be attached to the base of the imaging cone to
concentrate the bacilli from the sample on the base of the sample pot.

Figure 5.0-6 The filter press on the sample receptacle has flat top for easy force application, a telescopic
press handle for easy transportation, and a filtering cone. A fine 3 µM mesh would cover the bottom ring
and filter the Mycobacteria, trapping them on the base of the jar. 2 designs are shown - a) and c) show a
filter with 4 struts which allows more light to reach the sample, b) and d) show a conical filtering cone with
a single aperture, which only allows light from the light module to enter the cone.

5.6.4.2

The imaging receptacle

The receptacle has 2 further parts; the lid and the base. The glass base for collecting the
sample, and is where the sample is processed once the lid is sealed in place.
Lid design features:


Indented upper surface to allow the filter press handle to create a smooth
surface once fully engaged



Inner stepped surface which creates the storage compartment when filter press
in situ.

Base design features:


Large diameter opening for easy sample collection
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Angled inner walls to direct sample across smaller diameter at the bottom of
the base.



Thin imaging surface on the bottom of the base



Plastic film will be on the outside of the imaging surface whilst collection and
sample preparation occur. Prior to imaging this film can be removed, to leave a
clean surface for imaging.

The pot is slotted into the main microscopy stage with an appropriate LED module
(coupled to the fluorophore) affixed. The labelled Mycobacteria will be imaged in situ.

Figure 5.0-7 The sample receptacle lid and jar. a) and b) show the receptacle lid with indentation for the
top of the filter press, and stepped inside surface that creates a storage compartment c) and d) show the
glass receptacle base with a inner angled surface which allows samples to collect across a smaller
diameter and concentrate at the bottom (imaging surface) of the base. These parts seal with the filter
press and prevent leakage from occurring.

5.6.5 The Microscopy platform
5.6.5.1

The Main Stage
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This stage platform is designed to integrate with the Open Flexure Waterscope
microscope design (161) with modifications (similar, 200% original size) for a larger zstage to allow the whole phone to move in this access, instead of the V2 camera module.
The 3 parallelogram original design allows for translation in the x, y and z axis with
precision movements.

Figure 5.0-8 The main stage with light module a) shows a top oblique view of the main stage which
integrates with the xyz of the original Open Flexure microscope designs. b) Shows the light module affixed
to the main stage c) d) and e) show various views of the light modules. The curved surface is designed to
abut to the curved surface of the receptacle. A pin hole in the light module allows light of a chosen wave
length to illuminate the contents of the receptacle.
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5.6.5.2

The light module

This is designed to modify the stage either with different wavelengths of light as
different stains are designed and synthesised. Also, illumination of samples is often
challenging and so by keeping this module separate, it is possible to modify the light
angle. On testing for example it might be necessary lower for a more oblique excitation
angle into the imaging collection pot, or even consider transverse illumination of the
collection base depending how the filtering mesh interacts with the light.

Figure 5.0-9 Assembly showing the alignment of the current pin hole with the 2 designs of filter press.
Achieving the correct illumination of sample can be a challenge and therefore these 2 designs provides
testing options. a) Shows a filter press with 4 cut out regions which will allow more atmospheric light to
enter. b) Shows a single cut out region aligning with the pin how which will create a darker cone and block
out much of the atmospheric light. Other modifications can be made to the size and positioning of the pin
hole as required.

5.6.5.3

The z-plane optics stage

This z-plane optics stage is designed to integrate with the Open Flexure Waterscope
microscope design (161), similar, at 200% original size. The z-plane optics stage replaces
the V2 camera and lens tube module in the original design. It allows a smartphone to
move in the z-plane for fine focus control. The 3 parallelogram design of the original
design allows for translation in the x, y and z axis with precision movements.
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Figure 5.0-10 The z-optics stage is designed to sit under the main stage as a surface for the smartphone
with IFL attached. This stage is designed to fit a similar z-stage platform slot to that of the Open Flexure
microscope.

5.6.6 The Concept Video
An animation was produced with Hurricane Media, Bristol, to show the vision of how
and where the POC device could be implemented. Figure 5.11 shows the storyboard of
the final animation.
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Figure 5-11 The storyboard for the final animation showing use case for the proposed POC diagnostic.

The final animation can be seen at the following link:https://app.frame.io/reviews/e6e7894e-2966-40e5-b13f-94637bbf55b3/a96a53ea5fe2-4d6f-9842-35ede3b7682b
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5.7 Discussion, limitations and future work
5.7.1 Discussion
The initial concept proposed in this chapter for a frugal imaging platform with
capabilities to diagnose TB at the POC. The designs offer a portable, cheap, easy to
manufacture imaging platform that is also adaptable. Each main component is discussed
below.
5.7.1.1

The Sample receptacle

The sample pot provides a container for collection of the sputum, and also for the
processing and imaging surface.
The lid contains chemicals (such as saline, stain, mucolytic) under a press filter with
telescopic handle. After the lid is locked in place, the press filter is pushed halfway to
release the contents stored underneath. The saline and stain can then mix with the
sputum sample. The sample pot is inverted a few times to mix the content, and then the
press filter is pushed fully down. This traps the bacilli and solid mucin particles between
the glass and the filter. The receptacle is then placed into the main stage for imaging.
5.7.1.2

