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Abstract
Bioaerosols are not only a significant factor of air quality but contribute greatly
to the spread of infectious diseases, specifically through expired pathogen-laden
aerosols. Clear examples of airborne transmission include: the recent influenza
pandemic of 2009, the ongoing tuberculosis epidemic, and yearly norovirus outbreaks, which affect millions of people worldwide and pose serious threats to public
healthcare systems. Given these acute concerns and the critical lack of knowledge
of the field, it is important to develop methods for sampling and detecting these airborne pathogens. Specifically, detection at the point-of-care can play an important
role in improving the outcome of patient care by providing rapid and convenient
diagnostics.
Electrostatic precipitation has emerged as a promising sampling tool for bioaerosols, which together with a rapid analysis technique, can provide a powerful
and integrated approach to pathogen detection or disease diagnosis at the pointof-care. Moreover, such a sampling-detection scheme could be a potentialy noninvasive breath sampling tool for diagnosis of respiratory infectious diseases.
This thesis presents a sampling device based on electrostatic precipitation, for
capture of bioaerosols, and designed for use at point-of-care settings. A multi-pointto-plane electrode configuration allows charging of aerosol particles and direct airto-liquid capture within a miniaturized volume with potentential for concatenation
with on-site detection methods. Performance of the device was evaluated, using
non-biological aerosols, for geometric (inter-electrode distance), electrical (interelectrode potential and corona current), and aerosol parameters (particle size and
gas velocity). Moreover, four different collector designs were investigated for improved collection efficiency and other features suitable for point-of-care settings
(e.g. easy sample extraction and minimized volume).
The device was then validated, using bioaerosols, both in vitro and in vivo. In
vitro validation was performed by capturing aerosolized influenza virus and analyzing the device collection efficiency. Lastly, prototype devices, designed for pointof-care, were validated in vivo with patients at the clinical setting. A pilot study
was performed to capture exhaled pathogens from infected patients, with successful capture of exhaled bacteria.
Laila Ladhani, ladhan@kth.se
Department of Micro and Nanosystems
School of Electrical Engineering and Computer Science
KTH Royal Institute of Technology, 100 44 Stockholm, Sweden
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Sammanfattning
Bioaerosoler är inte enbart en signifikant faktor för luftkvalitet utan bidrar även
mycket till spridningen av infektionssjukdomar, särskilt genom utandning av patogenbelastade aerosoler. Tydliga exempel på luftburen överföring inkluderar: den senaste influensapandemin under 2009, den pågående tuberkulosepidemin, och det
årliga norovirusutbrott som påverkar miljontals människor världen över och utgör
alvarliga hot mot folkhälsovårdssystemen. Med tanke på dessa akuta problem och
den kritiska bristen på kunskap inom området är det viktigt att utveckla metoder
för provtagning och detektering av dessa luftburna patogener. Specifikt kan detektion vid vårdpunkten spela en viktig roll för att förbättra resultatet as patientvården
genom att tillhandahålla snabb och lämplig diagnostik.
Elektrostatisk utfällning har framkommit som ett lovande provtakningsverktyg
för bioareosoler och kan, tillsammans med en snabb analys teknik, ge ett kraftfullt
och integrerat tillvägagångsätt för detektering av patogener eller diagnos av sjukdomar direkt vid vårdpunkten. Dessutom skulle ett sådant provtagning-detektions
system kunna vara ett potentiellt icke-invasivt andprovtagningsverktyg för att diagnostisera infektionssjukdomar i andningsorganen.
Denna avhandling presenterar en elektrostatisk utfällningsenhet (ESP) för provtagning av bioaerosoler. Enheten är konstruerade för användning direkt på vårdplatsen, har funktionen att fånga luft i vätska samt potential för sammanlänkning
med platsens diagnosmetoder. En konfiguration med flera punkter-till-plan elektroder möjliggör för laddning och avlägsnande av aerosolpartiklar för infångning i en
vätskevolym på några hundra mikroliter. Infångning direkt i vätska ger inte enbart
ett stabilt uppsamlings-, lagrings-, och transportmedium för patogener; det är även
idealt för de flesta biologiska analyser, och den minimerade uppsamlingsvolymen
resulterar i minimerade utspädningsfaktorer.
Utvecklingen av enheten beskrivs i den första delen, där icke-biologiska försöksaerosoler används för att studera effekten av geometriska-, elektriska-, och aerosolparametrar på prestandan. Därutöver undersöks och optimeras utformningen
av vätskekollektorn för elektrostatiskinfångning och hantering.
Validering av enheten, både in vitro och in vivo, beskrivs i den andra delen av avhandlingen och inkluderar användning biologiska aerosoler. Specifikt används aerosoliserad influensa för att genomföra en in vitro validering av ESP enheten, vars
prestanda utvärderas för odlade och kliniska stammar. Slutligen utförs en validering
in vivo vid vårdpunkten genom att använda ESP-enheten för att fånga patogener
från utandningsluft.

For my family, but especially Xavier.
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Introduction to the Thesis
Preamble
The thesis was completed within the framework of two EU initiatives: the IMI (Innovative Medicines Initiative) RAPP-ID project, and the FP7 Norosensor project to develop
electrostatic technology for two application cases. A point-of-care breath sampler for
rapid diagnosis of influenza (as part of the RAPP-ID project) and an electrostatic-based
portable environmental monitoring system for detection of norovirus (as part of the
Norosensor project). This work focuses on the breath sampling application case.

Aims and Objectives
The overall aim of this work is to develop and validate sampling devices for bioaerosol capture at point-of-care settings.
Specific objectives for development of the sampling device include identifying optimum design and functional parameters with respect to electrokinetics [Paper I] and
aerosol parameters [Paper II]; and optimizing the liquid collector [Paper III].
Specific objectives for the validation of the sampling device include in vitro validation using aerosolized Influenza virus [Paper IV] and in vivo validation for patient use a
the clinical point-of-care [Paper V].

xiii

STRUCTURE

Structure
Chapter 1 introduces the main concepts involved in the thesis, mainly, a brief introduction to the point-of-care setting, bioaerosols, and electrostatic sampling. A background
on electrostatic collection efficiency is outlined, as well as parameters that affect efficiency.
Chapter 2 describes the development of a bioaerosol sampler. The influence of various geometric and operational parameters on collection efficiency are discussed. The
chapter also describes the development of the liquid collection site, which is the key
component enabling concatenation of the sampling device with lab-on-a-chip for bioanalysis.
Chapter 3 overviews in-vitro and in-vivo validation of the device, using bioaerosols. Invitro validation was performed using influenza-laden aerosols; and in-vivo validation
by capturing pathogens from exhaled breath of patients at the clinical point-of-care.
Chapter 4 presents a future outlook for this device and concludes the thesis.

xiv

Chapter 1

Background
1.1 Point-of-care testing
This section outlines what precisely point-of-care is, provides an introduction to
breath diagnostics, and what it could mean for patients, and healthcare in general.

