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Abstract

Swabs are used as a collecting device for many biological samples and its complete
elution is a desired step for clinical and forensic diagnostics. Swabs are made of cotton,
rayon, polyurethane, foam or polyester and come in a spun or flocked-tipped format. They
are used to extract biological samples from a patient, which includes saliva, mucous, blood,
semen or other body fluids. These body fluids then undergo the process of elution where
the collected samples are extracted from the swabs into an elution fluid. Apart from
biological samples, the importance of swabbing and elution also becomes more evident in
forensics, when the concentration of available cells is very low. One such example is rape
kit analysis. Another field of application is the capture and release of bacterial spores from
environmental contact surfaces and food surfaces, which also indicate the use of swabs in

non-biological areas.

The recovery of the biological material from the fibre matrix of the swab has a
significant influence on diagnostic sensitivity of any assay. The recovery of micro-
organisms from a matrix of swab fibres depends on the nature of the body fluid, the type
of the swab fibres and the process of elution. Various methods are used to elute samples
from swab, including the use of chemicals to digest the cotton fibres to remove intact cells
(~20% recovery), centrifugation (~58% recovery), piezoelectric vibration or pressurized
fluid-flow (~60% recovery). These methods are either passive (chemical elution) or

provides a gentle tangential shear force through associated flow (centrifugation,
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piezoelectric and pressurized flow), resulting in a low recovery. The success of all the
downstream processes of elution, like lysis, DNA amplification and detection, depends on
the number of cells eluted from the swab fibre matrix. Hence, the recovery efficiency is an
important parameter for determining the performance of elution, and higher value of the

same is desired for most diagnostic assays.

This thesis reports a magnetically-actuated physical impingement method for elution
and recovery of artificial sputum samples from cotton fibres. A device has been fabricated
to induce a rotating magnetic field on smaller magnetic particles in a vial for striking the
swab within a confined gap. Elution of samples from the swab using this device was
demonstrated using artificial sputum prepared by mixing 2% methyl cellulose in deionised
water, loaded with fluorescent-tagged polystyrene beads and Escherichia coli bacteria at
various concentrations. The recovery efficiency was found to increase with both rotational
speed and elution time, but plateaus after 400 RPM and 120s respectively. At higher
concentration of polystyrene beads, a maximum recovery of ~85% was achieved at 5x10°8
particles/ml sample. With lower concentration (10° particles/ml), the maximum efficiency
(~93%) was found to be almost twice of the static condition (46.7%), while using only
620uL of elution volume. Similar trends were found in experiments with artificial sputum
loaded with E. coli cells, and the maximum recovery was found to be ~90% at 10° CFU/ml

concentration.

The robust design and smaller size allows the device to be used in different clinical,
forensic and laboratory settings. Also, due to cheaper means of manufacturing and

assembly, the vials and smaller magnets can be discarded after every experiment, thereby
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preventing contamination. The device is most suitable for recovering cells from different
body fluids like saliva, mucous, semen or blood, absorbed by the swab fibres. Apart from
body fluids samples, swabs holding biological agents from environmental surfaces can also
be eluted. A higher recovery at lower concentration facilitates the use of this device where

the available analyte concentration is low.
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Chapter 1

Introduction

1.1 Motivation

Many biological samples are collected using swabs and complete elution of the sample
from the swab fibres is a desired and crucial step in clinical diagnostics. Swabs are made
of cotton, rayon, polyurethane foam or polyester and come in a spun or flocked tipped
format. They are used to extract biological samples from a patient, which includes mucous,
saliva, blood and semen, among other body fluids. Apart from biological agents, swabbing
techniques are also used for collecting touched evidence samples for DNA analysis [1],
recovery of spores from environmental surfaces [2-4], or removal of dried blood stains
from surfaces [5]. These samples are then eluted from the swab fibres for further analysis.
“Elution” is defined as a technique of separation of one material from another using a
solvent.

The most common samples collected by swabs are human body fluids. These samples
are eluted from the swab fibres and the number of eluted particles is affected by the density,
viscosity and concentration of cells in the respective samples. The concentration of
pathogens in the body fluids for various disease conditions can range from 10* CFU/mI [6]
in the case of respiratory-tract infections and 10° CFU/ml for urinary-tract infections [7]
up to 2 x 108 CFU/ml (Staphylococcus aureus and Escherichia coli) in the case of infected

peritoneal fluid [8] and 10° CFU/ml in dental cases [9]. Higher elution efficiency is desired
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for all these collected samples for accurate clinical diagnostics. The necessity of higher
elution efficiency becomes more prominent in forensics when the concentration of
available micro-organisms is very low. One such example is rape kit analysis. Recovery
efficiency of spermatozoa collected from a victim’s body which is typically as low as 10%,
could potentially affect the diagnostic accuracy of any assay, leading to incorrect
characterization of the sample as negative to presence of sperms. [10]

Several methods of elution have been adopted for recovering maximum amount of
sample analyte from the swab tip. Conventional techniques for elution include chemical
digestion of fibres to remove intact cells and application of mechanical forces
encompassing vortexing [11], piezoelectric vibration [12] or pressurized fluid flow [13]
(~60% recovery). For instance, chemical techniques involving cellulase digestion of cotton
have been used for recovering sperm cells by Aspergillus niger enzymes and have shown
~18% efficiency [10]. Similarly, cellular recovery of norovirus and rotavirus from
environmental and food surfaces by simple centrifuging have been shown to produce in
recovery efficiency of 52 and 58% respectively [11]. Some mechanical impingement
techniques comprise of swab analysers with actuator and flexible wall [12] and
compressible chambers with a blister containing conditioning fluid [13]. These two elution
techniques offer a maximum of ~68% of recovery, which is insufficient for cases where
there is low concentration of the microorganism of interest. They also have higher elution
volumes, ranging from 0.7 to 5ml. The recovery efficiency of the pathogenic cells from the
fibre matrix of the swab has a significant influence on diagnostic sensitivity of any assay.
Hence, higher recovery of cells from the swabs is desirable with a lower elution time and

elution volumes.
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This thesis focuses on developing a robust technique for elution of cotton-tipped
applicator swabs for an improvement in recovery efficiency. Several techniques of elution
have been previously adopted by inducing convective flow against the swab tip that could
enhance the elution process. However, fluid mechanical forces are quite gentle and have
not produced high elution efficiencies. For better elution results, higher eluting forces are
necessary on the swab fibres. A simple, low-cost technique is needed for elution of samples
that will increase the recovery efficiency using lower volume and lower elution time.
Mechanical techniques that operate by direct physical impact on swabs can generate higher
forces and is one promising avenue. Hence, this thesis investigates the use of magnetically
actuated mechanical impingement of particles on to the swab as a method of elution and

characterizes the elution efficiencies to demonstrate its effectiveness.

1.2 Organization

This thesis is organized into the following chapters:

Chapter 2 offers a full literature survey and comprehensive study on the conventional
and currently available techniques of elution. Brief introduction is offered on the different
types of commercially available swabs, the types of body fluids and methods of elution.
The mechanical and chemical techniques of elution of swabs are described. The use of
impact as a way of mechanically eluting swabs is emphasized, which forms a strong
background for the development of the device described in this thesis.

Chapter 3 starts with a description of the design criteria that provides the framework

for the device design. The working principle of the magnetically actuated physical
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impingement method is explained, providing details of the nature of impact forces on the
swab fibres. The advantages of the device over existing methodologies are demonstrated.

This chapter also describes the device fabrication and its assembly. A modified device
is designed in order to have a compact form factor and its design and construction are
detailed. Experimental procedures used in performing characterization experiments by
changing the rotational speed, time for elution and the concentration of particles are
elaborately explained. Characterization of the swab before and after elution are performed
and the microscopic images are presented.

Chapter 4 offers a comprehensive database of the materials used in the experimental
setup and procedures. The type of swab fibres and magnetic particles used in these
experiments are discussed. A recipe for preparing artificial mucus is added along with the
detailed description of fluorescent-tagged polystyrene beads and E. coli that are mixed with
it. Furthermore, it describes different techniques for detection of polystyrene and E. coli
cells in the samples for enumeration both before and after elution. The concept of recovery
efficiency is introduced to explain the performance of the experiments.

Chapter 5 provides detailed analysis of the results obtained for different c, compared
over three different parameters: rotational speed, elution time and concentration. Separate
experiments were made with artificial sputum samples mixed with polystyrene beads and
E. coli. The trends in the plots are compared for both. Physical significances of these
parameters on the swab fibres and nature of sample are explained.

Chapter 6 concludes the report with contributions of the device and possible future

works on the elution processes.
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1.3 Contributions

The main contributions of this research are as follows:

e A mechanical process of elution is proposed that applies strong forces to the swab
fibres by direct contact in order to achieve high elution efficiency.

e The reported method of elution provides impact forces on the swab fibres by
smaller magnetic particles, imposed by an external rotating magnetic field. A simple low-
cost device was designed, capable of generating the rotating magnetic field around a vial
and fabricated using laser micromachining and 3D printing. This device uniquely allows
simultaneous rotation and revolution of the particles around the swab to ensure complete
coverage over the entire surface area of the swab. This allows the device to use lower
elution volume (~620 pl) and lower elution time (~2 min) to yield maximum recovery.
Using this novel approach, the highest recovery efficiency among the available elution
methods was achieved.

e Three different detection techniques have been identified for cell counting for
accurate enumeration at different concentration ranges. Post elution measurements, as low

as ~10* CFU/ml, has been made with plating techniques.
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Chapter 2

Literature Review

2.1 Introduction

The Biology-Online dictionary defines elution [14] as:

“The process of extracting a substance adsorbed to another by means of a

suitable solvent or buffering agent”.

Elution plays an important role in several bio-chemical assays and is a critical factor
in the accuracy of these assays.

Biochemical assays are analytical processes that are used to detect and quantify the
presence, or activity of a biological molecule. There are various kinds of biochemical
assays such as cell-based, protein-based and nucleic acid based assays. Cell-based assays
use proliferation of cells in a culture media to identify presence, viability [15], cytotoxicity
[16-18] and other growth related parameters associated with cells [19-20]. Protein or
enzyme based assays also known as “immunoassays” use the binding of the target antigens
with its antibody that is fixed onto a substrate as the mechanism of detection and
identification [21-22]. Usually, another protein that carries a label and binds with another
end of the target protein is used to amplify the signal from the binding event for higher
sensitivity [23-25]. Finally, nucleic acid based assays use the unique property of DNA,
which consists of two complementary strands, to provide recognition. Various methods

such as hybridization [26-28] and amplification [29-32] are used to detect and amplify the
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target nucleic acid from the sample. These biochemical assays are used in several
applications including disease diagnostics, environmental monitoring, food quality
analysis, cytotoxicology, drug discovery, as well as fundamental biological studies. In all
these analyses, proper, accurate and complete extraction and preparation of the
biomolecule of interest from the other contaminating/interfering species that may be
present in the sample is critically important.

Sampling is the very first step in the preparation of biochemical assays used for
pathology testing and analysis of environmental samples. Sampling is defined as the
process of collection of biological or environmental samples containing the target analyte
for further extraction and analysis. The collection process of specimens and samples from
a human body or any environmental surfaces contribute to the accuracy and reliability of
those tests. [33] Various biological matrices such as saliva, sputum, urine, faeces and
semen are often collected for bio-chemical assays in research or clinical settings. Saliva,
sputum, vaginal samples, semen, forensic samples and blood spots are collected using a
swab. Saliva and sputum can also be collected by expectorating (cough up or spit) into a
container. Urine, stool and semen are generally collected in a container or receptacle
directly and often undergoes a filtering process. Blood is taken either by a fine needle in
syringes or specialized absorbent collection cards for immunoassays [34]. Samples of body
tissues can only be obtained by more invasive procedures. Cerebrospinal fluids are
obtained by lumbar puncture whereas bone marrow aspiration is required for examining
blood cells present in the marrow.

Swabs are one of the most widely used sample collection devices when sample volumes

are low. They are low cost, easy to use, have high absorptivity and are ideal for sample
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transportation. Cotton tipped swabs and applicators are most common due to their low cost
and, in some cases, can yield better analytical sensitivity than other materials such as nylon.
For instance, they yield significantly better results in salivary immunoassays for
testosterone and estradiol [35].

Other materials used for swabbing purposes include macrofoam, nylon, filters, rayon
or dacron. For example, absorbent materials like saline-wetted dacron swabs, cytobrush,
and emery paper were used to collect exfoliated cells from external male genitalia. These
were later analysed for HPV (humanpapillomavirus) using a PCR based assay. [36]. Rayon
or dacron-tipped collection devices are used mostly as transport swabs and for rapid
diagnostics in PCR assays. They are used as transport swabs because the open-weave rayon
bud is non-toxic and contains Amies medium with inorganic buffer which preserves
microorganisms without overgrowth. They have inferior absorbent characteristics than
cotton but superior release properties. [37].

Apart from biological samples, swab based collection is also critical for environmental
samples and samples collected from food surfaces as they allow a large area to be sampled.
The bacterial spores collected from food or metal surfaces are collected using swabs and
eluted to determine the extent and source of contamination [2].