The microscopy platform

The microscopy platform concept designs here integrate with the Open Flexure
microscope to provide a structure capable of providing xyz translation of the sample
receptacle and supporting the smartphone fluorescence microscope set up. In addition
to this, a light module offers the opportunity to remain flexible in fluorescent label used
to stain the Mycobacteria, by changing the excitation LED to match the stain.
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5.7.2 Limitations
The work in the chapter presents a novel, design concept for an imaging platform at the
POC in rural LMICs. However, there are limitations that need to be considered. Primarily
the major limitation is the work is in the earliest design phase. This means that there are
no prototypes available, and the changes that will inevitably happen with further
iterations remain unknown. Additionally, to this date, there has not been partnership
involvement with end users. This will be sought as soon as feedback on prototypes is
required. As discussed previously, buy in and involvement with local LMIC healthcare
pathways is vital for successful implementation.
The main challenges in moving the design forward include:1. Unknown concentration, type and volume of reagents needed for processing
the sputum sample that would be stored in the lids. These could include saline,
mucolytic, bleach and require testing further.
2. Unknown location, concentration/volume/mass of labelling probe. It may be
possible to have the probe in the bottom of the sterile receptacle to mix when
the sample touches, or it may be better to immobilise the probe on the mesh of
the press filter, or to release the packet when the press filter is half pressed with
the other reagents.
3. The light module needs careful consideration regarding the placement of the
hole that allows light to escape. At the press filter mesh may obstruct
illumination of the sample, and transverse illumination through the base of the
receptacle may need to be explored. This is captured in the design by allowing
the bases of the light module and the receptacle to be flush.
These are key factors in development of a viable system and need to be address as part
of the future work.
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5.7.3 Future work
From a design perspective, the next stage of this design work would be to test and
prototype various aspects of the designs.
The filtering mechanism of the lid needs to be tested to establish the filtering capability
and also seal with the pot. Primarily this would be tested with cultured Mycobacteria
and then if successful sputum spiked with pre-labelled Mycobacteria could be tested.
The NBD based stain used in Chapter 4, has been tested with sputum samples (153), and
therefore would offer a good option for label testing. BCG would be tested first and then
MTB, in the appropriate BSL-3 lab. Clinically obtained samples could then be tested,
once the seal was confirmed as tight. This offers a greater challenge in terms of being
wild type Mycobacteria and there quantity is unknown. At the point of testing, coating
to attach the Mycobacteria such as Poly-D-lysine could be explored so see the adherence
improved image quality.
Providing the mechanisms with the filter and telescopic handle are successful, the
storage of chemicals can also be explored. The probe should be stored in dry powder
form, but it could be stored under the filter in the lid, it could be immobilised on the
mesh of the filter, or it could be loose in the bottom of the pot. Testing and
experimentation will be vital for this stage.
The imaging capability of the pot would need to be investigated. The LED module is
designed for side illumination, but testing may suggest an improved angle for this, such
as lowering the light source for a more oblique excitation angle. It may be necessary to
test other mesh filters at this point as previous work within out group has shown these
can be auto fluorescent.
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The stage mechanisms may also need to go through various iterations to make them
suitable for the final product.

5.8 Summary
These concept designs offer a starting point for the future development of a POC
imaging platform. In combination with a similar probe to the one discussed in chapter
3, and the smartphone imaging platform discussed in Chapter 4, the designs in this
chapter show a concept for a POC diagnostic that could be suitable for use in the rural
POC.
These concept designs covered:


A filtering lid that contained reagents necessary for sputum processing
contained within, and the fluorescent probe to label MTB.



A collection receptacle that could be used to collect sputum and then process,
label MTB and concentrate the Mycobacteria for imaging.



A clean imaging surface on the bottom of the collection receptacle



A precision stage based on the Open Flex microscope design with modified
receptacle holder



A light source module that is interchangeable depending on the fluorophore
needing excited allowing for future iteration or and various microbial detection.



A z-stage capable of integrating a smartphone for easy imaging
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Chapter 6: Discussion
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6.1 Thesis Summary
The work in this thesis has culminated in a novel design for a TB POC diagnostic
fluorescence system. A top-to-tail approach was used by first exploring the labelling of
Mycobacteria species with newly synthesised stains, then developing a microscopy
platform capable of imaging labelled Mycobacteria by using the IFL as part of the
smartphone system. Lastly, the device design incorporated sample collection and
processing into a 3D printable design so that the device could be viable in low resource
settings at the POC.

6.2 Benchmarking the diagnostic concept
The diagnostic concept presented in this thesis offers a potential solution for rapid TB
diagnostics in the rural low resource setting. The REASSURED criteria are used to
benchmark future POC devices to ensure their robustness (117). This framework has
therefore been used to analyse this diagnostic potential of this concept

6.2.1 Real Time Connectivity
Real time connectivity is important for quality assurance; making it possible to have
diagnosis at a central level. This improves consistency but also enables monitoring of
other processes such as manufacture quality.
The device presented in this thesis makes use of a smart phone camera, with the IFL
attached. From preliminary testing the lenses work with different smart phones
making the use widely applicable. The smart phone IFL was pursued over the raspberry
pie lens development, in part for the benefit easy connectivity. Smart phones are
inherently connected, and with the development of 4G transforming phones into
portable computers, there is an obvious advantage over Wi-Fi only hardware. The
raspberry pi would have needed a Wi-Fi connection at the time of development,
although sim compatible components (HATs) are now available that would upgrade
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the Raspberry Pi motherboard making them 4G (and 5G ) compatible in the future.
Examples of these found at https://thepihut.com/products/4g-hat-for-raspberry-pi-ltecat-4-3g-2g-with-gnss-positioning costing around £65.
Globally, 4G is now widely available, and this is increasing rapidly. Whilst there remains
differences in the connection speeds at some of these locations, and 4G remains a
somewhat ambiguous term, it is vital that new diagnostics make use of the ability to
connect rural areas with expert decision makers. The ability for a device to have this
connection means that health care workers with lower level training could carry out
the test, but connect to major centres for advice and planning.

Figure 6-12 Map demonstrating global connectivity with 4G shown in dark green, 3G in light green and
other connection in orange.

The device presented here was developed as a screening tool, where by positive cases
would be referred onwards for treatment and diagnosis confirmation. Connectivity
with TB centres would allow monitoring of rural populations and for individual patient
treatment planning.
The real-time connectivity is dependent on the signal in a rural location and there will
areas without signal. However, smartphones have the ability to save data offline, and
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then upload when signal is received. Whilst real time connectivity is preferable, the
limitation here is national coverage rather than the device specifically. The device
would be real-time connectivity ready, and could make use as soon as coverage is
ubiquitous. Therefore from a connectivity perspective, both the smart phone and
upgraded Raspberry Pi devices offer a solution for rural POC testing.
Additionally, the collection pot from chapter 5 could have a barcode or other readout
imprinted on it, making it possible to monitor processes associated with this product.

6.2.2 Ease of Sample Collection
The work in chapter 5 focused around the development of sample container that
would negate the need for bio safe laboratories and a structure that would support
their use with a smart phone.
TB is primarily a pulmonary disease and so the obvious sample is sputum, collected by
directly coughing into a pot. This is extremely easy to collect, non-invasive and patients
are clear on what they need to do. One challenge comes with populations of patients
who do not produce sputum readily with TB infection, such as those co-infected with
HIV or paediatric patients. However, this is a problem with all sputum based tests and
is widely recognised as a limitation. Development such as urine test for TB-LAM has
been of particular use in patients with HIV and TB.
The collection pot also presented a concept of the processing steps that could be
included in a similar pot design. Chemicals stored under the lid of the pot would be
used to prepare the sample for imaging. The chemicals used could digest sputum, lyse
mammalian cells, fix cells present, and stain the sample. The exact combination of
chemicals needs to be decided based on future work, particularly in relation to the
proteins and viscosity of sputum. However, the M. smegmatis in chapter 3 labelled
after fixation and so possibly including 4% PFA and the fluorescent stain would be a
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suitable option. This work needs prototyping in the collection pot, but the steps for
this work should be simple.