Point-of-care testing. ‡

Point-of-care (PoC) is to provide information, testing, and healthcare at or near the
location of the patient. When it was first implemented [2], the goal was to provide quick
results about a patient’s condition and allow physicians to make more informed and
immediate clinical decisions. That goal is even more pertinent now with global healthcare moving towards a more patient-centered approach. Samples tested at a centralized
facility is not convenient for the patient as it costs more time or sometimes requires repeated visits. Alternatively, point-of-care testing (PoCT) can be performed in a range
of environments, from hospitals to primary care clinics, to rural settings, and even at
home. In general, PoCT is suitable for environments with little to no medical infrastructure or personnel. Within these settings, PoCT could lead to more immediate surgical
decisions or identify infectious disease outbreaks.
‡ Image taken from [1]
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PoCT involves collecting a sample (blood, urine etc.), testing and analyzing, then
providing a result. One key aspect of PoCT is the use of on-site detection methods to
provide rapid results. Lab-on-a-chip (or lab-on-chip, LoC) is one method that has potential to provide quick diagnostic information at the PoC. It is a set of technologies that
provide laboratory functions on a miniaturized scale. LoC platforms utilize microfluidics and allow the possibility to integrate sensors to form all-in-one detection schemes
within a portable device. Refer to [3] & [4] for more about LoC technologies.
Most PoCT focus on analysing in vivo samples collected from the patient, i.e. blood,
urine, sputum etc, but the urgent and serious threats bioaerosols pose in these environments is not currently being addressed, which is the motivation for this thesis.

1.2 Bioaerosols
This section gives an introduction to airborne pathogens, and more generally, bioaerosols; and discusses the nature and behaviour of these particles within the context
of infectious disease.

1.2.1 Introduction
Bioaerosols are airborne biological particles, such as pollen, proteins, or microorganisms; which exist either as solid particles or within liquid droplets suspended in air.
Bioaerosols exist just about everywhere and have significant implications on the
health and general welfare of humans, yet so much is still unknown about them. What is
known is that exposure to unhealthy levels of particulate matter, indepenedent of their
composition, affects the respiratory pathway, and exposure to bioaerosols can have effects ranging anywhere from mild allergic reactions to cancer [5].
Sources of bioaerosols originate from a combination of natural or anthropogenic
sources and have shown to be responsible for approximately 5-34% of all indoor particulate matter [6]. Natural sources include flowering plants or trees, animals, and sea
spray that aerosolise genetic material, pollen, fungi and lichen. Anthropogenic sources
are humans themelves, shedding via direct physiological activies (e.g., sneezing) or via
indirect sources such as plumbing or ventilation systems [7] agricultural or food processing activities, and waste sorting [8], to name a few.
Bioaerosols, specficially pathogens, can be categorized as either viable, i.e. alive,
or non-viable, i.e. not alive. Viable particles, for example fungi or bacteria, have the
potential to multiply and cause disease if they are pathogenic or infectious; but even
non-viable particles, for example pollen or animal dander, can cause toxic reactions
and allergies. Viruses are a special type of biological particle since they are viable in
the sense that they can be infectious and have the potential to multiply, however not
a self-sustaining life form of their own. When viruses become airborne, however, they
can cause some serious devastation to human health. Looking only a few decades back
to cases of viral outbreaks will provide an apt example of this. Historical cases include
the SARS outbreak of 2003 [9] and the wide-spread flu epidemics of: 1918, 2009, and the
most recent in 2017.
2
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1.2.2 Particle size and its role in infectious diseases
Size, dp , plays a key role in the physics and chemistry of bioaerosols. Typically, bioaerosol particles range in size between 1 nm and 100 µm, whose microscopic nature
allow them to exist in an airborne state, see Figure 1.1 to understand their scale. The
extenst of this range is vase. The relative difference between a 1 nm particle and a 100
µm particle is equivalent to the relative difference between the iconic Globen theater in
Stockholm, and a coin. This range in size alone impresses the real challenge posed in
sampling these minute airborne molecules.
Region of interest for this thesis
Tobacco smoke

DNA width

1 nm

Beach sand

Human Skin Cell

Influenza Virus E. Coli Bacteria

10 nm

100 nm

Rain

Pollen

Asbestos

1 μm
10 μm 100 μm
Logarithmic scale

Reindeer

Ant

1 mm

10 mm

11 m
m

Figure 1.1: Relative sizes of various objects and microscopic particles† , as well as aerosols.

Particle size, although varying due to the aerosol composition and environmental
conditions, can also change over time and is the key parameter that determines the
time of survival in an airborne state. It is known that the larger particles suspended in
air either fall to the ground in a few seconds, or quickly evaporate to their critical nuclei,
whereas smaller particles can remain suspended for long periods of time. For example
a pollen grain 100 µm in size that is suspended 1.5 m above the ground will settle in a
mere 5.8 s [10], while a 1 µm diptheria-causing bacteria (Corynebacteria diphtheria) can
take up to 12 hours to settle the same distance [11]. Very small particles (< 1 µm) can remain suspended for even longer periods of time (either in indoor air or in atmosphere).
Cowling [12] demonstrated that those particles with size < 1 µm are the cause of half of
all transmission events. Not only that, but they have the possibility to penetrate deep in
the respiratory tract due to their aerodynamics.
Indeed, size influences deposition location of a particle, within the respiratory tract,
which in turn determines infection kinetics (see Figure 1.2). Particles with size < 1 µm
are able to diffuse deep in the lung tissue (alveoli); particles with sizes > 5.5 µm are
† Graphics taken from logomakr.com
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impacted in the nose and throat, and those in range 1 < dp < 5.5 µm are deposited in the
bronchi or breathing passes of the upper respiratory tract [13].

nose and throat
5.5 - 9 μm
breathing passages
2 - 5.5 μm
bronchi
1 - 2 μm
alveoli
0.1 - 1 μm
Figure 1.2: Size-based particle deposition in the respiratory tract.†

Particle size influences particle deposition in airways, but also particle generation
from airways [14, 15]. Research on size-based particle generation from various expiratory activities reveals that breathing generates particles < 0.8 to 2 µm, speaking generates particles 16 to 125 µm, and coughing generates particles from 0.6 to 16 µm [16]. No
matter the size, detection of these expired particles could be a potentially non-invasive
diagnostic method.

1.3 Breath diagnostics
Humans infected with a respiratory disease will shed viable or infectious pathogens
through physiological processes, such as talking, sneezing, coughing etc., which can
lead to disease transmission. For example, Pedersen et al. [17] showed that Mycobacterium tuberculosis (TB) caused infection in subjects after inhaling contaminated air;
and those infected individuals in turn, become means for spreading the illness by realeasing bacteria via sneezing or coughing etc. Also, Bischoff [18] demonstrated that patients
in a hospital setting “produce small Influenza virus-carrying particles during routine
[patient] care activities”, exposing healthcare workers and other patients to infectious
viruses. Clearly expired pathogens are an important and still elusive subject that require
much more research.
Current diagnostic methods are often laborious and time consuming [19], not to
mention extremely invasive and painful for patients depending on the type of infection
and test administered. For example, bronchoalveolar lavage (BAL) is a procedure in
lung tissue is collected, by passing a bronchoscope through the mouth or nose into the
lungs. This highly invasive protocol is used for diagnosis of TB, among other infectious
4
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diseases [20], leading to the real need for non-invasive methods to extract components
from airways.
Breath is composed of gases, i.e. oxygen and nitrogen,
volatile organic compounds (VOCs), and non-volatile
molecules, i.e. proteins, virus or bacteria. Gases and
volatiles are a good source of biomarkers for a various number of diseases, and have been the source of
a large amount of research, for e.g., carbon monoxide
(CO) as a test for neonatal jaundice [21], biomarkers
for lung cancer [22], and most famous, the breathalyzer test for blood alcohol levels (measuring ethanol).
This is certainly a promising non-invasive diagnostic
approach, but it can be complicated to distinguish a
VOC pattern linked to one disease, from other physiological processes. A more direct approach to diagnostics of infectious diseases would be to directly capture and detect expired pathogens at the point-of-care.
However, there are difficulties inherent to sampling
A prototype breath sampler.
breath, such as low analyte concentrations and variations from patient to patient in breath composition,
particle sizes, and breathing rates [15, 23]. Generally, there are very few non-volatile
particles present in breath. Almstrand et al., [23] for example, have shown typical number concentrations of 200-2000 particles per litre of air (L), sized 0.3-0.5 µm, in human
breath, whereas for particles greater than 2 µm, less than 1 particles/L were detected.
Therefore, it is crucial to have both, a high sampling efficiency of the particles, and the
ability to up-concentrate collected samples for sensitive detection.