Sampling process is followed by elution, where the collected materials are transferred
from the collection device to a separate elution volume. Elution is an integral part of major
biological testing processes. The success of all the downstream process like lysis, PCR and
detection is a function of the number of organisms collected from sampling devices. Hence,
there is a need for proper specimen collection and elution for all assays. The most common

method of elution is dipping the swab in an elution buffer and application of mild agitation

8
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to the fluid. Mild agitation results in a small number of cells being recovered from the fibre
matrix. Lower recovery of organisms can potentially influence the downstream analysis of
the assay and the sample and can result in false negatives or inaccurate quantification [38].
For instance, elution has critical significance in cases of extraction of genetic materials
from bloodstains obtained from victim’s clothing [39] where the biomaterial of interest
may be at low concentration or amount.

Elution is closely associated with the complexity and nature of samples that undergoes
processing. Two important parameters are viscosity and concentration of cells in the
sample. Samples with saliva, nasal sputum and sperm requires elution steps prior to
processing because of their higher viscosities and densities. These samples have a greater
tendency to remain attached to the sampling device and require significant driving force
for its removal. Another important parameter is the concentration of the samples. In
forensics, elution has a greater importance where the available concentration is very low.
For instance, removal of dried blood stain samples from fabrics requires higher elution
efficiency prior to subsequent DNA analysis steps [5]. Some of these samples are exposed
to environment for a prolonged period of time and hence there is a significant loss of
sample. Because of its low availability, maximum recovery of cells is desired from these

samples.

2.2 Importance of elution in DNA analysis
Nucleic acid based assays are increasingly used for molecular diagnostics of human
diseases [40] which includes identification of disease-causing pathogens, genetic or protein

markers that are liable for various human diseases. One of the common use is the

9
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identification of bacterial infection of patients presenting with cold and fever. Usually, a
nasal swab is taken to collect mucous or sputum samples from these patients and the
infectious agents is then analysed using culture or molecular methods. Elution of samples
collected from these swabs is an important pre-processing step prior to DNA analysis of a
specimen. Complete elution of body fluids from swab is essential for clinical and forensic
diagnostics where the sample concentration or amount may be low. Higher recovery from
the elution ensures sufficient number of cells are available for proper lysis and
amplification. Lower concentration of pathogens offers lower sensitivity during diagnostic
tests and care is taken to maximize the yield by maximising the number of pathogens
recovered after elution. The eluted cells then undergo lysis and DNA amplification before
it can be detected through electrochemical or optical sensing. The success rate of all these
downstream processes of elution depend on the recovery of pathogenic cells from swab

tips.

2.3 Swabs

Swabs are the most commonly used sampling devices for collection of specimens for
further analysis. It is a type of applicator device, which consists of a fibrous head and a
shank. Among different collection devices (e.g. absorbent pads, porous heads, filters,
wipes, brushes etc.), swabs are the most popular collection device owing to their low cost
and ease of use. Swabbing procedures are quick, relatively painless, comfortable and have
no adverse side-effects. Swabs use passive capillary flow of liquid into their absorbent
porous tips to collect sample from a location. The ability of the swabs to hold a large

amount of liquid in their pores is also used for storage and transport of biological or clinical
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samples, that are collected in a remote settings. These swabs should be able to maintain the
viability of the organisms for a certain period, before it is processed. These transport swabs
are made up of non-toxic open-weave rayon bud and contains Amies medium with
inorganic buffer which preserves microorganisms without overgrowth. Transport swabs
are used for transfer of anaerobic and fastidious aerobic organism, [41] and were compared
to swabs using other mediums (Stuart’s medium) that yield better recovery [42].

Swabs are used for collection of a varied range of body fluids especially those that are
located in body cavities. For instance, secretions from throat, nose and buccal cavity are
mostly collected using swabs. Samples of vaginal secretion and endometrial tissues are
also collected using swabs. Swabs are also used for collection of samples from a wound or
sore present on the epidermal layer of skin especially where localized extraction of sample
is needed. Apart from these, blood in small volumes is often collected using cotton-tipped
swab applicators [33].

Apart from biological samples, swabbing techniques are also used for collection of
samples from touched evidence [1], recovery of spores from environmental surfaces [2, 4],
or removal of dried blood stains from fabrics [5]. Depending on the field of application,
the nature of the collection device can be varied to double-swab for touched evidence
samples [1], dry and pre-moistened swabs, or macrofoam swabs (environmental surfaces)
[2]. After collection, these samples undergo elution, where the analytes are transferred to
an elution volume for further analysis.

A complete range of dry or pre-moistened swabs are used for clinical purposes to suit
most applications. Swabs basically consists of two parts, namely: the swab shaft and the
tip

11
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e The swab shaft, which is 10-23 cm long [43] and are made of wood or plastic. They
are usually cylindrical, straight wire (urethral) or fine twisted wire (paediatric and

nasopharyngeal) [44].

e The swab tip, which is usually made of cotton, rayon, foam, polyester, or
polyurethane. In some cases, calcium alginate or albumin coated swab head tips are also
used. Calcium alginate swabs are used for sample isolation from areas such as the eyes,
ears, nasopharynx, urethra and paediatric ENT (Ear nose throat) or recovery of spores from
environmental surfaces [45]. Albumin coated swabs are used primarily for nasal, wound
site or skin lesion samples for MRSA (methicillin resistant Staphylococcus aureus)
screening [46]. Examples of various swabs types are shown in Figure 1. Detailed
characteristics and application of all these swabs (based on the type of swab tip) are given
in Table 1. Most of these swabs are used for collecting samples of human body fluids.
These body fluids include saliva, nasal mucus, semen, vaginal fluid, blood and urine. Apart
from body fluid samples, swabs are also used for collecting samples from food and metal
surfaces. Foam and cotton swabs have high absorbency and are used for collecting surface
samples. Special pre-moistened swabs [47] are also used for swabbing food surfaces in

food processing and beverage industries.

12
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Dry Cotton swabs Flocked swabs Polyester swabs

Foam swabs Rayon swabs Calcium Alignate swabs

Fig. 1 Types of swab tip: Cotton, Flocked, Polyester, Foam, Rayon and Calcium

Alignate swabs. [Source: Puritan Swabs]

Types of swabs Characteristics Application
] Most commonly used swab:
Pharmaceutical-grade spun ) i
Cotton ) from basic patient care to
cotton fibres _ ) o
crime scene investigation
Medical-grade polyurethane
foam, produced in sheet form in a ) )
Foam Chemical-resistant swabs

range of ~100 ppi (pores per inch)

porosity

13
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) Used as cleaning tools,
Woven polyester fabric,

Knitted ) introduces the least number
commonly made without soluble ) ]
Polyester _ of contaminants to swabbing
adhesives
process

) ] Specimen collection in
Synthetic spun fiber made from a ) ) ]
_ _ microbiology, rapid test
Polyester/Dacron | polymer, good in collection and _ _
_ diagnostics, and PCR
release properties )
analysis

Spun fiber made from wood pulp,
Rayon soft and absorbent, can substitute Transport swabs

cotton

Organic material, derived from ] _
Contains no fatty acids and

Calcium seaweed, alginate fibers are
_ _ ) hence can be used for many
Alginate slowly dissolved by body fluids _
) strains of Gonorrhea
and tissues

Unique microstructure and multi-

length fibers of flocked swabs, ) )
Sampling of small or elusive

Flock enhance rapid absorption and _
specimens

complete elution of biological

specimens

Table 1. Types, characteristics and usage of various swab heads [44, 47]

Copan Inc. has recently developed a patented technology to make highly absorbent
swabs. Copan’s patented flocked swabs [48] use electrostatic field to spray short Nylon
fibres onto the swab tips. Flocking is a process where the fibres are sprayed perpendicularly

onto the tip of the swab, while it is held in an electrostatic field. The process creates a
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highly absorbent thin layer of fibrous matrix with an open structure. Capillary action
between swab fibres enable better holding capacity and easy elution.

Swabs can be made of different types of head (Figure 2), designed specifically for the
sampling location and the type of sample matrix to be absorbed. These include flat top
cylindrical head and round top tapered head swabs. Round and cylindrical tops are
generally used for nasal and blood sampling. Cotton and rayon tipped swabs of cylindrical
heads have a tip length of 17-18 mm and 5-6 mm diameter. Round top heads with larger
surface area has tip length of 56-58mm and diameter of 15-16 mm. Swabs with higher
surface areas are used predominantly for swabbing environmental and food surfaces [37,
49]. Conical head swabs are preferred for vaginal cases and funnel shaped ones with lower
cross sections are used for buccal cavity. Smaller conical shaped swabs for cleaning small
slotted areas have head width of 4mm and thickness of 3.5mm. Funnel top and conical head
swabs of smaller length of swab head is used for ear infections.

It is also important to understand the choice of collection device based on the
compatibility of the organism. Some swab fibres have adverse effects on the organisms or
even some foreign particulates collected with them. For a long time, this was not taken into
consideration. Perry et al. [50] pointed out the necessity of using the correct type of swabs
by citing an example about a failed experiment concerning the toxic effects of sponge
swabs on Neisseria gonorrhoeae, which then highlighted the need for careful study and
comparative evaluation of swab types and tip materials used for each purpose.
Subsequently, standardized protocols for swabbing and elution methods were developed

for quality control of microbiological recovery [51]. To maintain the viability of micro-
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organism long after they are collected, it is necessary that the swab tip material be non-

toxic or non-inhibitory to the organisms.

Funnel Round top

Cylindrical top
head

Round top
tapered head

Conical head

\ =~

Round top
cylindrical g
head 3

Flat top
cylindrical \
head ~O

R A —

Fig. 2 Different types of swab heads: Flat top cylindrical, round top cylindrical,

conical head, funnel. [Source: Cleanroom swabs Inc.]

Most body fluids are collected by swabs, prior to their respective elution. The selection
of swabs is based on the ease of application and nature of the sample to be collected. Saliva,
nasal mucus, semen, vaginal fluid, blood and urine are the principle body fluid samples
collected by swabs. These samples are characterized by their key properties — viscosity,
density and concentration. These parameters constitute the key criteria that determines the

elution efficiency. Hence, detailed analyses of body fluids are required.

2.4 Body fluids
Body fluids constitute the different secretions obtained from various parts of the human

body. Swabs are used to collect most of these body fluids such as saliva, mucus, blood,

16



MASc. Thesis - S. Banik; McMaster University - Mechanical Engineering

vaginal fluid, urinary tract or semen. Certain properties like the concentration of cells,
viscosity and density of these body fluids affect the rate of recovery from swab fibres. Most
of the samples such as mucus from the nose used to determine respiratory infection contain
a single type of body fluid. Others such as forensic samples collected at a crime scene can
contain a mixture of two or more body fluid types [52].

Saliva is the prime body fluid that is collected by swabs and is important for the
diagnosis of endocrine, infectious and immunological conditions. Saliva comprises of a
mixture of secretions from the major and minor salivary glands and traces from the gingival
crevicular fluid. It functions as a cleansing solution for the buccal cavity, a buffer and an
ion reservoir of calcium and phosphate. Saliva has an average pH of 7 = 0.3, buffering
capacity (moles of acid/base required to change the pH by 1) of 5.2 £ 0.5 and relative
viscosity levels of 1.1 £ 0.15 compared to water [53]. Salivary assays are made with 2-
12ml of samples extracted from the buccal cavities with buccal cytobrush or buccal foam
swab. A range of pathogen concentrations has been reported depending on the type of
disease that was dealt with. For example, Sahin et al. [9] found salivary HCMV (Human
cytomegalovirus) of ~4.2x10* CFU/ml and salivary EBV (Epstein—Barr virus) of range 3.6
x102-1.6 x 10°/ml in major periodontitis patients. Higher proportions (4.5 + 2.2 x 10°/ml)
of P. gingivalis was found in patients with EBV [54] while 1.2 x 10*- 2.1 x 10° / ml
concentrations of HSV-1 (Herpes simplex virus) were found in patients with Herpetic
lesions [55]. Salivary samples from patients with Ramsay Hunt Syndrome showed higher
concentrations of VZV (Varicella zoster virus 2.6 x 10* CFU/ul) [56].

Nasal mucus is the second most common body fluid for swabbing purposes and is

categorized based on the viscosity of the samples. Sputum, a mixture of mucus and saliva
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coughed up from the respiratory tract, is categorized into: Mucoid, Mucopurulent and
Purulent. Their respective viscosities for samples, collected from chronic bronchitis
patients and calculated at a shear rate of 90 s, was found to be around 0.42, 0.46 and 0.7
Pa-s [57]. Elasticity of mucoid or mucopurulent nasal discharge samples were found to be
around 31.8 + 3.1 Pa [58]. Small volumes (100 - 1200 pL) of mucus samples are usually
collected with cylindrical nasopharyngeal cotton or flocked swabs. A wide range of
bacterial concentrations have been found in mucus of infected patients. For instance,
Gwaltney [59] reported a combined concentration of Streptococcus pneumoniae and
Haemophilus influenza to be > 10° CFU/ml in nasal mucous samples from acute
community-acquired sinusitis patients (ACAS). However, lower concentrations of
pathogenic P. aeruginosa bacteria (665+ 75 CFU/ml), a clinical isolate of S. aureus (58 +
9 CFU/ml) and E. coli HB101 (351 + 115 CFU/ml), were found in airway surface fluid of
trachea of patients suffering from chronic airway infections [60].