6.2.3 Affordable
The WHO TPP from the high level meeting in 2014 ( appendix 1) states that the cost of
an individual test should be at most $4-6, and the cost of the instrumentation no more
that $500 at best.
This device fits with in this criteria. The most expensive aspect of the device is a smart
phone, which retail at approximately $300 for an entry level version. This is a cost per
health care worker, not a cost per location. There would be ongoing running costs for
the sim card which will vary greatly depending on location. The running cos was not
considered with the 2014 TPP, but with the updated REASSURED criteria and
connectivity becoming a major factor in recent years, there will be a cost associated
for every POC diagnostic. If real time connectivity is not needed, and data can be
transferred over Wi-Fi, then this cost could be avoided. This is likely to be a decision
made at the local healthcare pathway, as they would need to consider financial versus
connectivity benefits.
The Waterscope structure cost £20 to 3D print in chapter 4. Using this a basis for the
structure of the device in chapter 5 seems like an appropriate estimate. This cost
would reduce as quantity increased, and the method of manufacture would likely
change to reflect this, as printing is slow. However, being able to 3D print replacement
parts offers a major advantage as this could happen at a nearby locality, and would not
need to be undertaken by a specialist as long as the printers were maintained and well
calibrated.
The IFLs cost about 2p ($0.03) to manufacture, not including energy costs for the heat
plate and vacuum pump. If the production was to be scaled up, then an inkjet printer
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would be used. A conservative estimate with these added costs is likely to be under 5p
($0.07) per lens. A single lens could image many samples so this is potentially a cost
per locality rather than per sample.
The collection pot is bespoke and would need discussion with manufactures to secure
reasonable price. However, it is possible to purchase standard sputum pots for about
25p ($0.35) each. Budgeting four times this prices seems appropriate so that the
disposable element of the device is £1 ($1.40). The chemicals with in this are likely to
less than $0.40, as estimated by Kamariza, who is looking to develop a POC for TB
using fluorescent TB probes (196).
In summary, the cost of the reusable instruments would be less than $335, with the
disposable tests approximately $2.

6.2.4 Sensitive
The sensitivity of a diagnostic is the ability for it to detect true positives, which the
WHO TPP sets at >80% compared to culture as a minimal requirement (appendix 1). In
this diagnostic, the sensitivity is reliant on 2 main factors; the ability for the label to
only label Mycobacteria and the ability for the detector in the camera to detect the
emitted light. It is worth noting that current stains used in smear microscopy are not
specific and improving the labelling specificity is one of the key factors that would
improve overall test sensitivity.
The labels here in this thesis were not compared to culture, and were not used on
sputum and so it is difficult to ascertain how sensitive the stain is. When compared to
E. coli and S. aureus there was a degree of specificity with NBD-Tre, Mero-Tre and
BODIPY-tre but these were not tested on a wide range of bacteria, nor on mammalian
cells. In addition to this, the nature of a trehalose based probe is that it will not be
specific to MTB, as all Mycobacteria, Corneabacter and fungi use and contain
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trehalose. It is also unknown if changing the environment surrounding the cells, such
as desiccating the cells, would impact the sensitivity of the stains in this thesis, or if
fixation would have had an impact on this. Essentially this raises 3 questions. One
regarding the choice of targeting moiety for the probe, as trehalose is inherently nonspecific, another around how the conditions affect the specificity on other bacterial
strains to which the probes were specific under optimal conditions, and the third
relates to mechanism of labelling if fixated cells are still stained with the trehalose
probes.
One solution to the first question could be to target a more specific MTB molecule as
the moiety for the fluorescent tag. As example of this could be the β-lactamase, BlaC,
which is highly specific to MTB. Work is being undertaken to develop a probe that is
specific for this enzyme (146,156).
To determine the effect of environmental conditions on the cells, this would need to
be tested. For example, different bacterial strains would need to be dried, exposed to
normal saline, hypertonic saline and growth media and compared with BCG or M.
smegmatis labelling to check if any specificity remains.
Lastly, to determine mechanism of labelling, inhibitors of the enzymes involved in the
proposed trehalose pathway could be used in assays. The inhibitors block the
enzymatic reactions and so if the trehalose probes were labelling via this mechanism,
less labelling would be seen. Inhibitors such a SQ109 (inhibits MmpL3 )(197)and
ebselen (blocks Ag85)(198) have been suggested as possible routes of exploration.
The initial images in chapter 3 were undertaken on a confocal microscope which has
excellent resolution, sensitivity and focus, because it is able to optically section and
only use the in focus light that reached the detector. This makes the images accurate,
as the photons absorbed are from a particular z-plane. In a smartphone microscope
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the images are not optically sectioned and so out of focus light will reach the detector.
This could impact the sensitivity of the test, if somehow light cannot be detected, and
may be interpreted as a negative sample (falsely). Imaging from the container in
chapter 5 needs to be investigated to ensure the light pathways are suitable for the
smartphone.

6.2.5 Specific
The ability to rule out false positives is key to success for a POC diagnostic. Again the
staining and detection are vital for this, as is a clean, predictable light pathway that
ensure there is minimal aberrant light.
As discussed above, a specific stain would most likely give rise to true positives and in
turn a low false positive rate. With the current trehalose stains, there is the potential
for false positives if the stain labels other microorganisms than Mycobacteria. The
work with in this thesis did not explore this widely, only testing E.coli and S. aureus in
imaging conditions using saline as the imaging solvent. In this condition, the trehalose
only labelled the BCG, suggesting some specificity. Other strains of bacteria should be
tested under environmental conditions such as desiccation, and under fixation to test
the true specificity. In a sputum sample there will be other proteins, and inflammatory
cells so it would be key to test the stains with these too. The level of fluorescence may
be important here, and the emitted light wavelength.
Smart phone technology continues to develop at a rapid rate, for example with the
average pixel count of the camera doubling every 2 years. The OnePlus 5T used to the
take the images in chapter 4 was an entry level phone during this phase of
development, but similar phones now exceed this basic camera. CMOS detector
technology is also continuing to improve. This improves the ability of the camera to
pick up photons and makes the system more sensitive. With an improved ability to
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detect light, the threshold for detecting the fluorescence reduces, and so if there is any
dim, non-specific labelling this could be interpreted as a positive (falsely).