1.3.1 Sampling methods
There are physical and biological aspects to sampling bioaerosols. Physics aspects
are the same as for aerosols, but special attention is required for bioaerosol sampling,
with considerations needed for viability and contamination. The three most commonly
used sampling methods for bioaerosols are: solid impactors, liquid impactors or impingers, and filters (Figure 1.3.
Solid impactors relies on particle inertia of particles to remove them from the air
stream. This is achieved by forcing a bend in the airflow, that particles with high momentum cannot follow and consequently are deposited onto a solid collection surface.
Impingers also rely on particle inertia, but the jet nozzle from which the airflow is forced
through is designed to minimize injury to biological particles and is placed such that
particles impact into swirling liquid. Filters are typically a collection of intertwined
fibers, and collect particles using a combination of the following five mechanisms: (i)
interception, (ii) impaction, (iii) gravitational settling, (iv) electrostatic attraction, and
(v) diffusion [10].
5
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Impinger

Impactor
inlet

inlet

Collection
plates

Filter
SEM image

outlet
Gelatin
filter

outlet

Collection
liquid

Figure 1.3: Commonly used sampling techniques. From left to right: impactor, impinger, and filter (inset:
SEM image of a gelatin filter [24]).

Each have advantages and disadvantages when it comes to particle collection and
extraction. Impactors are more successful at capturing larger particles (e.g., 0.6 - 7 µm
for Andersen impactors) but require liquid flushing to extract collected samples. Impingers are also better for sampling larger particles. They collect directly into liquid,
but typically require large operating volumes (e.g., 5 or 20 mL for the SKC BioSampler),
leading to considerable dilution factors and lower sensitivity. Filters are better for capturing submicron particles, but require specialized extraction protocols; and present a
very dry environment for pathogens, which is generally detrimental to the survival of
pathogens, causing structural damange and interfering with culturing methods [25,26].
Although infectious particles are not necessarily required in all applications, it is useful
for studying the natural occurences of bioaerosols or their infectious nature in various
environments. It is interesting to note that there is no one perfect sampler to universally
address all experimental or application needs. Each sampler type has its advantages and
disadvantages, and each should be considered individually based on the aerosol type,
sampling duration, analysis method etc.
Alternatively, other methods have been explored for bioarosol sampling. Agranovski
et al. [27] developed a bubbler sampler for airborne viruses, while Reponen et al. [28]
have simply used settling plates to inertially capture bioaerosols. Interestingly, electrostatic precipitation has recently gained interest in the research community for bioaerosol collection [29–37]. What all these sampler types do not offer is sampling into
small liquid volumes with the potential for integration with on-site detection methods.
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1.4 Electrostatic sampling
At the beginning of the 19th century, a new electrical process for control of air pollution was taken from a laboratory curiousity [38] to an implemented industrial solution. That process is called electrostatic precipitation, and electrostatic precipitators
(ESPs) are still widely used to this day, for removal of dust and other particulates in coalpowered electricity plants, pulp mills, or oil refineries. This section introduces electrostatic precipitation, and its use for bioaerosol collection. The fundamental working
mechanism is outlined, as well as factors affecting its performance.

1.4.1 Working principle

Aerosol

Discharge
Electrode

Needle

STEP 1 corona discharge

Corona discharge
Ions

STEP 2 particle charging ΔV
IE
STEP 3 particle deflection

Electric field
lines

Collector
Electrode

STEP 4 particle deposition
Liquid collector

Figure 1.4: Basic working principle of an electrostatic precipitator. A point-to-plane configuration shows a
needle discharge electrode and a liquid collector, with the air-liquid interface as the collection electrode. A
high inter-electrode potential difference together together with the high curvature at the needle tip triggers
a corona discharge in the air surrounding the tip. Incoming aerosol particles or droplets are charged as they
pass through this high-ionization region and follow the field lines to the collector electrode, an air-liquid
interface, where they are deposited.

Electrostatic precipitation is a two-step mechanism relying on a corona discharge
to charge incoming particles, and an electric field for capture. In its simplest form it is
composed of an inlet, outlet, and two electrodes: a high-curvature discharge electrode
(DE) and a low-curvature collection electrode (CE). For this work, the DE is a set of sharp
7
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needles, and the CE is an air-liquid interface. The working mechanism is decribed in
four steps.
Step 1: Generation of a corona discharge
A large inter-electode (IE) potential difference is applied between the DE and CE.
This, together with a non-uniform field induces a corona discharge in the air surrounding the DE. A corona discharge is a high-density region of ions. The polarity of the
corona is dependent on the applied voltage, i.e. a positive voltage generates a positive corona, and negative applied voltage generates a negative corona. In this thesis,
negative coronas are used. One common measure of the discharge is ’corona current’
(Icorona ), and depends on IE potential and spacing, and is an indication of the corona:
Icollector ∼ ions collected ∼ amount of available ions for particle charging ∼ Icorona
Step 2: Particle charging
Ions from the corona charge any incoming aerosols using the following two mechanisms: field charging, in which the ions actively impact the particles; and diffusion
charging, in which the particle acquires charge through the random movement of gas
ions. Field charging is the predominant charging mechanism for particles > 1 µm, diffusion charging for particles < 0.1 µm, and a combination of field and diffusion charging
for particles 0.1 > d p > 1 µm.
Step 3: Particle deflection
Particles acquire charge, then migrate within the inter-electrode (IE) space, between
discharge and collector electrodes, during which time a combination of forces acts on
them. 1) A momentum force as a result of the gas velocity; 2) an electric force as a result
of the electric field; 3) a drag force as a result of the gas properties and particle size.
A combination of these forces results in particles diverting from their gas streamlines
and following the electric field lines. Typically, larger particles are easier to divert since
their charge saturation limit is reached relatively quickly. Submicron particles are more
difficult to divert from their streamlines, due to their small momentum, thus require
longer residence times within the ESP to be collected.
Step 4: Particle deposition
As particles arrive at the collection site, the local field configuration at the collector
surface determines where they are deposited.
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1.4.2 Collection efficiency
Types of efficiencies
The fraction of particles removed from an air stream. It does
not necessarily equate to capture in/on the collection site, and
sometimes referred to as precipitation

Removal

Capture

The fraction of particles deposited in/on the collection site,
sometimes referred to as deposition

Extraction

The fraction of particles extracted from the collection site.

Recovery

The fraction of extracted particles that maintain their biological integrity. This can refer to measureing the fraction of
particles retianing their infectivity or viability, and is also referred to as biological efficiency
Table 1.1: Definitions related to ESP sampler and bioaerosol efficiencies.