Blood is another major body fluid which is collected by swabs. Physical parameters of
the blood depend on its origin, like from vomit, diarrhoea, lung, endocrine or kidney
infections. The average pH value is around 7.35-7.45, with a relative viscosity of 4 — 5 over
water, that rises with haematocrit percentage [61]. Mostly, syringes or cotton swabs are
used to collect small volumes of blood (0.8 — 5ml). In case of blood, the concentration of
available pathogen is relatively low. Around 45% of septicemia and meningitis cases
involve bacterial loads of less than 10° CFU/ ml [62]. These may include Haemophilus
influenzae, Streptococcus pneumoniae, S. agalactiae, Listeria monocytogenes, enteric
bacteria, and Mycobacterium tuberculosis. Still lower concentrations of Salmonella typhi

(387 CFU/ml) was registered by Wain et al. [63] in the blood of typhoid fever patients.

18



MASc. Thesis - S. Banik; McMaster University - Mechanical Engineering

Apart from the most common body fluids, urine also contains a significant number of
pathogenic cells. Urine is slightly acidic with pH 6, but can range from 4.5 — 8 depending
on the diet [64]. It has a lower viscosity (8.02 x 10~ Pa-s) and higher discharge rate 10 -
21 ml/s. 1 — 10ml of urine samples are usually collected for analysis. Different ranges of
bacterial concentration have been detected in urine. For instance, Nakamura et al [65]
detected 10°-10° viable bacterial cells/ml in urine collected from patients with urinary tract
infections. The normal range of E. coli in urine is considered to be within the range 102-
10* CFU/m. Similar concentrations (10° CFU/mI) was found in patients with urinary-tract
infections by Najar et al. [7]. Higher concentrations (10° — 108 CFU/ml) of Salmonella
enterica and Enterococcus faecalis were found in urine samples collected from sanitation
systems [8].

Sperm cell recovery is a critical area in sexual assault samples of forensic cases. Semen
samples are collected from the undergarment fabric or from the victim’s vagina. Semen
samples of healthy males have an average pH level of 7.1 — 8 [66]. Viscosity of semen is
measured qualitatively based on its rate of coagulation and greatly affects the motility of
sperm cells. Typical sperm count of a healthy male average around 34 — 157 x 10° /ml in
semen [67]. For experimental purposes, 1.5 — 6.5ml of semen are collected. But in case of
rape victims, sometimes dried semen samples are also extracted from undergarment
fabrics.

Vaginal fluid secretion is another body fluid that is collected by swabs. Secretions
extracted from the vagina of a healthy woman has a pH of 4 — 5, which also depends on
the menstrual, cervical and uterine secretion. The viscosity and physical consistency of

vaginal mucus changes at different times of the menstrual cycle. Conical vaginal swabs
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with higher surface areas are used to extract vaginal secretions for infectious bacterial
evaluation. For instance, significant amounts of BVAB3 (1.4 x 10°to 1.9 x 10* /swab) and
Lactobacillus crispatus (4.6 x 10° - 6.9 x 107 /swab) were found in the vaginal fluid of
women with bacterial vaginosis [68].

The concentration of pathogens varies greatly, depending on the nature of disease and
type of body fluid. The primary aim of the swab is to collect a higher amount of body fluid
to obtain maximum possible pathogen for further analysis. Several techniques of elution

are therefore adopted for this purpose.

2.5 Elution techniques

To enhance the recovery of micro-organisms from swab fibres, various methodologies
have been adopted. Current techniques include mechanical forces, chemical digestion of
cotton fibres, electrophoretic and magnetophoretic methods of elution of biological agents.
LB broth is used for elution in a separate vial that requires post-processing cell culture,
whereas PBS buffers are commonly used as elution media for cases where the sample is
directly loaded to the PCR chamber. Several chemical techniques also use a range of
buffers, detergents and solvents as their eluents. Each of the elution techniques have their
own advantages and disadvantages, although some processes are suited for a specific type
of bacteria. Various techniques of elution from swabs are discussed and the parameters
associated with elution such as the time, efficiency, elution volume, elution time are

provided for each of them.
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2.5.1 Mechanical techniques

Several methods for removal of samples from swabs have been reported in the
literature, and a majority of them involve mechanical forms of elution. These processes
typically provide a gentle tangential shear force through associated flow (centrifugation,
piezoelectric or pressurized flow) to aid recovery of materials from the swab. Vortexing
and convective flows are the most used technique for a significant number of elution
devices. Sometimes, convective flow is accompanied with different mechanical methods
of agitation of swab fibres for higher recovery of materials. Mechanical elution processes
can be applied to a varied range of swabs and is independent of the physical and chemical
characteristics of the swab tip. The various mechanical processes of elution include
agitation by vortexing, abrasion by physical contact, sonication, compression, piezoelectric
vibration, pressurized flow and wringing. Among mechanically induced processes, liquid

extraction techniques involving vortexing comprise the most popular approach.

2.5.1.1 Vortexing

Vortexing is a technique where the swabs are immersed in a vial of elution fluid and
the fluid is rotated by external means. The convective nature of the flow around the swab
fibres allows the materials adhered to the swab to be separated from the fibres both by
diffusion and advection. The rotational speed is an important parameter in vortexing, that
determines the rate of elution. The rotational speed is measured in RPM (revolutions per
minute) or by a specific parameter called the Relative Centrifugal Force or g-force.

RCF or g-force = 1.12 x R x (RPM/1000)?, where R is the radius of spinner.
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Vortexing can be used on a varied range of samples and swab types, and has low elution
times. Cotton, flocked, rayon, foam and polyester swabs are used with vortexing. In some
cases, the whole swab is used during elution, but sometimes the swab tips are also removed
from the shank and immersed into the vial. Typical elution fluid volume used in vortexing
based elution ranges from 0.5-5 ml, while the typical rotational speeds are 8000 — 15000 x
g. As an example, vortexing has been used for recovery of bacterial spores in environmental
samples from cotton, macrofoam, polyester and rayon swabs with an average recovery of
6.6% and 26.7% for dry and pre-moistened swabs respectively [4]. In another example,
samples taken from cutaneous lesions, containing B. anthracis (107 CFU/ml), were also
eluted by vortexing [69]. Three types of swabs, flocked-nylon, rayon, and polyester were
used in this process. A swab extraction tube system was used with 500uL of PBS for
centrifuging for 1 min at 8,000 x g speed. Low recoveries of 6 — 9% were obtained from
this method. Due to this low recovery efficiency, as with this case, vortexing is sometimes
repeated for two or more steps or accompanied by another means of elution to enhance the
rate of recovery.

Repeated steps of vortexing has been used to elute the Bacillus anthracis spores from
swabs with environmental samples [2]. Separate experiments were made in these cases to
extract BA spores samples (Phase 1) and BA combined with dust and background
organisms (Phase 2). In this method, pre-moistened macrofoam swabs were vortexed in
5ml PBST (Phosphate Buffered Saline Tween-20) for 2 min in 10s bursts and the eluted
samples were processed to count the number of colonies. These bursts create a periodic

convective flow in the swabs that helps in better elution. This procedure can detect between
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1 and 0.2x10° spores/cm?, with an ability to recover 27.9 to 55% spores. It allows
comparatively higher recoveries (~26 — 31%) than standard vortexing.

Special enzymes to facilitate easy elution have been combined with vortexing in order
to increase the efficiency of elution. For instance, Cellmark Labs offers two methods
namely, sperm elution and water elution methods for the elution of sperm cells. The
“Cellmark’s sperm elution” method [70] combines a special elution buffer consisting of
proteinases that can digest the proteinaceous matrix material without lysing the sperm cells.
This process use two stages of vortexing at high speeds as method of agitation. This
technique facilitates elution of sperm cells from cotton swabs. 750 ul of Mo Lite buffer
(pH 7 — 8) is used as an eluent for vortexing at 15,115 x g for 5 minutes. (Mo Lite buffer
(pH 7.0-8.0) was prepared by diluting PBS ten times in Milli Q water) After the
supernatant was removed, 50 ul of cell pellet remained, which was again transferred to a
solution of 750 ul Mo Classic buffer (Mo Classic buffer (pH 8.0-9.0) was prepared using
a 20% Sodium Dodecyl Sulphate (SDS), diluted twenty times in 0.01 M Tris buffer (pH
8.5)) and 30 ul of diluted proteinase K. They are sonicated for S5mins followed by 5mins of
vortexing to complete the entire elution. Higher sperm recovery was obtained with
Cellmark’s sperm elution techniques over that of water elution. A combination of this
enzyme with vortexing was able to increase the elution efficiency from 25% to 71%. Lower
recovery was obtained from samples of lower concentrations, with the corresponding
values being 26% and 11% respectively.

Swab elution methods for different vortexing techniques were analysed by Allard et
al. [71]. Different speed, elution time and elution volumes were compared for these

techniques that are based on water-based elution and are shown in Table 2. Most of these

23



MASc. Thesis - S. Banik; McMaster University - Mechanical Engineering

techniques require higher elution times (~5 minutes) and yields low recovery efficiency

(max 71%). For vortexing processes associated with chemical techniques, the amount of

elution volume is higher (~750 — 1000 pl) and requires several steps of pre-soaking before

the vortexing period. Hence, although vortexing enhance the recovery to a certain limit,

the total process time increase several folds.

Swab/Volume of

eluate

Method

Spin speed/ Time

Tip in 50 pl

Macerate (soaking) on slide

Whole in 1000 pl

Soak 60 s, agitate, vortex
to produce extract. If weak, extract may

13000g for 5 min

be pelleted.
Leave 60 s, agitate, pipette off 5ul
Half with 25 pl ] -g PP "
liquid from swab.
Palpate (by touch) on slide, squeeze
20% with 40pl on pate { y ) q
i out and wipe swab on paper for AP
slide

(acid phosphatase) test.

Whole in 200 pl

Agitate vigorously for 2—

5 min, vortex

11000 rpm for 5 min

Swab placed in Dolphin filter tube with

Whole in 400ul 200 pl, pummel (strike), repeat with 14000 rpm for 1min
further 200ul, spin
Agitate vigorously for 2-5 min, vortex, )
Whole in 300ul ] 11000 rpm for 5 min
spinaroo,
Whole in 50ul then | Filter tube, agitate, leave 20 min, spin, 8000 rpm for
add 100pl remove filter, vortex 3 min

Roll damp swab onto slide
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Differential extraction in
. 450 pl with 50 ul ProK (Proteinase K), 13,000 rpm for 4
Whole in 400 pl ] ) ] )
vortex, incubate, spin, resuspend pellet min twice

in 350 pl with ProK, spin

Table 2. Various vortexing techniques of elution [71]

2.5.1.2 Abrasion

Abrasive contact is an effective method of elution. Different techniques have been
reported that extract materials from swabs using electrostatic wipes, roller sampler and
contact plates. Each of these processes use physical contact to extract the samples from the
swab surface by gentle scrubbing. These techniques are used for recovery of samples
collected from environmental and metal surfaces by swabs. For example, A comparative
performance was made by Lutz et al [72] for extraction of Staphylococcus aureus from
swabs containing environmental samples using electrostatic wipes, roller sampler and
contact plates. The electrostatic wipes were wiped on the rayon swab surface three times
and then processed with a membrane filter for concentrating the bacteria. Roller samplers
were made using a custom autoclavable mould filled with molten mannitol salt agar
(MSA), which also serves as a growth medium for the bacteria. They were then dried for
10 minutes at room temperature before using it on the swabs. These cylindrical samplers
were rolled on the swab head to squeeze out materials from the surface. Contact plates
utilize the downward pressure of its weight on the swab surfaces. MSA were also utilised
to prepare 60mm contact plates with a convex meniscus. The convex side is kept

downwards while pressing it against the swab head. Subsequently, recovery efficiencies of
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bacterial cells were calculated from these techniques. These techniques of elution showed
recovery efficiencies of 18% for electrostatic wipes, 10% for roller sampler and 0.04% for
contact plates. These abrasive processes have lower recoveries compared to vortexing or
convective flows. The tools that produce the scrubbing effect are also responsible for

removal of swab fibres and contaminating the elution fluid.

2.5.1.3 Sonication

Sonication is another method of agitation for elution of materials from swabs.
Sonication uses fluid vibration to elute the samples from the swabs. The to and fro
movement of the fluid particles offered by the periodic vibration of the bath allows
dissociation of materials from swab fibres by shearing forces caused form high frequency
sound waves. In this process, an ultrasonic bath is used to provide necessary agitation to
the swabs. Swabs containing samples are hydrated in 2ml screw cap tubes and then
ultrasonicated at 50-60 kHz for 15mins in a bath. Nylon, rayon and polyester swabs are the
most popular types of swabs used in this technique. This technique can be used for both
environmental and clinical samples. For example, ultrasonication has been used for
recovery of skin lesion samples with B. anthracis from clinical swabs for diagnosis of
cutaneous anthrax [69]. A relatively low recovery (0.07%) has been observed in these
samples. Sonication has also been used for recovery of Francisella tularensis in
environmental samples from cotton, polyester, rayon or foam swabs [73]. Significantly
higher recoveries (~32.1%) were obtained with a cellular concentration of 10° CFU/ml in
the samples. Another important area of application is the recovery of Bacillus anthracis

spores from nonporous surfaces. Dry rayon swabs were used for collecting spores from 10-
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25 cm? steel stainless surface areas to yield lower recovery efficiencies of 7.6% by
sonication [74]. When premoistened swab are used, there is an increase in the recoveries
(17.75 and 13.6% respectively), but is still lower than the corresponding values obtained
from vortexing (43.7 and 41% respectively) [4]. Sonication is an expensive process for
elution, that can recover very low amounts of analyte from swabs. Also, the periodic
vibration is not sufficient for effective elution, resulting in low recovery [73-74] and can
also remove some fibres from the tip. Hence, it is the least used method among all the

mechanical processes of elution.