6.2.6 User-Friendly
This device has been primarily designed so that untrained health professional could
use it. The device needs little calibration once it is set up. A lens is attached to the
smart phone by peeling it off a backing, like a sticker. The filled sample pot is handed
to the health care professional with the filter press lid in a high position. All that the
health care professional does is depress the plunger half way, and then all the way,
and wait. Any bacteria are trapped on the bottom. The pot is inserted into the device
and then images can be taken. Prototyping of the device has not happened and so
whilst in theory the device should be user friendly there is much worked needed to
explore this. There are no accurate concentrations, not specific timings which all aid
the usability in practice.

6.2.7 Robust
To be compatible with the low resource setting, all aspects of the device must be
robust and able to deal with the heat, humidity and the physicality of being
transported for many days. The TPP from the 2014 high level WHO meeting (appendix
1), states that the device should be able to operate between 5 and 40 °C and at more
than 70% humidity.
Kamariza (196) states that the trehalose fluorophores are stable and able to tolerate
harsh conditions. They can be transported in dry powder form in the sample put lid of
this device, which is typically the most stable form of the chemicals. Smartphones
currently operate in all localities, although it might be worth considering the impact on
the batteries of the smart phone if in direct heat, as they can be prone to overheating.
The plastic of the main structure and the collection pot should be able to function
without failure in the conditions specified by the WHO TPP.
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6.2.8 Rapid
The labels in this thesis worked with in 15minutes or quicker on the M. smegmatis or
BCG. These may work more slowly on sputum given the complex nature of the
environment compared to culture, but there may be ways to speed up the labelling if
needed. For example, drying out the Mycobacteria sample increased the rate of
labelling. The impact of this on species specificity is not known, and would need
investigating.
The mechanism of the trehalose labels remains unknown. Enzyme mediated reactions
are thought to take in the region of 15 minutes, but the labels here exhibit faster
labelling. It addition, fixation does not stop labelling, suggesting that either enzyme
activity is ongoing post fixation, or not involved in the labelling of the Mycobacteria.
Understanding the mechanism of labelling may allow for future probe development,
but for benchmarking the capability of the diagnostic at the POC the time to result is
the key indicator.

6.2.9 Equipment-Free
The device proposed in this thesis requires no other equipment than the structure, the
smartphone with IFL, the collection pot containing all the chemicals. These parts are
fully portable, lightweight and fit into a backpack. There is not an external power
requirement as the phone battery and the batteries required for the light module on
the structure could be charged by solar power. The IFLs are small, and at least 20
would fit onto a sheet the size of a credit card, so spares would also be carried.

6.2.10 Environmentally friendly
The plastic used for the Waterscope in chapter 4 was not recycled plastic. However, it
would be possible to procure recycled 3D printable plastics, or to mould in recycled
plastics in the future. The plastics used in the Waterscope in chapter 4 were recyclable.
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The modular design aims to allow only parts to be replaced and not dispose of the
whole structure with each damage.
The PDMS used to create IFLs presents more of a challenge as silicone based polymers
are not readily recyclable. However, there is promising work aiming to achieve more
environmentally friendly silicone (199). However, each lens in only 10-25 µ𝑀 and so
the volume being disposes of is relatively small.
The collection pots could be made of glass or a polymer. The polymer could be plant
based but imaging capability would need to be explored to ensure this was still up to
standard. The filter press of the lid could be made of recyclable plastic, metal. This
would need to be prototypes to ensure the robustness.

6.2.11 Deliverable
Making the device deliverable is the most important aspect with regards to a
successful POC device. Without it, the technology can be innovative and meet all of the
above criteria but still not be useful to the population it was created to serve. At the
present time, there are no partnership relationships to gauge how this technology
would be taken forward in the rural low resource setting. After prototyping the device,
it is key that these networks are developed and that health care workers in the
localities needing POC diagnostics are able to contribute effectively to the devices
development.
Table 6-1 shows how the diagnostic concept in this thesis aligns with each of the
REASSURED criteria.
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Criteria

Does the device

Limitations

Future work

4G network coverage

Develop partnerships to test

adhere
Real-time connectivity

Yes

connectivity on locality
Ease of sample collection

Yes- potentially

Theoretical concept design only

Prototyping needed

Affordability

Yes

Smartphone cost the major factor. Sourcing a lower cost phone

Scaling up of components

would impact positively. Scaling up would reduce the costs of
manufacturing.
Sensitivity

Unknown

Trehalose probes have not been compared to culture or in clinical
samples.

Further testing needed to
determine labelling sensitivity

Specificity

Partial

Only few species tested to date.

User friendly

Yes

Theoretical only – dependent on functional prototype working as
planned

Robust

Yes- potentially

Stability not tested of probes.

Expand species testing under all
conditions
Prototyping sample pot and
structure. Develop specific app for
usability.
Probe stability testing

Rapid

Yes

Stain not tested on clinical samples

Test probes on clinical samples

Environmentally friendly

Potentially

Not prototyped yet

Explore recycled plastic options/
plant based polymer

Equipment free

Yes

Phone needs charging and light module needs battery power

Deliverable

No in present

No current relationships to explore the logistics of delivering POC
device in low resource setting.

state

Prototype structure and phone
Build partnerships to integrate into
health partnerships