Any aerosol sampling system is characterised by its collection efficiency, η, and an
ESP-based device is no exception. The translation of ESP technology to modern day
microbial air sampling has brought about a confusingly large amount of definitions for
collection efficiency, and as a consequence, literature is riddled with a diverse lexicon
to describe this concept.
The diverse methods of measurement techniques (real-time particle counting & mass
spectrometry ( [39]), and analysis techniques (microscopy & nucleic acid or chemical
assays) only multiply these complications. Indeed, even the appended papers in this
thesis have employed different variations of efficiency. There are several texts ( [39–41])
that delve into aerosol sampling, measurement, and analysis techniques, which the
reader can look to for further guidance; and what this author considers to be the ’holy
book’ of aerosol physics by Hinds (1982) [10].
However, for the purposes of this thesis, a compliation of all efficiencies relating to
ESP samplers and bioaerosol detection are defined here, Table 1.1, and used throughout. Refer to Figure 1.5 for a visual representation.
Note that the term collection is not listed in Table 1.1. This term has been broadly
used and interpreted in different ways to describe various actions [26, 42–45]. For the
purposes of this thesis, it will be used to describe capture+extraction, since it is difficult
to isolate each.
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Efficiencies are determined by quantifying aerosols at specfic locations. The amount
of particles (N) at the inlet (Ninlet ), outlet (Noutlet ), and the collected amount after capture+extraction (Ncollected or Ncoll ) and recovered (Nrecovered or Nrec ). As a result, removal, collection (capture+extraction) and recovery efficiencies are described:
• Removal efficiency, ηRem
N
= Noutlet
inlet

= 1−

NON
−NOFF
outlet
outlet
NOFF
outlet

, used in Paper II and III

• Collection efficiency, ηColl
N
= N coll , used in Paper I and IV
inlet

=
=
=

Ncoll
NON
outlet
Nicoll
j

Ncoll
NON
coll
NOFF
coll

• Recovery efficiency, ηRec
N
= Nactive
coll

=

Nactive
Ninlet

Incidentally, penetration (P) is a common term used to define air sampling efficiencies from Hinds (1982) [10] and other [34, 46, 47]; and is equivalent to the the removal
efficiency measured at the oulet and inlet (P = Noutlet /Ninlet ).
Collection efficiency of ESP sampling devices can also be categorized as absolute or
relative efficiencies. Absolute efficiency is the amount removed, collected, or recovered
compared with the amount measured at the inlet. Whereas relative efficiency does not
use the inlet as a reference point. For example, measuring the amount of particles recovered compared to the amount of particles collected (Nrecovered /Ncollected ) is a relative
efficiency.

1.4.3 Factors affecting ESP performance
Performance (efficiency) of air sampling devices depends on a host of various factors, which can be organized into two main categories: 1) geometric design and 2) electric parameters. The geomeric design includes, but are not limited to, inter-electrode
spacing, inlet design and quantity, and collector design. Electric parameters include,
but not limited to, applied corona voltage, inter-electrode potential, corona polarity
10
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Ninlet
Aerosol inlet

air stream
droplets

Removal

Capture

Extraction

Recovery

Collection plate

Aerosol outlet

Ncollected

Noutlet

Nrecovered

Figure 1.5: A side-view schematic of an ESP sampling device, with inlet, outlet, and collection plate. Various
ESP efficiencies are visualized. Amount of aerosol, N, are measured at the inlet and outlet; and the amount
collected and recovered.

(positive or negative corona) and applied current (AC/DC). All these parameters influence migration velocity and charging efficiency of aerosol particles, which in turn,
affects the removal efficiency.
For bioaerosols, there is an additional factor that affects the recovery efficiency. Some
works [32, 48–50] have shown that ozone (O3 ), which is a by-product of the corona discharge process [51,52], tends to inactivate pathogens and can affect biological integrity.
While this is certainly an advantage for some applications, it becomes a drawback if the
aim is to determine the amount of infectious/viable pathogens in air.
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Chapter 2

Device development
It is a significant engineering challenge to downscale and redesign an ESP for use at
clinical settings. Although the phenomenon of electrostatic precipitation in general is
well-studied and a mature field of research, each new configuration as well as its application requires an examination of its performance. This chapter outlines development
of a PoC electrostatic sampling device, with a focus on testing the effect of various parameters on performance, and investigation of the liquid collector.

2.1 The electrostatic sampling device
The main design of the sampling device consists of three pieces: inlet, outlet, and
body (Figure 2.1). The cylindrical body, with diameter dESP and height hESP , houses a
multi-point-to-plane electrode configuration. Specific values used in appended papers
are listed in Table 2.1.
ESP variables for the appended papers
Needle
Paper

#

Tip

Placement

radius

diameter

ESP
Diameter

Height

Flow

Inter-electrode

rate

distance

rtip (µm)

dn (cm)

dESP (cm)

hESP (cm)

Q (L/min)

dIEy (cm)

I

3

5

2

10

20

8

3, 5, 7

II

7

0.6

6.5

15

25

range

3

III

8

0.6

4

8.5

6

3

2

IV

3

1

2

4.5

10

6.8

3

V

5

0.6

3

8.5

9.5

8

5

Table 2.1: Definitions related to ESP sampler and bioaerosol efficiencies.

The multi-point discharge electrode contains a number of sharp needles (Tungsten
probe tips with with tip radius rtip ) placed in an axi-symmetric circular arrangement,
13
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Aerosol inlet

Sheath flow

HEPA filter
Discharge electrode
Needles

Wall electrode
Metal foil

-V
-V

Inter-electrode
distance DIE

DIEy

Height
hESP

DIEx

Collection electrode
Liquid collector

+V

Aerosol outlet

Diameter dESP
Figure 2.1: A schematic cross section of the point-of-care ESP bioaerosol sampler. The sampling device
consists of a multi-point-to-plane configuration. Needles act as discharge electrodes, a liquid collector as the
collection electrode, and a metal sheet as the wall electrode for field focusing.

with a diameter dneedle , through which the aerosol flow is directed. A liquid collector
is placed with an inter-electrode distance (DIE ) from the needle tips, and a stainless
steel metal foil, acts as a third electrode (wall electrode) for field focusing. A corona is
generated by applying a high negative DC voltage to the needles (Vneedle ) and a positive
DC voltage is applied to an electrically-connected liquid collector (Vcoll ), while the wall
electrode has an applied voltage Vneedle < Vwall < Vcoll .
The ESP inlet piece consists of one aerosol and two sheath flow connections. The
sheath flow, introduced around the aerosol) is used to hydrodynamically focus the aerosol
gas flow. The outlet piece consists of one pump connection and a collector holder with
an electrical connection.
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2.1.1 Effect of electrical parameters
Inter-electrode potential

Figure 2.2: Top: Results from particle image velocimetry (PIV), Paper II. Side-view of an ESP device is shown,
with needles placed on the left and the black square on the right being the liquid collector. Three interelectrode potentials show particle trajectories. Bottom: Effect of inter-electrode potential on the removal
efficiency. For these results the removal efficiency is measured downstream of the ESP (Noutlet ) while the ESP
is off and on. E− is the applied voltage on the needle electrode Vneedle , and E+ is Vcoll .