2.5.1.4 Thermal elution

Thermal energy has also been utilised for elution of certain bacterial cells [75]. Thermal
elution is used primarily in cases where there is also a need to lyse the cells, since the
proteins that are present either on the surface or inside them are the analytes of interest in
subsequent diagnostics [76]. Heat is utilized to release antibodies from the samples by
disrupting the antigen-antibody bonds. This process can be used with cotton, foam,
polyester and rayon swabs. Often thermal elution of swabs is combined with vortexing to
enhance the recovery efficiency. In this method, the swab tips are rehydrated in 300ul PBS
aliquots after sample collection and kept in 2-ml screw-cap tubes. The swab and its samples
are incubated at moderate temperature (such as 65°C) for high durations of time (~10 mins).
After heating, the swabs are vortexed at 8000 x g for 30s to remove residual liquids. Some
gram negative aerobic bacteria have been eluted at high temperature from rayon swabs. For
instance, Swabs spiked with F. tularensis were thermally eluted to yield an average of

31.1% recovery efficiency [73]. Another example of thermal elution is the Landsteiner heat
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elution technique [77-78] which involves providing heat at 56°C for 10 minutes and shows
a 47% recovery efficiency. Thermal processes have a significant advantage in DNA
analysis techniques, since appropriate amount of heat can elute and lyse the cell walls
simultaneously, thereby combining two steps together in one device. When associated with
vortexing, the thermal processes of elution can elute significantly higher cells than
vortexing, but it is still significantly less than that obtained from chemical techniques.
Moreover, it denatures the cell membrane and causes dissociation by change in membrane

structural configuration [79].

2.5.1.5 Pressurized flow

Some devices also use pressurized flow to elute samples from the swab tip. These
devices [80] contain eluent fluid in a hollow shank that can be pressurized out of the swab
tip using a blister bulb at the other end. (Figure 3). The forward end of the unit has a short
stem of a brush with bristles that acts as a swab for collection of analytes. During use, the
rear end of the swab is pressed to break the capsule containing reagents, which forces the
fluid through the porous plug and hollow shank to the bristles. This pre-moistened swab
acts as a better absorbent of biological samples. Due to the pressurized flow, the excess
fluid from the swab head drips in droplets along with the eluted materials, and hence we
have a small elution volume. This unit also shows enhanced performance in direct antigen
testing (e.g. Strep A), minimizing the exposure of personnel to the pathogen. The main
disadvantage of this device is that a significant volume of the fluid is retained by the swab

tip and only the excess is eluted. Therefore, the elution efficiency is expected to be small.
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Housing Reagent storage

Hollow shank

Porous filter
Hydrophobicsealant

Fig. 3 Specimen test unit with a blister end [80].

2.5.1.6 Indirect contact-based elution
Apart from the widely-used techniques such as vortexing, sonication, abrasion and
pressurized flow there are a number of mechanical elution methods that are described in
the patent literature for which detailed publications are not available. These methods
provide indirect contact to the swab fibres by specific tools such as porous swabbing pens,
compressible walls, piezoelectric actuator, and wringing units. Some of the interesting

methods are described below.

2.5.1.6.1 Piezoelectric vibrations
Another example of a contact-based elution method is the use of repeated mechanical

vibrations imparted to the swab through a compressible wall. Certain piezoelectric methods
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[12] allow an actuator to strike a flexible film (Figure 4) at low frequency ranges between
10 to 100 Hz. The device incorporates a flexible-walled chamber to house a swab, a fluidic
channel for eluent flow, an actuator striking the outer flexible wall and collection zone at
the end. The fluidic channel is connected to the elution chamber to allow flow of
conditioning fluid, while being eluted by the synchronised impact of the actuator. This
allows automation of the molecular and immunoassay testing, that include rapid elution
and sample homogenization. This entire setting is incorporated within a cartridge housing
that includes a plurality of storage chambers, reaction chambers, ports and interconnected
fluidic network. This device offers a faster elution technique, but the requirement of
continuous flow of conditioning fluid across the swab limits its use to certain

environmental samples only.

Actuator

\
\\

Swab head Fluidic channel

Fig. 4 Swab Elution Chamber in a Test Cartridge by actuated impact [12].

2.5.1.6.2 Compression and squeezing
In some cases, deformation of the device walls and compression of the swabs has been
used for elution. These processes [13] provide a compressible device (Figure 5) for elution
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of the receiving end of swabs, which allows a conditioning fluid to be flown in from a
blister along a transfer path. The device includes a compressible region for the swab head
intake, a blister for storing conditional fluid, a transfer path for eluate and sensors for
detecting the analyte. For detection of Amphetamine Sulphate from human saliva, the swab
head was directly rubbed on the tongue and taken inside the deformable region of the
device. This method use 5 ml of elution fluid, that was applied for 30 seconds. This device
offers a faster elution method, accompanied by a convective flow, but also utilises a higher
elution volume. It is ideal for point-of-care applications, with disposable absorption pad at
the collection area and a relatively small number of handling steps. One important
disadvantage of this system is that the mixing time of the conditioning fluid inside the
receiving region of the swab is very low. Also, the convective flow generated around the
swab head is not sufficient to recover all absorbed samples from inside of the fibre matrix.

Hence, the overall recovery of materials from the swab is low.

Compressible region

(—)H Swab Transfer

intake path

I /|

N e —

/

Blister containing
conditioningfluid
\

Fig. 5 Sampling deice with conditioning fluid [13]
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Another method that uses mechanical squeezing of the soft swab tip to elute has been
developed by Fleming [81]. This sample recovery device includes a receptacle with a
wringing unit (Figure 6) that allows the swab to transfer the sample into the corresponding
fluid. The device has a receptacle, a cap and a shaft to transfer the sample through the hole
in a vial. The receptacle had an open upper end, covered by a cap with a hole and a flat
rubber plug as means of wringing to compress the fibres for elution of the sample.

Before using, the receptacle is filled with the elution fluid, which generally ranges from
5 to 1000 pl. The swab, containing the sample, is first immersed in the fluid inside the
container prior to wringing. During compression of the fibres in the wringing unit, the
samples are extracted from the swabs and transferred to the receptacle. This unit provides
a better recovery of dilute samples of low viscosities for various immunoassays, with
advanced sensitivity. It offers a higher recovery of 66%, but also has a disadvantage of
removal of fibres from the swab during wringing, some of which eventually gets

contaminated with the final eluate.

Hole for swab
insertion

Cap

Wringing
unit

Vial

Eluate

Fig. 6 Liquid recovery device by wringing [81]
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Squeezable centrifuge tubes (Figure 7) have also been used as elution devices. These
devices [82] have an open proximal end and closed distal end. Two compressible (flexural
modulus of 690 MPa) bulges are created at opposite ends of the inner wall (5mm) of the
tube to extract maximum amount of material from the swab for further centrifuging
process. Another similar configuration of a sample collection and recovery device [83] has
a cap and swab system as one single composite unit. The swab goes into the vial with
compressible walls with indentation and gets eluted when squeezed through them. These
modified centrifuge tubes are fit to be used in collection of forensic evidences, sample
collection at bioterrorism sites, surface swabbing for contaminated industrial accident sites.
It removes the use of elution fluid, but is unable to provide efficiencies higher than regular

vortexing.

Cap

Open proximal end Inner cap threads
Cap stem

| _—+— Central notch

Bulge @ Bulge

Vial ——

Closed distal end W

Fig. 7 Centrifuge tubes with squeezable bulges [82]
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The above mentioned mechanical techniques are the most common approaches to
elution. Lower recovery efficiencies are obtained with simple vortexing. To enhance the
efficiencies, vortexing are sometimes accompanied with chemical techniques or some other
methods of agitation like convective flows. These methods can yield up to 56% recovery
efficiency [70]. Other processes that provide tangential shear forces with associated flow
(piezoelectric, pressurized flow etc) can yield a maximum of 60% recovery [80]. Higher
recoveries can be obtained with compressible and wringing units (~66%) [81]. Elution by
vortexing, squeezing, pummelling, maceration, rolling and differential extraction of semen
from swabs showed higher average elution times (~5 minutes), with 8000-13000 RPM
rotational speeds and ~400 to 1000uL of eluate. Most mechanical techniques of elution are
generic, works with a wide range of sample types and have lower elution times (~30s — 10
mins). But they require higher volumes (~5ml) or continuous flow of eluent and highly
intricate systems for detecting the target analyte. Although these techniques offer impact
as a method of elution, none of them inflict direct physical contact to the swab fibres.
Mechanical techniques that produce direct impact forces on the swab fibres can extract
higher number of particulates as they can penetrate deep into the fibre matrix than impact
or agitation by convective flows or non-physical impact. Hence, elution by direct physical

impact can be an important area for elution.

2.5.2 Chemical techniques
Many chemical methods have been used to increase the recovery of the sample
constituents from the swab. These techniques aim at digesting the swab fibres and remove

the intact cells. Some techniques are also employed to simultaneously elute and lyse the
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cells. Differential extraction techniques are used in some cases such as in vaginal samples
to separate the sperm cells from female epithelial cells by sequential enzymatic dissolution.
The chemical combinations used in these processes usually constitute of an enzyme,
detergent, surfactants and a suitable solvent. Enzymatic digestion and chemically enhanced
recovery are the most common techniques for chemical elution and recovery of cells. They
are mostly used in cases of elution of sperm cells from cotton swabs for forensic DNA
analysis [84]. Isolation of DNA from bloodstains recovered from cotton swabs is also an
important field of application for forensic use [85].

Each of the chemical techniques use a combination of enzyme, surfactant, detergent
and sometimes a redox agent. Different enzymes are used for different applications. For
digesting cotton fibres, Aspergillus niger cellulase is used. Proteinase K is used to digest
protein and remove contamination during preparations of nucleic acid. Along with the
enzymes, detergents are used to enhance the enzyme activity by making its substrate
cleavage sites more accessible. For example, detergents like 0.5-1% sodium dodecyl
sulphate (SDS), or 4M urea are used with Proteinase K. Similarly, several anionic, non-
ionic or Zwitterionic detergents are also used with cellulase enzymes. EDTA
(Ethylenediaminetetraacetic acid) is used with these enzymes as a chelating agent to bind
with calcium ions. Redox reagents like DTT (Dithiothreitol) are used with sperm samples
to break down the protein sulphide bridges that make up the sperm nuclear membranes.
The differential extraction technique uses DTT to digest female epithelial cells exclusively
and retain only sperm cells which are robust and cannot be digested. Specific solvents are

used to prepare the final solutions and buffers are used to maintain its pH.
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Chemical methods of elution are important in some clinical and forensic applications.
Some of these techniques offer combined elution and lysis of cells from the body fluid
samples. They are utilised for elution and DNA extraction from samples of blood, semen,
vaginal fluid and hair roots by incubating in a mixture of SDS, Proteinase K and DTT
mixtures [85]. Small volumes of clinical samples are sufficient for these procedures (~5-
40uL of semen, ~60-100 pL blood). Chemical techniques are important in cases where
trace amounts of samples are available or when the samples are 4-5 years old. These may
include dried semen or bloodstains. Apart from these, use of chemical enzymes are also
popular in differential extraction of semen and epithelial cells. But the combination of
chemicals used for elution is specific to the nature of the sample and hence, cannot be

generalized for all kinds of biological, environmental or surface samples.

2.5.2.1 Effect of enzymes

Chemical techniques have been used to elute sperm and epithelial cells by enzymatic
digestion. The most common approach to the separation of DNA from perpetrator and
victim is the differential extraction method. The samples, collected by vaginal swabs,
contains a mixture of epithelial cells and semen. The differential extraction method uses
two steps to separate the epithelial cells from sperm cells. The epithelial cells are dissolved
in Proteinase K and SDS, removed by centrifugation and then resuspended in 5ml buffer
containing dithiothreitol (DTT) to digest the sperm cells. [85] Modifications have been
made to DE (Differential extraction) process to incorporate both centrifugal extraction and

phase separation to separate the epithelial from sperm cells [86]. These techniques yield
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only about ~53% recovery and the separation of two different cells of the opposite sexes
are not exact in most cases.