Table 6-1 Thesis diagnostic benchmarked against the REASSURED criteria
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6.2.12 Conclusion
The diagnostic in this thesis benchmarks well against the REASSURED criteria for a
diagnostic concept. At each stage these criteria have been considered with the aim
of developing a usable diagnostic for TB that could be used at the POC. The device
needs prototyping and partnership networks need developing to explore the
potential for the device to be used at the POC in low resource settings. The IFLs
developed in charter 4 in particular have exciting potential for many uses in the
diagnostic sector, and could be coupled to other fluorophores with other targeting
moieties.
POC diagnostics, like the one proposed in this thesis will be necessary contributors
to a successful End TB strategy, by increasing early diagnosis and helping those
experiencing catastrophic financial burden as a result of TB. It is vital that the
momentum gained with in POC diagnostics in the last few years is maintained in
order to save millions of people globally from diseases like TB.
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Abstract: Infectious diseases are the leading cause of morbidity and mortality in low and
middle income countries (LMICs). Rapid diagnosis of infections in LMICs presents many
challenges especially in rural areas where access to health care, including diagnostics is poor.
Microscopy is one of the most commonly used platforms to diagnose bacterial infections on
clinical samples. Fluorescence microscopy has high sensitivity and specificity but to date is
mostly performed within a laboratory setting due to the high-cost, low portability and highly
specialist nature of equipment. Point-of-care diagnostics could offer a solution to the challenge
of infection diagnosis in LMICs. In this paper we present frugal, easy to manufacture, doped
polydimethylsiloxane filtering optical lenses that can be integrated into smartphone
microscopes for immediate detection of fluorescently labelled bacteria. This provides a
breakthrough technology platform for point-of-care diagnostics.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing
Agreement
1. Introduction
Sepsis and other bacterial infections are a leading cause of mortality globally, with the greatest
burden affecting low and middle income countries (LMICs) [1]. Point-of-care (POC)
diagnostics will enable faster decision making and timely treatments [2]. However, diagnosing
infections in low resource settings presents many challenges which include technological and
infrastructural limitations alongside integration into care pathways [1-3].
In the absence of bacteriological confirmation many infections are treated empirically,
which can add to the global issue of antimicrobial resistance [4]. Some diagnoses, such as the
initial screening for suspected Mycobacterium tuberculosis (Mtb), are heavily reliant on
benchtop ex vivo microscopy. In this case, a technician must prepare and examine each
individual sample slide to confirm the presence of a microorganism in a sample. The specificity
and sensitivity of these tests is known to vary between 20 - 80 % [5], with technician fatigue
and experience impacting the outcome [5-7]. Indeed, sputum smear microscopy is the
cornerstone of tuberculosis (TB) screening and identifies patients who may be infectious and a
public health risk. Despite decades of progress in microscopy, smear microscopy remains a
laboratory based process with slow turnaround and high resource requirements of trained staff
[8]. The END TB initiative highlights the need for POC diagnostics and is key to reducing
mortality [9].
Molecular-based fluorescent labels have the potential to lessen these requirements by
increasing the specificity and sensitivity through increasing signal to noise ratios. However, it
is not yet readily possible to use current benchtop fluorescence microscopes outside of the
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laboratory setting [10]. The microscope optics, both for white-light and fluorescence
modalities, present a significant POC translational challenge. They often require expensive,
specialized light sources, optics, and sensors and need additional power sources [10, 11].
Developments have been made to address the need for lower cost, more accurate diagnostics
in LMICs. Since the 2000s, complementary metal-oxide-semiconductor (CMOS) sensors have
become an enabling technology due to their widespread employment in smartphones [12, 13].
Today, CMOS sensors permit miniaturization, require less power, are inexpensive, and are
readily available which has opened up their use as diagnostic devices at the POC [14-16].
Smartphones or other mobile devices, and single-board computers such as the raspberry Pi have
combined sensors and communication tools including wireless internet (WiFi) and Bluetooth
[17]. The advanced data compression functionality of CMOS sensors and the potential of
mobile applications will allow in situ or remote diagnostics at an accurate level [18, 19]. For
LMICs, lower cost LED microscopy offers an alternative to expensive laser diode microscopes
used in higher income countries [20].
In a fluorescence microscope an emission filter is used to block illumination light, allowing
only the emitted fluorescence from the sample to be transmitted to the detector, increasing
signal to noise ratio. Long pass filters are commonly used in fluorescence microscopy
systems [21]. However, these components occupy valuable and limited space which can be a
problem in a space-constrained handheld system where the lenses require a short focal length.
Furthermore, the associated costs of multiple components can be prohibitively high [11]. In
terms of sample preparation, recent chemical innovation has led to targeted ‘smart’ fluorescent
stains that need little processing, acting as a switch when they come into contact with a bacterial
cell membrane [22-24]. These labels may have major utility in settings where time and
resources are limited such as in rural LMICs.
Cheaper optical components, including polydimethylsiloxane (PDMS) lenses have been
developed and combined with smartphones [25, 26]. PDMS has good optical characteristics
such as transparency (T= 90 - 95 %) [25, 27] and is heat curable, meaning that it is possible to
control its curing curvature, and thus the focal length of the lens. Previous work has indicated
that for 10 µL heat cured PDMS lenses, a temperature of 200 °C gives rise to the greatest
contact angle and magnification [25]. Additionally, this lens offers sufficient resolution for
histological [25] and bacteriological imaging [21, 28]. Smartphone microscopy systems have
been developed with a resolution compatible with viruses and 100 nm nanoparticles, yet the
use of laser diode light sources and expensive external lenses [29] may make cost a prohibitive
factor for translation to a low resource setting. Low cost 3D printable structures including
accurate stages could be used as a framework for any future imaging platform [30].
Here, we describe how a PDMS integrated filtering lens (IFL) doped with a silicone dye is
able to act as both an emission filter and a lens for use at the POC. It has suitable imaging
characteristics for detection of fluorescently labelled Mycobacteria smegmatis (a rare humanpathogen but commonly used as a laboratory model for Mtb) [31, 32]. The IFLs negate the need
for two separate components in a POC device, which has the advantage of reducing the required
physical space in any device. At a cost of less than 0.02 USD per lens, these IFLs could
contribute towards low cost POC diagnostic solutions.
2. Material and Methods
In order to fully characterize the IFLs, both the filtering properties and imaging properties of
the lenses were tested, before being demonstrated in conjunction with a smartphone to image
fluorescently labelled M. smegmatis. The following sections describe: the methodology for
manufacturing the PDMS IFLs (Sec. 2.1); characterization of the imaging and filtering
properties of PDMS lenses (Sec. 2.2); and the fluorescent M. smegmatis slide preparation
(Sec. 2.3).
2.1 PDMS filtering lens manufacture
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PDMS solution (Sylgard 184, Merck) was mixed in manufacturer’s guidelines 10:1 of polymer
to curative agent. Additionally, green or red silicone dye (Silc Pig Green or Red, Bentley
Advanced Materials) was added to 1 %, 3 %, 5 %, 7 % or 10 % by weight to the polymer mix.
This was then vacuum degassed to remove bubbles and ensure overall good imaging quality
through the lens. 10 µL or 25 µL of polymer was syringed onto a clean glass slide on a heat
plate at a range of temperatures from 150 °C to 225 °C.
2.2 Filtering and imaging characterization of PDMS filtering lenses
2.2.1 Setup for transmission measurement
The filtering effect of the lens with added dye was tested by placing the lens in the optical path
of a white light source. The light source was collimated and the spot minimized using an iris
before passing through the filtering lens which focused it into the spectrometer (USB2000+,
Ocean Optics).
2.2.2 Optical setup for lens focal length
To test the effect of the doping on the focal length of the lens, a 505 nm fibre coupled LED
(M505F3, Thorlabs) setup was used. This incident light was collimated using a lens
(C330TMD-A, Thorlabs) and minimized using an iris (SM1D12D, Thorlabs). A CMOS camera
(DCC1645C, Thorlabs) was placed on a micrometer stage (XR50C/M, Thorlabs) so that the
focal length of the lens could be calculated by finding the smallest spot size on the camera.
2.2.3 Measurement of filtering lens contact angle
To measure the contact angle of each lens, a OnePlus 5T smartphone (android 9) camera
(16MP) was positioned fixed to the normal of the glass slide in a slide holder (XYF1/M,
Thorlabs). The filtering lens was on the superior surface of the glass slide. Images were taken
at maximum zoom (x8). Image analysis was performed using Fiji_64 Image J contact angle
plug-in.
2.2.4 Optical setup for resolution imaging
The imaging capabilities were tested using a white LED light source to illuminate a positive
1951 USAF resolution target for non-fluorescence imaging (R1DS1P, Thorlabs). The target
was placed at the focal length of the filtering lens which was placed on the front camera of the
OnePlus 5T smartphone.
2.3 Fluorescent Mycobacterial slide preparation
M. smegmatis (ATCC 23032) colonies were grown on 7H10 Middlebrook agar (Merck,
catalogue M0303) supplemented with 10 % v/v oleate-albumin-dextrose-catalase (OADC)
(Merck cat. M0678), 0.5 % glycerol (Merck, catalogue G5516) and sodium pyruvate (Merck,
catalogue 5280) at 37 °C and stored at 4 °C. A single colony was smeared directly into an ‘all
microbe’, NBD-based SmartProbe (30 µL, 5 µM) [22] on a clean glass microscope slide and
mounted with a coverslip. Images were captured using the smartphone-IFL device setup as
described above, or by wide-field microscopy (EVOS® FL Imaging System, Thermo Scientific
AMF4300) with GFP LED filter cube and 20x objective. Images were brightness and contrast
enhanced using Fiji_64 Image J.
3. Results and Discussion
Characterization of the filtering lenses
To investigate the effect of adding in a silicone pigment to the clear PDMS lens, fabrication for
the 25 µL lenses occurred over a temperature range from 150 °C to 225 °C, and across a range
of doping from 0 % to 10 % as shown in Fig. 1A. Additionally, 10 µL lenses were fabricated
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at 225 °C. The average usable diameter, or clear aperture, was calculated using the lens on a
CMOS detector. As expected, the larger (25 µL) lens has a greater clear aperture which gives
a larger field-of-view (FOV).