The inter-electrode potential is studied in Paper II and III; and its effect is analyzed
for both absolute and relative efficiencies, respectively. Paper II examines absolute removal efficiency,:
ηRem = 1 −

NON
− NOFF
out l et
out l et
NOFF
out l et

while Paper III compares relative collection efficiency between two different liquid collectors:
NCn l
ηCol l = col
NC2
col l
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Figure 2.3: Relative collection efficiency of an ESP sampling device using blue dye aerosol (Paper III). Two
different collectors (C1 and C2) are compared for their performance as a function of IE potential. Dye was extracted and analyzed using light abosorption. Photographs of the collectors after sampling and being removed
from the ESP are shown in the insets. Error bars indicate triplicate experiments.

Experimentation from Paper II verified that an increasing the inter-electrode potential from ∆VIE = 15 to 19 kV leads to a three times increase in removal efficiency, Figure
2.2 bottom.
To further understand particle behaviour within the ESP, particle image velocimetry
(PIV) was used to visualize trajectories, Figure 2.2 top. Experiments, revealed convective
circulating flows of the aerosol particles (KCl) with increasing IE potential. One reason
for this might be due to the high positive potential applied to the collector (+5, 6, and
7 kV), which generates a back-corona that negatively impacts the inter-electrode field
configuration, and consequently, removal efficiency. Further investigations with similar
experimental methods (e.g., PTV, particle tracking velocimetry, or Schleiren photography) would be extremely beneficial in understanding and mapping particle trajectories
within an ESP sampling device, while varying influential parameters.
Alternatively, inter-electrode potential was studied in Paper III, by fixing the collector at +0.5 kV, while varying the needle 0 to -10 kV, Figure 2.3. When the IE potential
exceeds this optimum value collection efficiency decreases. This behaviour could be a
result of intensifying corona wind that arises from the high applied corona voltage. This
wind is turbulent and would deflect aerosol particles to other surfaces of the ESP sampler, rather than into the collector (see Section 2.1.4 for more on corona wind).
Main findings: Removal efficiency is related to IE potential, however it is best to avoid
high voltages applied to the collector, in order to avoid back corona effects. Maximum
IE potential does not equate to maximum ESP efficiency.
16
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Corona current

Figure 2.4: Current-voltage curves from unpublished results of Paper III. Two collectors were used (C1 and
C2) and the corona current was measured for varying inter-electrode potentials.

The effect of the corona current on collection efficiency was investigated in Paper
I (Figure 2.5), where the ∆VIE is varied between 1- 5.5 kV, and corona current is measured, Icorona = 0-20 µA. The relationship between the IE potential and corona current
was plotted (see Paper I), however with a maximum ∆V = 5.5 kV. After this point, new
high voltage power supplies were purchased with a maximum output voltage of 20 kV,
and current-voltage curves were measured again in Paper III. Unpublished results, Figure 2.4, indicated inconsistent current measurements, even at the same applied potential. The inconsistent current can be observed from increasing error bars (from triplicate
experiments). Thus, corona current is not a stable parameter and applied needle voltage or inter-electrode potential was used for all remaining investigations.
Main findings: The corona current is related to efficiency, although it is not a stable
parameter for a measure of collection efficency.

2.1.2 Effect of inter-electrode distance
Inter-electrode distance was examined in Paper I. Experimentation demonstrated
an increasing collection with decreasing IE distance (DIEy ) distance (7, 5, and 3 cm), except for DIEy = 0 cm, Figure 2.5. The IE distance dictates electric field strength, but since
charging efficiency is dependent on particle size, some particles require a longer time
to reach their saturation charge limit, and thus are not captured when the IE distance is
0 cm. At this distance the liklihood of electrical breakdown is higher.
The ESP design used in Paper V differed from Paper I. It utilized smaller needle tip
radii and placement diameter, as well as ESP diameter and height. This, together with
17
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Figure 2.5: Effect of inter-electrode distance on collection efficiency of an ESP sampling device, using blue
dye (Paper I). The inter-electrode spacing was placed at 0, 3, 5, and 7 cm. Samples were analyzed using light
absorption.

the larger electrode potentials used meant for this design, and IE distance of 5cm resulted in maximum efficiency.
Main finding: Efficiency is inversely dependent on IE distance, however to avoid electrical breakdown, distances should be tested for each ESP design.

2.1.3 Effect of particle size
ESPs exhibit size-dependant efficiencies. The effect of particle size was investigated
in Papers I-IV. Unpublished results from Paper III (Figure 2.6), with a dye aerosol, demonstrated > 97% removal efficiency for particles > 0.6 µm, where ηRem is measured downstream of the sampling device using an optical particle counter (OPC). There is a minimum efficiency for particles in the range of 0.4 µm is also corroborated in Paper II (Figure 4), indicating that the developed ESP sampling device is most efficient for supermicron particles. In fact, some studies have aimed to improve ESP collection of submicron particles. Byeon [53] utilized a dielectric barrier discharge to collect particle down
to 30 nm; and Kettleson [45] use soft x-ray to enhance collection of 200-600 nm particles. These small particles are likely diffusion-charged and require additional features
to affect either electrical or aerodynamic mobility. In any case, it seems some additional
technology or modifications are required on the ESP sampling device to target submicron particles.
There are differing electrical and physical parameters between Papers I, III, and IV,
and varying efficiency calculating methods (Table ??), comparing removal and collection efficiencies between these findings can isolate the capture efficiency. The ESP
shows a > 90 % removal efficiency (Figure 2.6) but only 10 to 20 % (Papers I and IV)
18
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Figure 2.6: Removal efficiency of aerosolized dye (Paper III), from unpublished results, as a function of
particle size distribution. Mass concentrations in air were measured downstream, and while the ESP is on
and off.

of precipaitated particles collected. Thus, they are likely deposited onto other surfaces
within the ESP.
The next step
As further research, to verify this discrepancy between removed and captured particles, the author proposes to perform the following experiments:
• use polystyrene latex (PSL) particles in a range of diameters (PSL particles are
available commercially and with a high degree of precision and reproducibility)
• after nebulization, allow PSL-loaded aerosol to evaporate to its critical size to ensure a monodisperse aerosol
• sample the aerosol with the ESP sampling device isokinetically
• measure particles using a particle counter downstream and upstream of the sampling device during experimentation
• extract the collected sample after experimentation
• analyze and compare the collected amount with that from the particle counter
• repeat for a range of particle sizes and compare
This experimental approach would not only produce a reliable affect of efficiency
on particle size, but isolate the removal efficiency (by considering the particle counter
data) with the collection efficiency (by considering the collected particles), and even
extraction efficiency if magnetic or fluorescent PSL particles are used. After extraction,
the collector could be rinsed or measured directly for any remaining particles, allowing
a calculation of extraction efficiency.
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Sadly, all the experience and knowledge that brought the author to this conclusion
came late in the PhD, and there is never enough time to perform all the interesting experimentsa)
one wants to do.
10
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Main Findings: Removal
efficiency does not necessarily
translate to captured parti0
cles, and although this ESP sampling device is efficient at removal, its capture efficiency
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Figure 2.7: Effect of gas flow rate (Vel) on removal efficiency (Paper II), and as a a function of particle size
distribution (dp ).