Another popular enzyme for digestion of cells is cellulase. Effects of cellulase on the
recovery of sperm cells from vaginal swabs comprise an established forensic technique for
genetic analysis of the perpetrator. Cellulase refers to a group of enzymes produced by
fungi, bacteria and protozoans that hydrolyse cellulose. Cellulase from A. niger, T. reseei,
or T. viride were mixed with citrate buffers to prepare a solution. Swab samples were
vortexed in cellulase solutions and incubated for 1-4 hours at 37°C. For instance, VVoorhees
et al. [10] explored the use of enzymatic dissolution of cotton fibres with Aspergillus niger
cellulase to recover sperm cells. This yielded a 18% recovery, as opposed to 23% obtained
from conventional Differential extraction. The concentration of the enzymes affects the
rate of recoveries. An optimal concentration of 50ug/ml was found to show recovery
efficiencies (21%) more than twice over samples eluted in citrate buffer only (9.4%).
Lower concentrations of A. niger cellulase show that the fibres were not properly digested
by the enzymatic solution. A. niger cellulase produce an enzymatic hydrolysis of cellulose.
But, sufficient volume of enzyme (at least 100uL) is required in order to maximise the
hydrolysis of the entire fibre matrix and break its attachment to the cells. Hence, the

concentration of cellulase affects the recovery to a greater extent.

2.5.2.2 Effect of detergents
The effects of detergents on different enzymatic solutions for elution has been
studied. Detergents are used to enhance the enzyme activity by making its substrate

cleavage sites more accessible. Higher sperm cell recovery has been obtained when sodium
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octyl sulfate (SOS), Sarkosyl (54.4 %) and sodium dodecyl sulfate (SDS) (78.50%)
detergents were used [87], showing the prevalence of anionic detergents over other cationic
(1% w/v CTAB), non-ionic (1% wi/v Triton- X) or zwitterionic (1% w/v CHAPS)
detergents. Detergent solutions were prepared from a mixture of Nanopure water, sodium
dodecyl sulfate (SDS), sodium lauroyl sarcosinate  (Sarkosyl)  3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate(CHAPS),

cetyltrimethylammonium bromide (CTAB), or Triton-X. Swab fibres are vortexed in the
reagent briefly, and incubated for 2 hours. Average recovery of sperm cells was higher
when cellulase was used with 1% Sarkosyl detergent (53%) as compared to just
conventional DE buffer. The respective recovery efficiencies of sperm cells in different

detergents have been shown in Figure 8.
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Fig. 8 Comparison of sperm cell recoveries for different detergents [87]
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2.5.2.3 Effect of buffers

The pH of buffer also has a pronounced effect on the recovery of cells. Cellmark’s
[70] improved two-phase cellular recovery technique allows higher release of nucleated
epithelial cells (NEC) in the first step and spermatozoa in the second. Traditionally, DE
buffer containing 10 mM Tris—HCI, 10 mM ethylenediaminetetraacetic acid (EDTA) and
0.1 M NacCl, mixed with 2% SDS and 20 pg/mL ProK are used for separating sperm cells
from epithelial cells [88]. Swab samples were soaked in 1% SDS, dried and mixed with
0.2 puL of 10 mg/mL ProK, added for a final volume of 100 uL. An optimal buffer pH of
8.5 showed upto ~82 % recovery of sperm cells, which also increased with incubation
period (Figure 9) and plateaued after 30min. By increasing the pH of the buffer, the
recovery increases to ~200% of that of a conventional DE buffer, but the sperm cell yield
drops significantly when the buffer components are separated. This is due to the fact that
the epithelial cells are not completely lysed and hence were not separated during the second
stage of elution, where the sperm cells were being eluted. These buffers are used in two-

step elution system, where all cells are eluted followed by a lysis of epithelial cells.
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Fig. 9 Effect of DE buffer pH on recovery efficiency [89]
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A novel buffer introduced by Lounsbury et al. [89] showed increased efficiency in
sperm elution. These experiments showed that replacing the previously mentioned
conventional buffers by SDS or SOS and ProK enhances the recovery efficiency to upto
80%. Buffers containing 10 mM Tris(hydroxymethyl)aminomethane (TRIS), 10 mM 2-
(Nmorpholino)ethanesulfonic acid (MES), and 1% sodium dodecyl sulfate were brought
to pH of 8.00, 8.25, 8.50, 8.75, or 9.00 using 0.1 M HCl or 0.1 M NaOH. 1% SDS solution
in water showed higher recoveries (~81%) than both MES or TRIS buffers alone.
Additionally, the recoveries of each individual buffers increased when their respective pH
was increased from 6 to 8. This shows a higher affinity of sperm cells towards slightly
alkaline buffers. When the buffers components are separated, the elution efficiency reduces
considerably.

Although chemically induced techniques allow for differential extraction of male and
female DNA separately, they use a series of steps, involving overnight incubation and high
cost. Moreover, they are not suitable for cases where trace amounts of samples are
available. Enzymatic digestion can provide a higher elution efficiency (~78%), but it
requires a complex combination of citrate buffer, cellulose or detergent solutions and upto
2 hours of incubation period for elution. Hence, the use of chemical methods of elution are
limited only for forensic experiments dealing with sperm cells. Also, unlike mechanical
methods, the choice of chemicals for each sample type is unique and cannot be generalized
for all swab types and body fluid samples. Hence, mechanical methods of elution are better

than chemically induced techniques.
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2.6 Effect of nature of swabs on recovery

The type of swab fibres also determine the recovery efficiency of the elution process.
These might include dry and pre-moistened swabs of cotton, macrofoam, polyester and
rayon fibres. Elution from different swab fibres were compared using mechanical agitation
methods for recovery of spores from stainless steel coupons by Rose et al. [4]. B. anthracis
spore samples of 1 x 108 CFU/ml suspension were spread on 2” x 2” stainless steel coupons.
Different types of swab fibres, such as cotton, macrofoam, polyester and rayon were used
for collecting samples. Spore-laden coupon surfaces were swabbed using dry and pre-
moistened swabs and eluted in 5ml of PBST (Phosphate Buffered Saline Tween-20). Post
sampling, the swabs were either simply dipped in the solution, vortexed for 2 mins or
ultrasonicated for 12 mins.

The recovery efficiencies were calculated after each experiment and categorized based
on the nature of swab fibres. Effects of efficiency on dry and pre-moistened swabs were
evaluated. Hucker et al. [90] showed that the recovery of microorganism is proportional to
the ease of wetting the surface of collection. Hence, a majority of the environmental
samples are collected by cotton swabs, premoistened with surfactants (e.g. Tween 80) that
reduce the adherence of microorganisms to the surface when swabbed. Premoistened swabs
showed significantly higher recovery of spores for cotton (20%) and macrofoam (22.5%)
swab tips due to better absorbing properties, as compared to dry swabs (5.1 and 8.4%
respectively). Comparison were also made depending on the nature of fibre materials.
When the swabs were directly inoculated with spores, similar recovery efficiencies were
obtained (93.9% for cotton, 93.4% for macrofoam, 91.7% for rayon and 83.8% for

polyester). But macrofoam (average 30.7%) and cotton (average 27.7%) swabs were the
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most efficient ones when the spores are swabbed from steel surfaces and the recovery
efficiencies were calculated. This showed that absorbing properties was predominant in
macrofoam and cotton swabs, which led to higher recovery than polyester (10.6%) and
rayon (10.0%). Hence, absorbing properties of swabs are critical during selection.

Efficiencies of various swab type and extraction procedure are given in Table 3.

Recovery method, type Recovery efficiency (%)
of swab Cotton Macrofoam | Polyester Rayon

Extraction, dry 51 8.4 1.2 3.0
Extraction, pre-moistened 20.0 22.5 7.7 7.0
No extraction, dry 0. 0.7 0.1 0.1

No extraction, pre-
oistened 4.7 6.3 2.0 1.0
Vortexing, dry 8.0 11.9 2.1 4.4
Vortexing, pre-moistened 41.7 43.6 9.9 115
Sonication, dry 6.9 12.7 1.4 45
Sonication, pre-moistened 13.6 17.7 11.2 8.5

Table. 3 Effect of different swab tip materials on Recovery [90]

2.7 Summary

Elution of swabs is an important step for most diagnostic analysis. Different approaches
to elution have been made, chemical and mechanical techniques being the most prominent
ones. A range of efficiencies have been obtained with these techniques. Each of the process

have their own advantages and disadvantages. Lower recovery can lead to incorrect
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characterization of samples, and hence ways for enhancing the efficiency has been under
scrutiny.

In this thesis, we focus on developing a mechanical technique for elution of cotton-
tipped applicator swabs for an improvement in recovery efficiency. Most of the
abovementioned techniques use higher elution volumes and intricate systems to yield a
maximum of only ~76% recovery. Thus, a simple, low-cost technique is needed for
portable elution of samples that will increase the recovery efficiency using lower volume
and lower elution time. Mechanical techniques, with application of forces by direct impact
on swabs, is one promising area. Hence, the primary aim of this thesis is to demonstrate
the highest elution recovery procedure by inflicting physical impingement on the swab

fibres by magnetic particles.
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Chapter 3

Device design and experimental setup

3.1 Introduction

In this thesis, a technique is developed to improve the recovery efficiency of elution
of samples from cotton-tipped applicator swabs. Cotton swabs are the most widely used
sample collection devices with salivary or sputum-based biochemical assays because of its
easy availability, low cost and high absorbance. Several processes for elution of swabs
have been discussed in the previous chapter. Although, chemical techniques offer upto
~76% recovery, they involve a series of complex steps and require reagents for effective
elution that comprise of a combination of various buffers and enzymes. Mechanical
techniques of elution of swabs has simpler handling steps, but they can’t match the higher
recovery efficiencies obtained from the chemical methods. Hence, the primary aim of this
thesis is to establish a process for mechanically eluting a swab that can result in higher
recovery.

Fluid agitation is the primary method that has been used in mechanically eluting swabs.
Vortexing is the most common approach, followed by convective flows, compressive
forces, piezoelectric vibrations, pressurized flow and sonication. These techniques have a
wide range of recovery efficiency and eluent requirements. They provide mild impact or
tangential shear across the swab fibres to remove materials off the swab fibres. These

processes only produce a low-to-moderate recovery efficiency. A modified technique with
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higher agitation and forceful impact on the fibres can potentially lead to an increased
recovery.

In this chapter, a device has been designed to impart direct mechanical impingement
onto the swab tip for effective elution from the swab. The criteria for device design and its
working principle is discussed first along with the operation procedure. A detailed
description of the device is provided. Based on the understanding obtained through the
design and construction, a second iteration was designed that has a more compact form
factor and special grooves in the vial to uniformly distribute the impact. The fabrication
and assembly of both the devices and their advantages over the existing techniques are also

demonstrated.

3.2 Design criteria
The proposed device should be able to meet certain operational considerations for
elution of swabs. The goal of an optimum elution technique would be to completely elute
the entire sample content from the swab and into the elution fluid. Practically, this goal
can be accomplished by mechanical elution methods if the following criteria are met:
e Mechanical forces of impact should be imparted directly to the swab fibres.
This would result in better recovery of samples as compared to mild agitations
or tangential shear forces through convective flows.
e The device should produce multiple physical impingement to reduce the
retention of cells within swab fibres, especially the ones trapped deep inside

the fibre matrix.
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e The effect of parameters like viscosity of samples, nature of pathogens and
type of swab fibres on recovery efficiency should be mitigated, thereby
introducing a generalized process of elution.

e The device should increase the recovery efficiency compared to passive
dissolution and centrifuging.

e The device should reduce the elution time and volume as compared with the
existing methods and devices so that it can be integrated easily with
downstream processes.

e The device should be cost-effective and suitable for a wide range of forensic,

research and clinical environments.

3.3 Working principle

Higher impact forces are desired on the swab fibres to improve elution efficiencies.
This can be obtained either by piezoelectric vibrations, abrasion, sonication or by periodic
impact of particles onto the swab. Piezoelectric vibrations offer periodic vibrations on the
outer walls, but has no direct contact with the swab fibres. Abrasive methods allow scraping
of samples from the surface of the swab only. Sonication uses fluid vibration to elute the
samples from the swabs. But this periodic motion is not sufficient for effective elution,
resulting in low recovery efficiency [73-74] and carries the potential to remove some fibres
from the tip. Ultrasonication, with large particles inside the bath, can be an effective option
to produce higher impact forces as they have higher inertia. This will allow the particles to

strike on the swab fibres along with the periodic vibration of the fluid. However, larger
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particles are also heavy and will quickly deposit on to the bottom of the elution vessel, as
soon as they are immersed in the fluid. Hence, their impact will be felt at the very tip of the
swab and the rest of the swab surface remains unaffected.

Periodic impact on the swab is an effective way to elute the samples because it allows
physical contact between the particles and the swab, which provides better release of the
samples. Repeated impingements are desired along with turbulent motions of the fluid,
which allows fresh fluid to enter the fibre matrix after each impact. A rotary motion of the
particles is required to create a scrubbing action on the swabs due to the subsequent
impingements. To cover the entire surface area of the swab, another circulatory motion is
required for the particles around the swab head. A rotating magnetic field can be used to
generate circulatory motion of small magnetic particles in order to cause distributed impact
and effective elution from the swab. A magnet can, therefore, be used with a sun and
planetary gear mechanism to create this rotating magnetic field for both rotation of the
magnetic particles and their curvilinear translation around the centre axis inside the vial as
shown in Figure 10.