Fig. 1. The doping in the PDMS lenses does not affect the ability for the lens to focus light. (A) Hand
syringed filtering 25 µL PDMS lenses doped with green silicone pig dye at 0 %, 1 %, 3 %, 5 %, 7 % and
10 % by weight as shown in each row. The lenses were fabricated at increasing temperatures as shown
in each column with 150 °C on the left, increasing to 225 °C on the right. (B) The usable diameter/clear
aperture of the 10 µL and 25 µL lenses is 1.03 mm and 1.85 mm, respectively, as measured using Image
J. (C) Focal length schematic showing LED light source attached to optical fibre with a collimating lens
(L1), iris and PDMS lens (LPDMS). The camera is mounted onto a z-stage and attached to the computer.
(D) With increasing temperature the focal length of the lenses reduced. The doping has no effect on the
behavior of the lens with the 0 %, 3 % and 10 % behaving with a similar pattern. Data shown for 25 µL
lenses, with each lens shown by a single point. (E) The lower volume lenses (10 µL) have a smaller focal
length than the larger 25 µL lenses, with the doping having little effect on the behavior of the lens. Each
point represents a single filtering lens manufactured at 225 °C.

Previous work from Sung et al. [25] demonstrated that the focal length, f, of clear PDMS
lenses reduces with increasing temperature. Here, we observed that at temperatures of > 200
°C there was a plateauing of the focal length suggesting that for the 25 µL lenses there was a
minimal achievable focal length (Fig. 1D). To compare the effect of volume on focal length,
the 10 µL lenses fabricated at 225 °C were compared to the 25 µL lenses fabricated at the same
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temperature. The focal length of the 10 µL lenses was approximately half the focal length of
the 25 µL lenses (Fig. 1E).
By comparing the 0 % (i.e. clear) doped lenses, with 3 % and 10 % lenses it was found that
the dye had no effect on the focal length of the lenses shown in Fig. 1D, with there being
no significant difference between any of the doping concentrations.
The focal length and temperature correlate as a result of the variation in the contact angle
created at these temperatures. The PDMS cures more quickly at higher temperature and so
gravity has less opportunity to take effect, resulting in a greater contact angle. The doping
percentage of the PDMS lenses did not have an effect on the contact angle, shown in Fig. 2A.
There was no significant difference in contact angles between the 10 µL and the 25 µL lenses
fabricated at 225 °C suggesting that at this temperature contact angle is independent of volume.
Fig. 2B shows correlation between contact angle and focal length. At a focal length of 6 mm,
there is a greater range of contact angles than for higher focal lengths such as 10 mm.
The focal length of a lens is proportional to its radii of curvature and is expressed by the
lensmaker’s equation. Taking the thin lens approximation,
1
𝑓