On the other hand, slower gas velocities translates to an increase in sampling duration. For air monitoring applications, samplers are categorized into high-volume or
low-volume samplers, with typical amounts of air sampled as 1500 and 24 m3 every 24
hours [54]. For the ESP sampling device used in Paper II, with an inlet area of 0.0153 m2 ,
and maximum removal efficiency, using a gas flow of 0.4 m/s, it would be on the order
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of a low-volume sampler. To sample the air in a typical room of 3x3x3m, it would require 1.2 hours. Although this sounds reasonable, further results from Paper III demonstrate that particles flowing even 6 cm above the sampling device are unaffected. Thus
it is probably necessary to place the device at several points in the room or creating a
circulating motion of air to ensure the device is collecting a representative sample. Alternatively, if the device is placed in an area of high foot-traffic, this might be sufficient
enough to achieve this.
For breath sampling, the gas flow velocities would be the determined by the exhalation speed of the patient. Typical peak expiratory flow rates are on the order of a hundreds of litres per minute (for healthy individuals) [55], however unpublished experiments from this thesis investigated flow rates from exhaled breath of healthy subjects,
using a manoeuver of a slow and prolongued exhale. This resulted in values on the order of tens of litres per minute, which is more suitable for ESP performance, but still not
ideal. It is also very difficult to guide and control exhalation flows within individuals.
Main findings: Slower sampling flow rates lead to better removal efficiency.
Electrohydrodynamic wind

Figure 2.8: Isometric view of the
ESP device outlet with a liquid collector (Paper III) after sampling blue
dye aerosol.

An increase in inter-electrode potential
increases the electric field strength, which
can lead to better precipitation (Section
2.1.1). However, a too-high corona current triggers a phenomenon called electrohydrodynamic (EHD) wind or corona wind
or electric wind. This is a flow of electrons and charged ions reaching very high
velocities (on the order of a few meters per
second [56]) resulting in turbulent vortices
that can have a negative effect on capture
efficiency. It is especially important when
the collection site is a relatively small exposed surface area compared with the dimensions of the ESP, and can result in unwanted deposition of aerosol on ESP surfaces (Figure 2.8). The turbulence can be
minimized by using a surrounding sheath
flow, as was done in Paper I, and IV and
V.

Main finding: Corona wind causes turbulent vortices, and unwanted adosrption of aerosols
on ESP surfaces.
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2.2 The liquid collector site
For bioaerosol sampling, capture of particles directly into liquid is advantageous and
allows the possibility of integration with on-site detection methods. Hence, the liquid
collector and its design must be investigated and optimized. This section motivates
the advantages of direct air-to-liquid capture and outlines some collector designs used
throughout this work.

2.2.1 Why liquid?
The simple answer is that the advantages of liquid far outweigh solid collector surfaces. Firstly, most bio-analytical methods, such as immunochemical or nucleic acidbased assays require a liquid sample. Secondly, volumes can be miniaturized, which is
suitable for LoC platforms that employ microfludics. The miniaturized volume also results in minimized sample dilution (when compared with the large volumes required for
rinsing filters, for example), and can thus provide higher detection sensitivity. For example, the liquid collectors used in this thesis have a minimum volume of 200 µL (with
the potential to use even smaller volumes), far less than the 1.5 mL suggested for filter
dissolution. Thirdly, liquid provides a stable collection, storage, and transport medium
for biological molecules, but especially pathogens. Finally, since an ESP only requires
an electrolytic solution to function as a collector, most biological buffers are compatible, making the ESP sampling device extremely flexible in coupling to a wide variety of
bioanalysis protocols.

2.2.2 Collector designs
Liquid collectors evolved throughout the work, with the continual goal of improving and optimizing the design. The first and simplest design of a liquid collector, the
planar collector, was used in Paper I. Here, the typical solid collection surface was replaced with an air-liquid interface. A 200 µL of KCl solution was held within a shallow
cup. This design was used to create a disposable and volume-adjustable version, used
in Paper IV. It was simply a syringe with its luer port removed to create an open interface
when loaded with liquid (Figure 2.9). The syringe created a versatile design that could
hold any desired volume by simply adjusting the plunger. The electrical connection was
made through the plunger using a metal pin soldered to a wire. After some experimentation, results from Paper IV indicated that this design had some shortcomings. There
was a lot of unwanted adsorption on the solid collector surfaces. In fact, rinsing the
solid surfaces resulted in up to four times more collection than the amount precipitated
into the liquid alone. This could be due to unoptimizied field configuration at the liquid
interfaces or material considerations (type of plastic used for fabricating the collectors).
After some discussion and deliberation, a wishlist for the collector design was created. The design sould:
• have a high liquid surface area-to-volume ratio, to minimize dilution;
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• precipitate particles into liquid while minimizing the adsorption onto solid surfaces;
• optimize the electrostatic field to the exposed liquid interfaces;
• provide a simple liquid extraction method;
• and be robust by keeping liquid in place regardless of its orientation, i.e. surface
tension-driven, which is especially practical for ESP devices designed for handheld use.

Figure 2.9: Collector designs. From left to right: Planar, cage, invertebrate and microfluidic- (µflu) paper
collectors.

With these desired stipulations in mind, new designs were developed. An intermediate design, the cage collector (Figure 2.9), was fabricated and used in Paper II and V.
This cage design held a 200 µL droplet, was robust, and allowed easy buffer loading (by
dipping) and sample extraction (by placing it into a tube upside down and centrifuge
for 10 s). It also collected 3 times more than the planar design. This design not only
improved electrostatic performance, but was ideal for use at PoC settings.
Even further development of the liquid collector (Paper III) revealed the cage design as unoptimized for capture efficiency. Two additional designs, the invertebrate
and microfluidic- (µflu) paper collectors, were tested and compared with a planar design to test performance. The invertebrate collector is so called because it resembles
a backbone with its central metal pin and stacked discs, which are placed at a chosen
inter-disc spacings to ensure that surface tension dominates and is resistent to rotational behaviour. This design can be flexible in its length (by adding or removing the
number of discs), and is placed parallel to the aerosol flow. The orientation and length
of the design, as well as the maximzed axi-symmetrical air-liquid interfaces, creates an
excellent field configuration and allows for 1.5 times more concentrate samples than
the planar design (Figure 3 from Paper III). It also results in a 34 times more concentrate
sample than the BioSampler, proving that with an optimized liquid collector, the ESP
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sampling device has the potential to outperform commonly used bioaerosol samplers
in their concentration of collected samples.
The µflu paper collectors consist of two sheets of microfluidic paper wrapped around
a metal pin. The paper material is a sheet of carefully designed and intentionally collapsed polymer micropillars, creating miniaturized gaps to hold liquid. For a more indepth look at the fabrication, refer to Hansson 2016 [57]. This design also employs a
similar liquid loading and sample extraction as the cage design, and provides 1.5 times
more concentrated solutions than both the invertebrate and planar design.
The next step
Despite these promising results, further studies could consider different materials
for collector fabrication speicfied for the type of bioaerosol to be sampled. For example,
it is well-known that bacteria (e.g., E. coli) adhere to hydrophobic surfaces, or have other
interactions with other types of surfaces [58], thus a factor to consider when sampling
aerosolized bacteria. Additionally, if designing an ESP sampling device for air monitoring or long sampling durations, the collector could incorporate a refilling mechanism,
since liquid evaporation is certainly a concern.
Main findings: Optimized designs for a liquid collector was developed, using µflu paper, provided the most aboslute collection, while the invertebrate design provided the
highest concentrate samples, outperforming the commonly used BioSampler impinger.
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Device validation
3.1 In vitro : airborne influenza
3.1.1 Introduction
Before going directly to patients to validate the ESP as a breath sampler, a first step
in vitro investigation was made (Paper IV). The choice of influenza virus was motivated
by the EU-based Rapp-id (Rapid Point-of-care test Platform for Infectious Diseases)
project that this work was partly funded by, whose aim was to create an integrated PoCT
for sampling and rapid detection of influenza.
The goal of the investigation was to evaluate performance of the ESP sampler for
aerosolized influenza in a lab setting.