Impact forces on the swab by smaller particles are considered as a mechanism to
produce higher impact forces on the fibres. When a diametrically magnetized ring magnet
was placed on the device, they attracted the smaller magnetic particles in the vial towards
it. When the motor was rotated, the poles of the ring magnet also rotate and were
periodically reversed. This allowed the magnetic particles inside the vial to flip around its
own axis. Hence, the magnetic unit underwent a rotational motion around its own axis.
This rotational motion created a scrubbing action when it came into contact with the swab

fibres and removed materials from the swab fibres. Additionally, it also produced a
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turbulent motion of the elution fluid. The ring magnet also underwent a revolution around
the central axis of the device due to the rotation of the motor axle and carried the smaller
magnetic particles inside the vial along with it. This induced a circulatory translational
motion to the magnetic particles around the swab, and thereby covering most of the surface

area of the swab.

Revolution of the magnetsaroundthe
central axis

— Swab

Rotation of the magnet Rotational motion to the

around the axis magneticunit creates
P scrubbing
S 4SS
Ring magnet \ 25.4 mm

— 76 mm —

Fig. 10 Working principle: rotational motions induced by the diametrically

magnetized magnet

The strong magnetic force of attraction between the ring magnet and the magnetic
particles inside the vial is responsible for the magnetic levitation. At time t=0, the magnetic
particles were inserted into the vial and they dropped down to the base under their own
weight. As soon as the ring magnet was placed on the planetary gear, a magnetic force
starts acting on the smaller particles. The magnetic particles remains attached to each other

during the period. The horizontal component of the force pushes the particles to the side
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wall and the vertical component balances the weight of the magnets and pushes it further
up. The magnetic particles move up, gets aligned to the horizontal plane of the ring magnets
and remain positioned there in a stable configuration. Any small movement from this
position in the vertical direction would cause the vertical component of the magnetic force

to act as the restoring force.

3.4 Acting forces and the motion of the magnetic particles

The forces acting on the magnetic particles are a combination of the three forces:

1. Magnetic forces acting on the particles, imparted to the fibres.

The radial magnetic field strength (A/m) created by the ring magnet on the horizontal

plane is given as [91],

H,(r,z) = — (tan™?! [ z

2Tl r—ri

] — tan™1 Z‘h]) (1)

—
where, h height, r is the radius from center, r1 is the inner radius, [o is the permeability
of space (4n x 107 T-m/A) and o is the surface magnetic pole density.
The force exerted on the smaller magnetic particles by the influence of this field can
be given as:

_ 5 _ poa
Fu = 2u0 2 )

where, A is the total surface area of the magnetic particles and B (Tesla) is the

magnetizing field.
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2. The centrifugal force due to rotation around its own axis.

2
F, =mo’r = m(—ZﬂN j r 3)
60

where m is the mass of the particles, N is the speed of rotation.
3. The viscous drag force opposite to the movement of the particles in the elution fluid.

Fo =2 Com*A @

where, Cp is the drag coefficient, p is the fluid density v is the speed of the object (=
or) and A is the cross-sectional area. The drag coefficient is both a function of shape of the
object and Reynold’s number.
The rate of change of momentum of the particle can be given as:
m=Fy +F.—Fp 5)
Where, m is the mass of the particles, u is the velocity, Fwm is the force due to the
magnetic field, Fc is the centrifugal force and Fp is the drag force.

A rotational kinetic energy imparted to the swab is responsible for the elution. The total

kinetic energy offered by the magnetic particle can be calculated as:
2
KE. =112 =1x(im(b2 +h2)]x(@j ©6)

The total measured forces (described in Appendix A) on the swab and respective
kinetic energy offered by the particles are given in Table 4. A part of this kinetic energy is

given to the swab and the rest is dissipated in the fluid as convective forces.
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RPM KErot (x 107 J) Force (g-f) Force (N)
100 1.078 330.85 3.24
200 4.312 389.79 3.82
300 9.702 423.71 4.15
400 17.248 461.12 4.52
500 26.95 484.81 4.75

Table 4. Forces imparted to the swab by the particles and the total kinetic energy

The variation of kinetic energy imparted to the swab by magnetic particles and the
measured forces acting on the swab tip with the change of rotational speed is shown in
Figure 11. With the increase in the rotational speed, the kinetic energy increases. A part of
this kinetic energy is imparted to the swab and the rest is dissipated into the wall and the
fluid to create a convective motion around the swab. As given by the Equation 6, the Kinetic
energy shows a parabolic relation with the rotational speed and is reflected in the graph.
The measured forces acting on the swab increases almost linearly with rotational speed.
Hence, increasing the rotational speed should result in higher forces acting on the fibres,
thereby increasing elution efficiency. Higher rotational speed also increases the total
number of impacts per minute. The necessary impingement produced on the swab as a
result of this produces higher magnitude of force per contact or higher energy imparted to
the swab. These forces are essential for scrubbing the materials out of the swab and

improves the recovery of samples.
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Fig. 11 Variation of kinetic energy imparted to the swab by the magnetic particles

and forces acting on the swab with RPM

The variation of the measured forces on the swab with the corresponding number of
impacts/min is shown in Figure 12. This plot shows that the total forces on the swab
increases almost linearly with the increase in the number of impacts. For each complete
rotation of the motor, the planetary gear rotates i times (i is the gear ratio = 2.9 for the
proposed design). So, if the motor rotates at Nm RPM, the planetary gear rotates at i X Nm
RPM. Now, for each rotation of the planetary gear, the ring magnet undergoes reversal of
the magnetic pole twice. This forces the magnetic particles inside the vial to complete two
successive rotations. Hence, the magnetic particles rotate at 2 x i X Nm. For each rotation,
there are two impacts on the swab head. Hence, the total number of impacts per minute is
4 x 1 X Nm. The force applied on the swab due to the impact is responsible for elution and

hence it increases along with the increase in number of impacts.
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Fig. 12 Variation of measured forces on the swab vs the number of impacts per

minute by the particles

Rotational motion of the smaller magnetic particles is necessary for elution. Rotating
the vial alone will not produce any subsequent impact of particles to the swab, as it will
only generate a convective flow of the fluid. Hence a magnetic stimulus should be provided
to the particles which creates the necessary impact. The planetary motion of the magnet
was designed to introduce both rotational motion of the magnetic particles around their
own axis as well as their circular trajectory around the swab, inside the vial. The rotation
of the magnetic particles not only introduces a turbulent motion in the elution fluid, but is
also useful in generating a scrubbing like motion on the fibres of the swab when they make
contact. When the particles are rotated around their own axis, it can create the necessary
scrubbing at one particular point. But these rotations are also necessary at different points
around the swab to create multiple impingements. The circular translation of the particles

around the swab can then cause multiple such impacts at various locations around the swab
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leading to a uniform and thorough extraction of the contents of the swab into the elution
fluid.

Under the influence of the magnetic force of the ring magnet, the magnetic particles
inside the vial rise from the base and gets levitated to the same horizontal plane of the
magnet. The two magnetic particles remain attached together under the influence of the
magnetic force and create a unit. The rotation of the motor cause the magnetic unit to rotate
around its own axis and produces a scrubbing action to dislodge sample materials from the
swab fibres. The rotation of this magnetic unit generates a rotational kinetic energy, a part
of which is also dissipated in the fluid to create a convectional motion. The motion of the
fluid is also essential in dissolution of the sputum samples and hence have been studied in

detail.

3.5 Nature of fluid motion

The study of the fluid motion and the generation of turbulent flow around the swabs is
critical for elution and creating a homogenized mixture of eluted samples. The kinetic
energy of the rotating particles is dissipated into impact on the swab, the wall and then in
creating convective motion of the fluid through drag forces. There are two types of motion
applied to the magnetic particles: rotation around its own axis and the revolution around
the central axis of the device. These are shown in Figure 13. The magnetic unit gets stuck
to one end of the vial and undergoes a circular translation to drag the fluid layers adjacent
to it in a spiral motion around the central axis of vial. When a particle is dragged in one

plane, a streamlined motion is expected, following the trajectory of the particle. The
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maximum velocity of the fluid is expected at the outermost surface of the particle and zero

at the centre.

Rotation of the ring
magnets cause flipping of
the magnets
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Re:volution of the ring magnets
! cause circular translation
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Fig. 13 Fluid motion generated by different trajectories of the magnetic particles
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The rotation of the diametrically opposite ring magnet unit around its own axis enables
alternating north and south poles to appear on the side facing the vial. This allows the
particles inside the vial to rotate by being attracted to the changing polarity of the ring
magnet (as described in section 3.3). This motion creates a rotary motion of the fluid
particles adjacent to it. Smaller eddies and vortices are formed in fluid body adjacent to the
particles. This influences the fluid body to undergo a chaotic motion that disrupts the
streamlined motion of the fluid, resulting in turbulent flow. The turbulence helps in mixing
of the fluid with the samples eluted from the swabs. Thus, a homogenized eluate is
obtained. The uniform mixing of the fluid is necessary while counting the number of eluted

particles and thus aids in the calculation of recovery efficiency.
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The nature of the rotating fluid flow can also be determined form the Reynold’s

number.

Re=22
U

(7)

Where p is the fluid density, v is the maximum velocity of the object relative to the
fluid, D is the characteristic dimension and p is the dynamic viscosity. To determine the
velocity, the RPM of the particles is required.

For each complete rotation of the motor, the planetary gear rotates i times (i is the gear
ratio = 2.9 for the proposed design). So, if the motor rotates at Nm RPM, the planetary gear
rotates at i X Nm RPM. Now, for each rotation of the planetary gear, the ring magnet
undergoes reversal of the magnetic pole twice. This forces the magnetic particles inside the
vial to complete two successive rotations. Hence, the magnetic particles rotate at 2 x i X

Nm. The velocity of the magnetic particles can be given by:

__ m(2iNy)D
60

UV = wr

(8)
The Reynold’s number of the fluid flow due to the rotating particles at 500 RPM of
the motor is 33,840. The corresponding value for lower RPM (100) is 6768. Hence, the

fluid motion is expected to be turbulent at all RPMs from 100-500 and can be used in this

range for better mixing of sample with the elution fluid.

3.6 Device layouts
The proposed device (Figure 14) consists of several parts:

e A vial that holds the swab and the elution fluid
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e A planetary rotation system for rotating the magnet around the vial
e Diametrically opposite ring magnets to create rotational magnetic field
e A motor for creating a circular motion

e Magnetic particles to cause impingement and enhance elution forces

One of the prime criteria for the device design is to reduce the elution volume. The
vial sits at the centre of the device and is supported by a pair of clamps. When a typical
cotton swab with a tip length of 1.5+ 0.1 cm and 3.5 mm diameter is inserted into the vial,
it should submerge in the elution fluid completely and leave a gap of ~5 mm all around it.
Hence, the selected vial was chosen to have a diameter of 15mm and height 45mm.The
diameter of the vial was chosen to accommodate the swab and the magnetic particles and
optimized so that it requires a minimum volume of elution fluid to completely immerse the
swab. The volume of the vial was, therefore, designed to hold only 600uL elution fluid to
completely immerse the swab head.

In order to introduce mechanical impingement and fluid circulation, a diametrically
magnetized ring magnet was used and mechanically moved around the vial in a planetary
fashion. The planetary rotation periodically changed the polarity of the magnet which
caused rotation of the magnetic particles in the fluid. The rotation of the magnet itself
caused curvilinear translation of the magnetic particles around the swab.

The choice of the eluting magnetic particles inside the vial is also an important factor.
Smaller particles (in micron range) can migrate through the pores and get attached inside

the inner fibre matrix. Hence, sufficiently larger particles are required, that will produce
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distributed forces onto the swab. Particles with higher dimensions, immersed in the eluent,
will require higher elution volume for the swab tip to get completely immersed in the fluid.
Therefore, the optimum size of particles is chosen which has a dimension of a cube with

side of 1/8” or 3.175mm.

3.6.1 First Design

Two different designs of the device have been made, with similar constructional
features. The first design (Figure 14) consists of a sun and planetary gear configuration,
with the external ring gear being fixed and the internal planetary gear rotating around its
own axis and also around the centre axis. The ring gear was fixed to the base by 8 pillar
supports with epoxy glues. The pillars were fitted to several slots on the base to uniformly
distribute the load. The motor was placed at the centre of the device and supported by two
vertical walls by means of two screws on either side to prevent any horizontal movements.
The motor shaft was connected to a horizontal bar by a tightening screw. One end of the
bar was attached to a cylindrical element, to be connected to the inside of the rotating gear
by press fit. To allow free rotation of the gears, a bearing was attached to the base of the
gear and supported by a snap ring to prevent its fallout from position. A hole was made on
top of the planetary gear to place the ring magnet. The cylindrical vial was placed at the
centre of the device by means of clamps. This vial was responsible for housing the magnetic
particles, eluent and swab in position for the elution process. Detailed constructional
features are described in the Appendix B.