≈

𝑛2 −𝑛1
𝑛1

(

1
𝑅1

−

1
𝑅2

), (1)

where n1 and n2 are the refractive indices of air and PDMS, respectively, and R1 and R2 are
the radii of curvature of the two surfaces. In the case of planar convex lenses, such as the PDMS
IFLs, the term 1/R1 vanishes and the formula can be rearranged to express R2 as,
𝑅2 ≈ 0.4𝑓, (2)
where we have taken the refractive index of PDMS to be 1.4. R 2 decreases with
temperatures from 150 °C to 200 °C and then plateaus from 200 °C to 225 °C shown in Fig. 2.
The 10 µL lenses have a smaller R2 than the 25 µL lenses.
Fig 2C shows correlation between temperature and relative curvature (R) of the lenses. At
the highest temperatures, there is greater variation in R, causing variation in focal length
(observed in Fig 2B), even though contact angle is repeatable.
It may be that contact angles are approaching a maximum achievable at high temperatures
while R is still varying, however further work would need to investigate higher temperatures to
clarify this. The contact angle will also be influenced by the drop height. There may have been
an error introduced in fabrication with drop height only controlled to the nearest 5 mm.
Additionally, the heat plate may not be of uniform heat across the surface and so the positioning
of the glass slide during manufacture may have resulted in a slight spatial variation in
temperature. This could have contributed to a slight variation in diameter/contact angle at each
volume/temperature combination. Damodroa [27] found a similar effect to that observed here,
with both f-number and NA being independent of temperature above a certain temperature (for
3 µL lenses this was 98 °C).
The doping is considered to have no effect on the curvature of the lens. This is important as
the curvature of the lens will affect the NA. The NA of 0.27 is based on the usable radius of
1.03 mm and 1.86 mm for the 10 µL and 25 µL lenses, respectively. This is in keeping with
previous work [25, 27].
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Fig. 2. Adding a doping dye to the PDMS lenses does not alter geometry of the lens. The contact
angles relative curvature were measured using the Image J plug-ins. (A) With increasing temperature
the contact angle increased for the 25 µL lenses. The doping has no effect on the contact angle on
the lens with the lenses within each temperature grouping having similar contact angle. Each point
represents the average contact angle of three separate lenses, manufactured at a given temperature
and doping, with error bars showing the s.e.m. (B) The contact angle correlates with the focal length,
with greater variation at lower focal lengths. Doping the lens does not affect this trend. Each point
represents a single lens with n = 3 IFLs measured for each temperature. (C) The relative curvature
(R) of the lenses (proportional to the focal length) is dependent on temperature. The 10 µL lenses
have a lower R. The doping has no effect on R. Each point is represented by the average of three
lenses with error bars denoting the s.e.m of the group.

The PDMS integrated filtering lenses transmit in a concentration dependent manner
The purpose of doping the lens is to enable one component to act as both an emission filter and
a lens. The filtering properties of the IFL need to behave in two ways; i) to block the incident
light (excitation wavelength in the fluorescence system) and ii) to transmit the emitted light.
When green IFLs are compared to red IFLs and a clear PDMS lens, the ability to
transmit/absorb light based on a specific wavelength becomes clear, as shown in Fig. 3B. The
red IFLs do not transmit green wavelengths whereas the green IFLs do, and the clear lens is
able to transmit light across the wider visible spectrum. The percentage of doping in the green
IFLs effects the transmission of light across the green wavelengths of light. The lower doping
(1 % and 3 %) enable a higher percentage of transmission than higher doping (7 % and 10 %),
allowing more of the fluorescence light to reach the detector in a fluorescence system.
Therefore the lower doped IFLs are better at this behaviour (described as behavior ii) above).
On the contrary, the higher doped IFLs filter out a higher percentage of light towards the
blue end of the spectrum. Commonly, fluorescence emission is red shifted away from the
excitation wavelength, which means that the higher doped IFLs have a better ability to block
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Fig. 3. The IFLs have the ability to filter light in the visible spectrum. Transmission schematic (A) for setup
with fibre coupled white light source into a collimating lens (L1), iris and PDMS filtering lens (LPDMS).
There is an additional lens to focus the light into a second optical fibre (L2) feeding to the fibre coupled
spectrometer. (B) % transmission spectra measured by the spectrometer for the green IFLs (labelled G) and
red 1% IFLs (labelled R) over the visible spectrum. (C) Transmission spectra for green IFLs 1 % to 10 %.
The green IFLs show a concentration dependent response with 10 % lens blocking more light than the 1 %
IFLs across the spectrum. Transmission peak at 545 nm displaying the IFLs ability to transmit green light.
(D) Optical density plot for the filtering lens showing that the higher doped IFLs had a greater optical
density than the lower doped IFLs.

the incident light (described as behavior i) above). However, the higher doped IFLs also act
at a greater optical density across the full visible spectrum as shown in Fig. 3D. The lower
doped IFLs allow for a greater amount of the emitted wavelength light to pass through.
The lenses that were more effective in blocking the incident light were less effective at
transmitting shifted light and vice versa. This means that a balance between these characteristics
needs to be sought.
The PDMS IFLs are appropriate for use with a fluorophore that emits in the green region of
the visible spectrum above 520 nm and is excited by wavelengths < 470 nm, with the 10 %
IFLs giving the highest potential excitation blocking to emission transmission ratio. However,
imaging with the various IFLs concluded that 3 % doping balances the filtering effects with the
light source power requirement, as shown in Fig. 4.
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Fig. 4. The filtering PDMS IFLs are able to image fluorescent targets with a resolution of 3 µm, including
labelled M. smegmatis on a OnePlus 5T smartphone. (A) Schematic of the smartphone microscope setup
with IFL attached directly to the camera lens, with a glass slide bearing fluorescently labelled sample
illuminated by a white LED light source. (B) Smartphone with PDMS IFL on the front camera imaging
USAF targets. Top, left-right: positive USAF 1951 target Group 6 imaged with 25 µL IFLs at 0 %, 1 %
and 3 %. Resolution achieved is 4.4 µm. Bottom, left-right: positive USAF 1951 target Group 6 imaged
with 10 µL IFLs at 0 %, 1 % and 3 % IFL. Resolution achieved is 3.1 µm, scale bar shows 5 µm. (C)
Representative imaging of fluorescently labelled M. smegmatis captured with the smartphone with either
0 % or 3 % doped IFL (digital zoom 1.8x or 8x) or wide-field fluorescent microscope (20x objective).
All images shown to scale with full FOV captured. Scale bar shows 250 µm. (D) Fluorescent images
shown in (C) scaled to show the same size FOV for comparison of image quality taken from the same
location at 1.8 x zoom (left) and 8x zoom (right).Scale bar shows 100 µm.