3.1.2 Methods
Influenza viruses in an airborne state are more dangerous than in bulk liquid, since
they have the potential to spread and infect individuals. In view of that, and since
this experiment required nebulizing this infectious agent, a closed setup was created
inside a biosafety cabinet within a Biosafety level 3 (BSL-3) classified laboratory. A
combination of disposable and reusable components were used to minimize crosscontamination. The ESP sampler was a three-electrode configuration (see Table 2.1),
with 3 needles as the discharge electrode (-5.5 kV), a planar syringe collector as the collection electrode (+2 kV), and a metal sheet acting as the shileding electrode (-2.7 kV).
See Figure 3.1 for details of the setup.
Cultured influenza samples were nebulized (in UTM, universal transport medium),
with viral loads ranging from 103 to 109 copies/mL; and clinical influenza was nebulized (viral load 107 ). Duplicate measurements were done for the cultured virus and single measurements for clincial samples, due to the limited amount available. The mean
mass diameter of the aerosol particles was dp of 1 µm, and a pump flow rate (Q) of 6.8
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Figure 3.1: Experimental setup for influenza capture using an ESP-based sampler (Paper IV). The setup
was placed inside a biosafety cabinet to contain aerosolized infectious agents. Influenza ws nebulized and
captured at the inlet using a gelatin filter, and compared with the amount extracted from the ESP collector.

L/min. The collection efficiency was analyzed:
ηCol l =

Ncol l ec t ed
Ni nl et

Collected influenza, Ncollected was quantified by electrostatically capturing aerosol
into a 150 µL volume, and analyzed using qPCR. The amount of influenza at the inlet,
Ninlet , was collected using a gelatin membrane filter and also analyzed using qPCR.

3.1.3 Results and Discussion
An absolute collection efficiency of 4% was achieved (Paper IV Fig. 2), but further
scrutinization of extraction protocols lead to the awareness of unwanted adsorption on
the syringe surfaces (Section 2.2.2). Alternative protocols demonstrated improved efficiencies of up to 47%, highlighting the importance of not only optimized collector design, but attention to extraction protocol. These results translate to a theoretical minimum collection of 103 copies. Although this is well within the LoD of hospital qPCR
protocols, it is unlikely that such large quantities of virus are shed from infected individ26
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uals, unless very long sampling duraitons are considered. This is something to consider
when taking the technology to the clinical setting.
The next step
Since this was a quantitative experiment, the next step would be to determine the
recovery efficiency of the sampling device, using an infectivity assay, for example. This
would give an idea of what fraction of exhaled pathogens are infectious, helping to provide some insight into the transmission mechanisms of influenza.
Main findings: The ESP sampling device demonstrated an aboslute collection efficiency
between 4 and 47 %.

3.2 In vivo : point-of-care breath sampling
3.2.1 Introduction
Bringing a sampling device from research to a clinical point-of-care setting presents
a challenge in itself. Although much effort has been invested in using ESP technology for
air sampling [29, 30, 32, 33, 36, 45, 59–61], none have explored the potential for this sampling method to be used for breath analysis, and particularly no clinical investigation
has been made. Additionally, there is no standard technique for extracting pathogens
from airways. It is not known what viral loads are expelled by infected or non-infected
individuals, and due to the varying physiological states of humans, there is noconsistency in pathogen load per expelled particle or exhaled particle concentration. It may
sound impossible, to capture any pathogens from exhaled breath, but still, it is a challenge worth taking on.
Thus, for the first time, a pilot study was undertaken in Belgium using the ESP sampling device at a clinical setting (Paper V) and with patients. The aim of this study was
three-fold:
1) to validate ESP capture of aerosolized pathogens from breath;
2) to validate the ESP device as a point-of-care instrument;
3) and to demonstrate compatibility for patient use.

3.2.2 Methods
To address the aims of the study, a setup was created aimed at portability and easy
patient use. The ESP device, named BESS (Breath ElectroStatic Sampler), was designed
with 5 Tungsten needles as discharge electrodes (-7 kV), a cage collector (+4 kV), and
a wall electrode (-2.8 kV). In anticipation of large patient enrollment numbers, smallbatch prototyping was initiated creating 20 identical BESS devices. Twenty inlets, bodies
and outlets were 3D-printed and assembled, which were decontaminated at the end of
every day; and more than 100 cage collectors were printed and electrically connected
for single one-time use. Additional disposable pieces were used in other parts of the
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setup as often as possible, to minimze cross-contamination. Thus, mouthpieces, HEPA
filters, tubings and other accessories were ordered from a medical supply company for
one-time-use.

Sample Type I:
Nasopharyngeal
Swab

Sample Type III:

Sample Type II:

Filter-collected
exahled breath

Electrostatically-collected
exhaled breath
High voltage supplies
-7kV

-2.8kV

Mouthpiece

+4kV

Mouthpiece
Filter
Connector
Filter cassette

HEPA ﬁlter

BESS

Mass ﬂow meter
Vacuum Pump
8 lpm

HEPA ﬁlter

Patient

Figure 3.2: Experimental setup for exhaled breath pilot study. The ESP sampling device was validated for
capture of exhaled pathogens from patients at the clinical PoC. Three types of samples were taken: a nasopharyngeal swab, ESP-collected breath sample, and filter-collected sample.†

As a control, and to compare ESP-collected breath sample with a reference breath
sampling method, patients were asked to breathe in to gelatin filters as well. Speciallydesigned pieces were printed to conjoin the cassettes with mouthpieces.
The remaining instruments of the setup, high voltage power supplies, vacuum pump,
flow meter etc. were also constructed to be portable and easy to assemble, and dissassemble, and transport. To optimize the workflow, more than 100 packages were complied, each a bag containing all the disposables required for the setup and a Labview interface was created by a colleague to provide a one-button control of the voltage power
supplies.
At the clinical site, patients who presented flu-like symptoms were referred by their
doctor to the study. After enrollment, three types of samples were collected (Figure 3.2):
1. nasopharyngeal (NP) swab
2. BESS-collected particles from breath (with five slow exhalations)
3. filter-collected particles from breath (with five slow exhalations)
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Samples were stored in tubes at 4C, and taken to the analysis site at the end of every
day. Samples were analysed with an in-house multiplex real-time PCR and also with a
commerical fast track diagnostics (FTD) panel for a broad range of virus and bacteria.

3.2.3 Results and Discussion
Flu seasons are as elusive as they can be potent. The most pertinent example is this
years (2017-2018) flu season, which was wretched, with severe and widespread activity.
Unluckily for this pilot study, the flu season of 2015-2016, was milder than previous seasons (according to the Centers for Disease Control and Prevention, CDC, [62]), making it
more challenging to obtain large numbers of patient enrollment. Thus, over a period of
30 days at the primary care centers around Antwerp, a total of 20 patients participated
(not to mention the author, who also suffered from an infectious attack). From the 20,
samples from 8 patients were analyzed, and the rest discarded due to an unfortunate
handling error.

Figure 3.3: Results from qPCR analysis of samples collected from infected patients, for a panel of pathogens.