A dynamic imbalance is set up in the system due to the uneven distribution of mass

around the axis of rotation.
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The unbalance can be determined by:
lema)zr,
where I is the mass imbalance, r is the distance from the centre, and o is the angular

frequency. To overcome this anomaly, the horizontal bar was extended and an equal and

opposite weight was attached to the other end to prevent the vibration.
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Fig. 14 Device layout

The vial sits on the centre of the device, being supported by a pair of clamps. The
motor, generating the rotational motion, was positioned at the centre below it and a
horizontal arm attached to its axle transferred a circular motion to the centre of the planetary
gear. The circular motion of the planetary gear also introduced a rotation about its own
centre as it was meshed with the stationary ring gear on the outside. The diametrically
opposite ring magnet was placed at the centre of the planetary gear. The rotation of the

magnet by the motor produced a magnetic force on the particles under confinement (gap
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spacing ~5.08mm) between the swab and the walls. This rotating magnetic field was
responsible for the circular motions of the particles that produced repeated impingement
on the swab at various angles and locations. The ring magnet is also strong enough to cause

levitation of the magnetic particles when the vial was placed in its position.

3.6.2 Modifications of the device

A new compact design was developed in order to reduce the form factor of the device.
In addition, the trajectory of the small magnetic particles was also spread out in this design
to cover a large surface area of the swab as compared to the previous design by introducing
internal grooves on the vials. A new device was thus designed with the same principle, but
slightly different structures.

In this new modification (Figure 15), the central sun gear was fixed on an aluminium
stand, while the two planetary gears rotate and translate around it due to a coupling
mechanism circulating around it. The stand was fixed to the base with a fastener to prevent
any movement around the axis. A hinge was made closer to the base to allow a gear to sit
on. This gear was meshed with another gear at 1:1 speed ratio. The second gear was
connected to the motor, which was fixed to the base and supported by two vertical walls.
Two horizontal bars were connected to the inside lower gear to provide rotation to the bars
around the axis. The bars in turn were connected to the gears by means of a bearing to
allow free rotations and snap rings to prevent its fallout from position. Two gears were
provided on each side in order to neutralize the rotational imbalance that could be caused
if only one gear was used. The magnet was placed on the slot on top of the gear. A hole

was also provided at the centre of the fixed gear where a 3D printed vial was placed. This
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vial has internal helical grooves, and holds the eluent, swab and smaller magnetic particles.
The internal grooves force the magnetic particles to travel along a spiral trajectory instead
of a circular trajectory and enable impact of these particles on a larger surface area of the

swab. All the elements can be disassembled and fixed as per the users’ need.
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Fig. 15 Schematic of the modified device

A diametrically opposite magnet was placed on one of the planetary gears. The other
planetary gear was included to balance the weight and to ensure smooth wobble-free
rotation. These gears provide a revolution around the central gear and a free rotation to the
external gears around its own axis. A bearing at the base of these planetary gears allowed
free rotation of the planetary gears and snap rings were provided for holding the bearings
in place. A place was provided at the centre of the static sun gear for holding the vial. An

extra pair of gears were introduced at the bottom. The horizontal arms were made to rotate
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by the help of these gears, that supported and aided the revolution of the top external gears

around the static gear. Detailed constructional features are described in Appendix B.

Threaded hole

M14X2

Fig. 16 Modified vial to with internal helical groove

The vial, holding the elution fluid and magnetic particles, was placed at the centre of
the device (Figure 16). The vial has been designed with a right-handed ANSI Metric M
profile internal thread (M14X2) of class 6H to aid a spiral motion of the smaller magnetic
particles, when introduced into it. The swabs when placed inside this vial creates an annular
confined space of ~4.2 mm, that leaves the particles (2 x 3.175mm) no alternate way than
to follow the spiral and move up along the walls of the container, thereby allowing full
contact to the entire length of the swab. This new vial and device arrangement allowed

better and complete coverage to the entire surface area of the swab in a compact device.
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3.7 Device fabrication

The devices were fabricated using acrylic, which can be easily cut, has higher abrasion
and chemical resistance and is a good insulator. It has a Young’s modulus of 1.3 GPa and
Flexural modulus of 1.2 GPa and a glass transition temperature of 52.5°C. Higher tensile
strength of 42.4 MPa and 1zod notched impact strength of 2.5 kJ/m? makes it suitable for
continuous use in gear transmission systems. To prepare the desired shapes and structures
two different methods have been used: laser micromachining (Trotec Speedy 300 Laser
engraving machine) and 3D printing (ProJet HD 3000 Multi-jet printing). Detailed

descriptions are given in Appendix C.

3.8 Electrical control

The first iteration of the device used a DC power source attached to a wall plug. The
positive and negative terminals of the motor was connected to the respective terminals of
the DC power source. The voltages were regulated (0-12V) to change the speed of the
motor shaft within the range of 0-900RPM.

Subsequent iterations were designed (Figure 17) to use power from a laptop using USB
connection and an Arduino controller (Arduino Uno - R3). The motor was connected to the
Arduino by means of a driver (SparkFun Motor Driver - Dual TB6612FNG), which helped
to regulate the speed and directions of motion. A switch was also included in order to
switch the motor on/off. The controller was programmed to enable both clockwise and
anticlockwise rotation of the motor shaft at any desirable speed between zero and
maximum speed of the motor. This setup can be used with any DC motor and is flexible

with their respective type and speed variations. The Arduino controller can be powered
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directly from the laptop for low-torque and low-speed usages. The motor draws the power
from the controller board. For higher voltage requirements, the controller is connected to

an external power source.
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Fig. 17 Electrical connections of the motor to the controller

3.9 Motor calibrations

A DC reversible gear motor (Sparkfun, ROB-12316) was used in the device
configurations. The motor has a 30:1 net gear ratio that operates on 0-12 V supply. The
size of the motor is 26 x 12 x 10 mm, with a shaft size of 3mm diameter and 10 mm length.
It has a no-load current of 120mA (at 12V) and stall current of 1600mA (at 12V). The
maximum speed is 900RPM at 12V DC supply. The motor was placed at the base of the

device and solely responsible for providing the torque to the gear and support the mating
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loads. The motor calibrations were made after the device was assembled and set up with
magnet and motor.

For the calibrations, a Laser Photo Tachometer (Epak Electronics, M005-098 Laser
Tachometer) was used to calculate the RPM at various applied voltages (0-12V). An optical
paper (white paper with a black mark) was attached onto the facewidth of the gear and the
laser was pointed to it. When the motor was turned on, the gear started rotating and the
tachometer read the number of rotations made by the mark on the optical paper per minute
and displayed the value. Various voltages (0-12V) were applied to the motor using a DC
power source and the rotations of the gear was recorded using the laser tachometer. The

results are shown in Figure 18.
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Fig. 18 Rotational speed (RPM) vs Voltage calibration curve
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3.10 Advantages of the technique

The device has certain advantages over other mechanically-induced elution processes.
It elutes the swab by imposing multiple impingement on the swab head to scrub the samples
out of the fibre matrix. The spiral chamber allows the magnetic particles to impose the
necessary forces throughout the length of the swab in the vertical direction. The rotating
magnetic field is responsible for two simultaneous effects:

e Magnetic levitation of the smaller particles from the base, inside the vial, to an
optimum height, depending on the length of swab tip.

e Simultaneous rotation and revolution of the smaller particles. The rotation of the
particles around its own axis generate the necessary impact forces for scrubbing the
samples from swab fibres. The revolution of these particles around the central axis
allows complete coverage of the swab surface area and helps to produce multiple
impingement on the swab. It also produces a vorticity in the fluid, which enables

fluid mixing and enriches the homogeneity of the eluate with the micro-organisms.

Most of the previous techniques of mechanical elution used vortexing or mild agitation
by convective fluid flow, ultrasonication or piezoelectric vibrations. They elute the samples
by gentle tangential shear forces across the surface of the swab. This device use mechanical
impact as the method of elution. Here, the samples are eluted by direct physical contact to
the swab fibres. The magnetic particles produce multiple impingement throughout the

entire surface area of the swab, thereby allowing complete elution of the swabs. Apart from
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impact, the convective forces generated in the fluid helps to elute the sample and prepare a
homogeneous mixture of sample and elution fluid. The design of the vial also helps to

reduce the elution volume to ~600pL, from 2 — 10ml used in the previous devices.
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Chapter 4

Materials and Methods

The elution process consists of several steps post collection of samples from the swabs.
For experimental purposes, the swabs were dipped in the artificial sputum solution loaded
with polystyrene beads or bacterial cells. These swabs were then transferred to a vial with
an elution fluid and magnetic particles are used for impingement. These are all the essential
materials required for the experiments.

In this chapter, all the materials used for the experimental procedures are described.
The specifications of the swabs and magnets used in the device are described. Preparation
techniques for artificial sputum samples are detailed. The different beads and bacterial cells
mixed with the sputum samples are described. Different techniques for enumeration and
calculation of recovery efficiency are also explained. Finally, the detailed experimental

setup for both devices and elution procedures are discussed.

4.1 Swabs

Swabs are used as collection devices for most biological and environmental surfaces.
Among them, cotton swabs are the most widely used sample collection devices with
salivary or sputum based bio-chemical assays because of its easy availability, low cost and
high absorbance. For experimental purposes, non-sterile cotton-tipped applicators,
manufactured by Medline Industries, Inc., Mundelein, IL, were used. Each cotton tipped

applicators were 15.2 + 0.6 cm in length with a swab tip length of 1.5 + 0.1 cm and
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diameter of 3-3.5mm. The shank of the swab was wooden, while the fibrous tip was latex-
free cotton. The swab fibres constitute only a fraction (1/6™) of the total weight of the swab.
The water retentive property of the swab is, therefore, determined by the absorptivity or

water holding capacity of the fibres.

4.2 Absorptivity

Absorptivity is defined as the fluid (water) retaining capacity of the swab fibres. Water
holding capacity of the swab fibres is an important parameter that determines the
effectiveness of swab based sample collection techniques [92]. In order to measure this
parameter, each swab was individually pre-weighed and immersed in 1 ml of DI water for
30 sec. The tube was then mildly agitated at ambient temperature for 1 min to facilitate
water absorption. The weight of swab infused with water was then determined for each
swab. This process was done with 9 different swabs and their percent water absorption was
computed. Each trial represents a single experiment using a single cotton-tipped swab.

Water holding capacity is calculated as:

mass of hydrated swab—mass of dry swab

% Water Absorption = mass of dry swab X100 9)
Sample Water absorbed (ul) % Water absorption Average
Expt 1 216 36.2
Expt 2 193 33.6 35.81 + 3.12
Expt 3 221 375
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Expt 4 208 35.2
Expt 5 211 35.2
Expt 6 224 37.6
Expt 7 185 32.6
Expt 8 238 385
Expt 9 206 34.37

Table. 5 Water absorptivity of the swab fibres

4.3 Actuating Magnet

As described in section 3.3, a diametrically magnetized ring magnet has been used to
create a rotational motion and circular translation of magnetic particles inside the vial for
elution. The ring magnet has a distinct magnetic distribution, where the north and south
poles lies on the opposite curved surfaces. The polarity is maximum at two opposite poles
and decreases smoothly to a low value at the equator before reversal of polarity. A ring
magnet was chosen as compared to the more commonly available bar magnet in order to
minimize the duration of time per rotation cycle when the magnetic field imposed by it is
tangential to the surface of the swab (Appendix D). Furthermore, because of the wide, flat
surface, disc magnets have a large pole area making them stronger magnets than any other
configurations [93].

The selected ring magnet is a N42 grade of diametrically magnetized NdFeB magnet
(K&J Magnetics Inc.), with dimensions of 1/2"(12.7 mm) OD x 3/16" (4.76 mm) ID x

1/4"(6.35 mm) thick (£0.004" x £0.004" x £0.004" (0.1mm) tolerances). The diametrically
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magnetized ring magnets are magnetized perpendicular to the central axis through the
centre of the magnet. The north and south poles are on the opposite sides of the curvature
and will have attraction or repulsion forces from the sides. These magnets have a pull force
(Pull force is defined as the normal force required to detach a magnet from a steel bar) of
4.11 Ibs (1.86 kgf), with a surface field of 6282 Gauss and Brmax (Mmaximum residual
induction) of 13,200 Gauss. The “N42 grade” indicates that the maximum energy product
at the highest point on the B/H Curve is 42 MGOe (MegaGaussOersteds).

The particles that are used inside the vials to cause physical impingement of the swab
were also chosen to be magnetic. Magnetic particles, coated with biologically inert
materials, were chosen to provide higher pull forces as compared to ferromagnetic
materials. The phenomena of action are depicted in Figures 19a and 19b. Figure 19a shows
the action of the ring magnet on magnetic particles as used in the device. The magnetic
particles initially get attracted to the opposing pole of the ring magnet and is attached
together to remain as one unit. When the motor is rotated, the poles of the ring magnet are
reversed. This allows the magnetic unit inside the vial to flip around its own axis. Figure
19b shows the nature of attraction if ferromagnetic particles are used. In case of
ferromagnetic particles, with the change in magnetic poles of the ring magnet, alternating
north and south poles will be induced on the face closer to the ring magnet. Hence, the
rotational motion of the particles, due to flipping of poles, will not be achieved.