Imaging with the PDMS integrated filtering lenses
The PDMS IFLs were combined with a OnePlus 5T smartphone running android 9, as shown
in Fig. 4A, to build an imaging system that could have an application at the POC. The
specifications for the camera used for imaging were 16 MP and f = 20 mm, sensor 1/3.1 with a
pixel size of 1 µm. The PDMS IFLs are self-adhesive to the camera on the phone.
Whilst Mtb characteristically appears as clumps of cells during sputum-smear microscopy,
the average size of a single Mtb is 2 - 4 µM, therefore it is desirable for frugal imaging systems
to have a resolution within this region. Using the 1951 USAF target (R1DS1P, Thorlabs) it was
possible to determine the resolution of the 25 µL lens system to be less than 4 µm as shown in
Fig 4B. The 10 µL IFLs have a greater resolution, at 3.1 µm, but the IFL is smaller than the
smartphone camera and physical application of the IFL is more challenging than with the 25
µL IFLs. As discussed above, the 25 µL IFLs give a greater FOV which is beneficial when
imaging over a greater area. These images were obtained using a white LED. Further work
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should investigate the most appropriate light source, including a blue LED with a fluorescent
target.
The doping of the lenses impacted the required LED power to form an image. At a
concentration of 1 % or 3 % dopant there was a sufficient filtering effect to remove light outside
of the excitation spectrum, whilst allowing an image to form. Above this, the optical density
was too great as it fully removed the required excitation light. Whilst we were able to obtain
these high resolution images of the USAF target, we do observe noise within the images; these
are jpeg compression artefacts; they are most prevalent at the high digital zoom levels which
are required to display these images, and limits optical resolution.
Fluorescently labelled M. smegmatis was imaged with clear and 3 % doped lenses by our
IFL-smartphone microscopy platform. The M. smegmatis was labelled directly on the slide with
a wash-free fluorescent SmartProbe, which enables the labelling of microbes within seconds.
The images were compared with benchtop wide-field microscopy images of the same slides
collected at 20x magnification. Fig. 4C demonstrates the functional utility of developing doped
lenses, despite imaging the same specimen with the same set-up no fluorescently labelled M.
smegmatis are visible when using the clear lenses, that is compared to very distinct fluorescent
puncta visible when the 3 % IFL is used within the set-up. Moreover the field-of-view is on the
order of 1 mm2 meaning that the operator would need to scan fewer fields compared to
conventional fluorescence microscopy, and potentially false-negatives resultant from diffuse
samples, or samples with low bacterial load (as is often the case for sputum smear microscopy
of Mtb) could be reduced. Whilst we were able to achieve a much larger field-of-view with our
smartphone setup at both 1.8x and 8x camera zoom compared to conventional wide-field
fluorescence microscopy, we did not suffer from significant loss in resolution from our device.
Fig. 4D shows the same size field-of-view for each imaging set-up, and clumps of M. smegmatis
of various sizes are easily distinguishable. Due to the low pathogenicity, but similar cell-wall
structure and morphology of M. smegmatis to M. tuberculosis it is widely accepted as an in
vitro model for the latter [33], thus it was selected as the model organism within this study, and
we anticipate that similar fluorescence intensity and resolution could be achieved in subsequent
TB imaging studies, however this warrants further biological evaluation.
4. Conclusion
We demonstrated here a potential application towards fluorescently labelled TB detection,
which requires only the confirmation of the presence of the bacterial species, not benchtop
microscope resolution of the microbe. As such, a TB screening IFL device could be realized
with only a phone and a green dye doped IFL. The PDMS IFLs described here were able to
combine two optical components, a lens and a filter, into a single low-cost solution that could
be used at the POC. These lenses have a simple manufacturing protocol that can be easily scaled
up for a cost of < 0.02 USD pp, with mass production ensuring control over contact angle and
hence the focal length. This would ensure that smartphones with different camera specifications
can be catered for with minimal IFL modification. In addition, a large number of fluorescent
dyes exist, each with a variety of optical properties which could be leveraged to produce IFLs
suitable for an array of diagnostic applications; and although beyond the scope of this work,
3D printed microscope stages are available open source and could add to the utility of a
complete IFL-enabled smartphone microscope platform. In this way, we envision that the IFLs
presented here will be suitable for a number of POC diagnostic applications, with the IFLs
themselves being easily transportable and robust, adhering to ASSURED criteria [34].
The IFLs were combined with smartphone cameras, and whilst these require some energy,
solar powered chargers are widely available or can be charged from a generator. Furthermore,
applying the IFLs requires little training for non-skilled technicians to obtain an image,
meaning a health care worker in a rural village could use them at the POC, store the data and
then connect to hospitals or clinics with the results remotely. Whilst the pigment doping will
only be compatible with certain fluorophores, this will be of advantage in a system designed to
only detect one specific label, such as a specific stain for TB.

243

We focused here on green IFLs because the majority of fluorescent labels are in the green
spectral range, like the nitrobenzoxadiazole (NBD) conjugated stain used in the imaging above.
Although lenses with a variety of spectral filtering behaviours have been recently developed,
the application here is specific for the POC [26]. In choosing the correct doping, a balance
between the spectral filtering behaviours of blocking out incident light and transmitting emitted
light is key, and the 3 % doping was found to be adequate. Further work should investigate the
red IFLs as this would increase the possible fluorescent labels that could be coupled into the
system. The 25 µL IFLs offer a balance between FOV and resolution. They are easier to handle
than the 10 µL lens and therefore maybe better suited to in-field applications.
One of the ongoing concerns in translating smartphone technology to the POC is the
preparation of slides or biopsy. Currently there is limited advantage in progressing imaging
capabilities while processing and fixation remains a barrier in the field. Future work into POC
devices needs to address this concern if POC testing is to achieve its full potential in the future.
Using ‘smart’, wash-free fluorescent labels, as demonstrated here, negates the need for multiple
processing steps and may make this possible. Similarly, we captured all of the smartphone
images using the camera’s automatic color balancing function, further demonstrating the ease
of use of this imaging setup.
It is not purely a lack of technology that limits the implementation of POC devices in rural
LMICs. In reality, the lack of consensus on procedure and definitions (despite national policy
regarding contact tracing) continues to hamper progress [35] and so a multifaceted approach to
engage leaders and experts will be needed for any POC device. Our vision is that the PDMS
IFLs could be used in POC devices that use any smartphone with a camera app to enable infield diagnostics. Such a device may have significant utility in settings such as POC sputum
smear microscopy for TB, where accurately recording the presence or absence of the bacterium
is paramount, particularly from diffuse samples or samples with low bacterial load. Evaluation
of how our novel imaging platform performs on clinical sputum specimens from TB patients
remains to be seen and offers an exciting continuation of study.
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