Results are listed in Table 3.3. Filter-collected breath samples were postive or borderline positive for viruses but no bacteria. Coversely, BESS-collected breath samples
were positive for bacteria but no virus. This was likely due to the very low viral loads inherent in breath. In fact, several other investigations have captured viruses from the
airways of infected patients, Table 3.1, however all of them have sampled for much
longer durations or using other techniques, i.e. 20 minutes tidal breathing or coughing multiples times. Such sampling durations are neither comfortable for the patient,
nor clinically relevant in terms of the rapid diagnostics. Nevertheless, there are medical applications where a non-invasive sampler could be useful. One compelling case
would be to use a breath sampler for non-invasive diagnosis as a screening method for
enrollment in pharmaceutical trials.
Another critical result from this study is the lack of agreement between bacterial
detection from nasopharyngeal swabs and breath samples. In fact, only 4 out of the
10 positive breath samples (1 filter-collected and 3 BESS-collected) agreed with their
corresponding swabs. A possible explanation for this might be that S. aureus transmits
more readily from breathing or that there is low pathogen load in mucosa.
This pilot study suffered from a very small number of samples, yet sources of error
must still not be discounted. Staphylococus is a known commensal bacterium, with
29

3.2. IN VIVO : POINT-OF-CARE BREATH SAMPLING
a propensity to be highly contaminant and prone to spreading, meaning that handling
and analysis of the samples could be asource of error. Additionally, poor swabbing techniques of the nasopharynx and false positives from inadvertently capturing pathogens
from ambient air, or poor breathing techniques from the patient could be sources of
error.
A maneuver of 5 deep exhales to keep the procedure simple and quick for patients,
whereas previous investigations, aiming to capture pathogens from airways, use maneuvers ranging from coughing, tidal breathing, or talking. They have all managed to
detect pathogens using a range of collection and analytical methods, albeit using long
sampling durations.
Supplementary Table 2 from Paper V states the limit of detections (LoDs) for each
pathogen, and calculates a theoratical LoD for each sampling method. The smaller collection volume of the BESS makes this a more sensitive method than filters, but could be
improved further. Rather than quantifying with nucelic acid methods, one could incorporate assays aimed at detection of the larger quantity viral nucleoprotein [63].
The next step
The next step after this pilot study would be to conduct a larger-scale, long-term,
inclusive study, which would:
• enrol at least 100 patients exhibiting this infection to allow for statistical analysis
(its the thing that is missing among all these studies)
• determine the best maneuver to generate maximum particle concentration
• monitor the amount of exhaled pathogens over the period of infection (from onset
of symptoms and throughout the disease)
• ensure that sample analysis is made for both quantity, and infectivity. This would
give much more information about the state of the pathogens being exhaled
Main findings: The ESP sampling device was validated for patient use at PoC settings.
Pathogens from breath were detected from 5 exhales. Influenza, coronavirus, and rhinovirus were detected from filter-sampled breath and S. auerus bacteria was sampled
from ESP-sampled breath.
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16 patients
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12 patients,
2 subjects

28 patients

50 patients
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7 patients

37 patients
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Influenza
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Sphingomonas paucimobilis, Kocuria

NIOSH,

NP
swab,
BioSampler

EBC, NP swab

Influenza

Influenza

nasal mucus & masks

PCR, OPC
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PCR and plaque assay
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PCR & culture

culturing,
DNA
stain, SEM & PCR

PCR and plaque assay

culture & PCR

PCR and cell culture

Culture and PCR

agar culture

Andersen impactor &
sputum

Mycobacterium tuberculosis

Analysis Method

Collection Method

Pathogens

5m exhale

20 cough

2-5m breathe

30m breathe, 10x cough

1m, 2m, 3m, and 4m exahle

6x cough

10m tidal breathing

10m breathe, 10m talk,
1m cough

5 min coughing

not stated

2240 cp/cough

103 cp/µL

21 to 1.4 ∗ 10−6 cp

7000 CFU/m3

32/38 coughed flu, 15cp/cough

none

2000,
200 TCID50 /mL
from nasal breathing, & 200
TCID50/mL from cough

0–13 485 CFU

<48-300 cp/filter & <3.2-20
cp/minute of breathing

Pos or Neg

20m breathe

3-633 CFU

2x cough, 5 min sessions

Viral load detected

20x cough, 20m cough &
20m breathing

Maneuver

Table 3.1: A summary of previous investigations capturing pathogens from infected patients using various maneuvers.

Population

Author and
Reference
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Chapter 4

Outlook and Conclusions
Summary of contributions
The history of ESP technology is long and acclaimed with a very well established
body of knowledge, albeit with an industrial focus. Approaching the technology from a
medical research perspective provided the opportunity to create new applications and
bring a new perspective to its components. As a result, two main contributions to the
field of electrostatic sampling were made. First, the optimization of a miniaturized liquid collector, designed for optimum capture efficiency, portability, and ease of handling
at PoC applications. Second, the use of this technology as a medical diagnostic device
for patient diagnostics. This was the first time, to the author’s knowledge, that an ESPbased sampler was used to capture particles from breath; and findings from the pilot
study demonstrate the potential for further in vivo studies.
Perspectives
The initial objective of developing ESP devices for two applications was certainly
overly ambitious and the challenges that come with aerosol experimentation were vastly
underestimated. Each device would require a separate PhD to complete. One main
difference between the air monitoring and breath sampling applications are their operating gas flow rate. This plays a large role in determining operational and geometric parameters, efficiency, and sampling duration. Additionally, the miniaturized liquid
collector was, in hindsight, not suitable for air monitoring. In sampling indoor air, for
example, the largest obstacle is the massive amounts of dust and dead cells that are circulating in air, and would be collected along with the analytes of interest. This would
clog liquid collector, and in turn, render its advantages useless. One solution for this
would be to pre-filter dust and other very large conglomerate (> 50 µm). The risk with
this is that airborne microorganisms might also be filtered out if they are part of the dust
conglomerates.
This technology has real implications for breath sampling and has the potential to
be suitable for clinical use. First though, a thorough investigation would have to be
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made to determine suitability for patient use, as any instrument should meet EU regulations to qualify for status as a ’medical device’, and furthermore, for safety. One critical
factor to be resolved is the breath sampling durations. There is so much still unknown
about breath as it relates to infectious diseaes, and standardized breathing techniques
and breath sampling protocols must be developed. If this is established, commercial
prospects for this device in the medtech industry are promising. Although it is a reserach prototype at this stage, the overall scheme of concatenating a bioaerosol sampler
with on-site microbiological detection, fills a gap for low-cost devices that provide rapid
results with high-sensitivity. The drawbacks lie in the IP landscape of ESP technology,
which is quite saturated, with patents for a host of ESP configurations and applications,
making it difficult to secure any IP portfolio. The strengths lie in the concatenation of
the sampling and detection modules. Thus, an integrated sample-analysis-answer instrument would have great potential for a business case. Success of such a device relies
on reducing the time-to-result significantly, 10 or 15 minutes, and provide results with
high sensitivity, in order to compete with available rapid diagnostic tests (RDTs).
Conclusions
To conclude, the device developed and validated in this thesis has the potential
to provide a non-invasive sampling method for diagnosis of infectious diseases. Together with on-site detection technologies, this approach to sampling and analysing
bioaerosols can address clinical needs for rapid results at the point-of-care, and thus,
contribute to a more a patient-centric healthcare.
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