Moreover, the self-assembling of the magnetic particles under the influence of
magnetic field increases the effective area of contact during flip than a single magnetic
particle, thereby producing higher impact forces on the swab. Any higher number of

magnetic particles will occupy more space in the vial for free motion and will require
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containers of higher diameter. This will increase the total elution volume to immerse the

swab head completely. Hence, the number of magnetic particles were confined to two.

At t=0 the magnetic
particles settle at the
bottom

Sw N

Rotation of the ring
magnets cause
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Fig. 19a Magnetic effect on the particle motion when magnetic particles are used
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Fig. 19b Magnetic effect on the particle motion when ferromagnetic particles are used
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The magnetic particles used were N42 grade of NdFeB block magnets with Ni-Au-Ni
(Gold) plating and magnetized through its thickness. These particles had a pull force of
0.861bs (0.39 kg-f), with a surface field of 5754 Gauss and a maximum Residual Induction
of 13,200 Gauss. Two small magnetic particles were used in each device and each has a
dimension of a cube with side of 1/8” or 3.175mm. The rotation of the diametrically
polarized magnet by the motor produces a magnetic force on the particles under
confinement (gap spacing ~5.08mm) between the swab and the walls, repeatedly impinging

on the swab at various angles and locations.

4.4 Polystyrene beads

Live bacterial samples are not ideal for characterizing the performance of the elution
method as they are constantly multiplying. Therefore, a suitable model was required that
will resemble its physical characteristics, is easy to quantify and can be easily handled.
Polystyrene beads have used in several applications such as cell tracking, cell sorting, and
particle image velocimetry as substitutes for cells. Polystyrene beads of 1um has similar
size as E. coli bacterial cells and therefore can be used as easily quantifiable substitutes in
this thesis.

Negatively charge stabilized colloidal polystyrene particles (Invitrogen FluoSpheres
Carboxylate-Modified Microspheres) were used to replicate the presence of microbes in
sputum. These polystyrene particles have a nominal bead diameter of 1.0 um and are
labelled with orange fluorophore (proprietary dye) with an excitation/emission wavelength

of 540/560 nm [94]. The microbeads are in an aqueous suspension of 10'° particles/ml
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concentration. They were mixed with the artificial sputum in varying ratios to mimic the

bacteria-loaded sputum of a patient.

4.5 Bacterial Samples

Sputum samples, spiked with E coli, were also prepared for use in characterization of
swabbing and elution. Escherichia coli is a gram-negative, anaerobic, rod-shaped
bacterium, found in stool or urinary tract infections of humans or animals. Most strains are
harmless, but some serotypes can cause food-poisoning and diarrhoea. Green Fluorescence
Protein (GFP) tagged (Excitation/emission wavelength: 487/509 nm) E coli K12 MG1655
(Purchased from ATCC 27325) were used for the elution experiments, to count the number
of cells by fluorescent imaging.

E coli were cultured in Luria-Bertani (LB) broth by picking individual colonies from
infested agar plates. They were kept overnight (16 hours) in a shaking incubator at 37°C
and 250 RPM, after being mixed with Ampicillin (1:1000 ratio by volume). The resultant
bacterial solutions were then serially diluted in LB broth before mixing them with artificial

sputum samples at desired concentrations.

4.6 Artificial Sputum

The artificial sputum used in the set of experiments was formulated to mimic the
properties of macroscopic mucoid type of sputum with a viscosity of 4.20 + 0.4poise [25]
at shear rate of 90s™. To obtain the desired properties, a 2% (w/w) solution of methyl
cellulose in water was used. Dry methyl cellulose (approximate molecular weight 41,000),

with an appearance resembling white powder, was obtained from Sigma Aldrich (product
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# MO0262). It was first mixed with 1/3' of the required volume of water preheated to 80°C,
while being continuously stirred by a magnetic stirrer. The solution was continuously
agitated until the methyl cellulose particles get evenly dispersed. The remainder of the
water was then added and the temperature of the water was lowered to increase solubility.
This procedure obtained a more homogenous solution as compared to mixing the cellulose
with water at low temperatures. The solution was stirred for another 30 minutes. The final
solution obtained had a viscosity of ~4.1 poise at 20°C as measured using a rheometer,

which is close to the targeted value.

4.7 Sample preparation

Initial experiments were done with artificial sputum mixed with polystyrene beads
(Invitrogen FluoSpheres Carboxylate-Modified Microspheres) of 1um size. The
polystyrene bead stock suspension had a concentration of 10'° particles/ml. This stock
suspension was mixed with artificial sputum samples at different ratios to obtain the desired
concentrations for the sample. Serial dilutions of the mixed samples were made directly
with artificial sputum samples at 1:10 ratios to obtain sample with a range of concentration
of beads from 10° to 10° particles/ml.

Green Fluorescence Protein (GFP) tagged E coli K12 were used for the elution
experiments. E. coli were cultured in Luria-Bertani (LB) broth by picking individual
colonies form cultured agar plates. They were kept overnight (16 hours) in a shaking
incubator at 37°C and 250 RPM, after being mixed with Ampicillin (1:1000 ratio by
volume). The resultant bacterial solutions were then serially diluted in LB broth before

mixing them with artificial sputum samples at desired concentrations.
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Luria-Bertani (LB) media was used as growing media for bacteria. In order to prepare
the media, 25 g/L of LB-Miller’s powder (L3522 SIGMA — LB Miller’s) was mixed with
DI water and its pH was adjusted to 6.8. the solution was then autoclaved for 15 minutes
at 120°C to sterilize. This nutrient solution contains peptides, amino acids, water-soluble

vitamins, and carbohydrates.

4.8 Experimental setup

The experimental setup (Figure 20) consists of the device, connected to the DC power
supply through a switch. A vial containing the elution fluid, magnetic particles and the
swab was placed at the centre of the device. The vial is a cylindrical, glass container of
diameter 15mm and height 45mm. A pair of clamps were used to support the vial at the
centre. The height of the vial was designed in such a way that the magnet holder was
aligned with the centre of the swab head. A ring magnet was placed on the gear in the slot.
The motor was connected to the DC power supply (BK Precision DC regulated power

supply, 1670A).

Swab

Vial ——

DC Power supply

Smaller \ =

magnetic
particies

magnet

Fig. 20: Schematic of the experimental setup to characterize the elution of particles

and cells from the swab.
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A modified and more compact device design was also developed and the experimental
setup for testing it was similar but with a few modifications as shown in Figure 21. In the
modified design, the magnet was placed in one of the external gears, while the other gear
provided for the rotating imbalance only. A modified vial was created which had internal
grooves placed in the slot at the centre of the fixed central gear. The eluent and magnetic
particles were loaded to the vial and the swabs were placed inside. The magnetic particles
were placed in confinement at the base and started to move up the groove when the motor
was turned on. The motor provides rotary motion to the base gears at 1:1 gear ratio, which
rotates the top external gears around the fixed central gear, producing both rotation and
revolution. An Arduino controller was connected to the computer so that the rotational
speed of the motor can be controlled. A switch haS been provided to start and stop the

motor as per the users’ need.

Planetary

AN » / gear
‘ ' /-Vial

Sun
gear

Arduino

controller Motor =

Fig. 21: Experimental Setup: Second device
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4.9 Experimental procedure

The experimental procedure includes the preparation of artificial sputum samples with
polystyrene, the swabbing procedure and its subsequent elution. The sputum samples were
made prior to the start of the experiment. The cotton swabs were immersed in a solution of
polystyrene in methyl cellulose with varying concentrations (10°-10° particles/ml) for 30
seconds. The immersion time was chosen to be 30 seconds, as it is typical in clinical
procedures [95]. The swabs were then air dried for 1 minute and dipped in the vial
containing 700 pl of DI water solution containing magnetic particles for elution. The motor
was turned on at desired speed and the swabs were eluted for the desired amount of time.

Similar procedures were adopted for E. coli samples. Freshly cultured E. coli K12 was
mixed with artificial sputum samples to avoid the multiplication of E. coli (E. coli grows
to twice its count in 20-30 minutes). E. coli solutions were serially diluted in LB media in
ratios of 1:10 or 1:2 and then mixed with methyl cellulose solutions. DI water was chosen
as elution fluid instead of a growth medium to prevent the growth of cells, that might hinder
the subsequent enumeration.

The pipetting efficiency was calculated to ensure uniform collection of volumes for
each experimental batch. Equal amounts (10 & 100 pL) of polystyrene samples were taken
by pipettes (Eppendorf, 2-20 pL and 20-200 pL respectively) and spread on a glass slide
and covered by slide covers, before being pictured by a fluorescent microscope. The

number of beads were calculated and the error was found to be ~+3%
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4.10 Quantification of beads and cells

The number of beads or cells retained by the swab and removed from the fibres after
elution is instrumental in the determination of recovery efficiency. Hence, the
quantification of beads/cells both before and after elution, is important. The processes of
quantification can be categorized based on the concentration range of the initial artificial
sputum samples. Fluorescent imaging was used for samples at higher initial concentrations
(101°-107 particles/ml) and a plate reader for low concentrations (10°-10° particles/ml). In
case of E. coli, at very low concentrations (<10° CFU/ml), plating techniques were found
to be suitable. All the experiments were based on the assumption that the samples were
mixed homogeneously with either polystyrene or E. coli.

Three different techniques were needed for different concentration ranges to increase
the accuracy in counting the number of beads/cells. The number of beads/cells was counted
for smaller volumes of eluate and then the number was back-calculated for the entire
solution. In each enumeration, several small amounts of samples were taken from different

zones of the sample and averaged to arrive at the concentration value.

4.11 Quantification techniques

The number of beads eluted from the swab fibres are calculated post elution to
determine the recovery efficiency. After elution experiments were done and the swabs were
taken out, the eluate volumes were analysed for the number of beads/cells left over in the
samples. For higher concentration of post-elution samples, the eluate was further diluted
through two steps of 10"t /ml dilution each, before the concentration of the sample were

calculated. But no such steps were deemed necessary for eluate samples lower than about
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10° particles/ml concentration. Depending on the nature and concentration of the samples,

one of the following three detection techniques were employed.

4.11.1 High concentration (10°-107 /ml): Particle counting

High concentration range is defined as bead concentration range of 10°-10’
particles/ml in artificial sputum. 10 pL of the post-elution solution was taken on a
microscope slide by means of a pipette. A microscope coverslip (22mm x 22mm) was
placed on top of that droplet to ensure the uniform spreading of the elution volume
throughout the square cover. Images were taken at 6 different locations distributed over the
entire coverslip. An Upright Bright Field & Fluorescence Microscope (Olympus; BX53)
was used to take images of the polystyrene beads tagged with fluorophore with a 20X
magnification.

These images were then assessed in ImageJ software to automatically count the
number of beads at each location. They were then averaged over the entire area to find the
number of beads in the region covered by the slide cover. This value represents the number
of beads in 10uL. Then, the number of beads in the entire elution volume was back-
calculated from the calculated particulate number in 10 pl. With known values of the
number of the number of beads in the samples pre- and post- elution, the recovery
efficiency was calculated using equation 10 described below. Similar method was also used

to enumerate the number of GFP tagged E. coli cells.
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4.11.2 Low concentration (107-10° /ml): Fluorescent Intensity measurements

Low concentration range can be defined as bead concentration ranges of 107-10°
particles/ml in artificial sputum. With lower concentration, direct particle counting
approach as described above was found to be not suitable. Sampling at a number of
different locations that were randomly selected led to a wide distribution in the number of
particles in the samples collected from those locations. This was due to the low number of
particles present in the solution and the entire 10 puL needed to be imaged to produce an
accurate result. To overcome this issue, the total fluorescence intensity of 300 pL of the
eluate volume was measured using a plate reader (Tecan Infinite M1000 Pro). Separate
calibration curves were obtained for E coli and polystyrene beads to work with final eluate
volumes in 10°-10* particles/ml concentration range. While working with initial sample
concentration of 107-10° particles/ml, the total number of eluted particles was found to be
in 10°-10* particles/ml concentration range. The calibration curves were developed by
measuring the fluorescent intensity (in relative fluorescent units or RFUs) in microwells
loaded with 300uL of sample solutions containing known concentrations. Opaque 96-well
microwell plates with black side walls were used for this purpose as transparent plates
caused significant cross talk and noise between the adjacent wells that affected
measurements. The different calibration curves for polystyrene and E. coli for different
concentration ranges are given below [Figures 22-25].

In order to perform measurements from samples, multiple readings were taken per well
(each with a volume of 360 pL) at 12 different sections with an excitation and emission
wavelengths of 488 nm and 507 nm (10 nm bandwidth). Fluorescent intensities were

measured using a gain of 158, with 50 flashes, 400 Hz frequency, 20us integration time
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and 10ms of settle time with 10 kinetic cycles (the number of runs taken for each well).
Fluorescence intensities were measured for all the post-elution solutions and compared
with the calibration curve to know the exact concentrations. Once the elution volume has

been measured, recovery efficiency can then be calculated by using the calibrated equation.
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Fig. 22 RFU vs concentration for polystyrene samples, 5x10* — 1.25x10° particles/ml
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Fig. 23 RFU vs concentration for polystyrene samples, 2.4x10° — 7.8x10* particles/ml
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Fig. 24 RFU vs concentration for E. coli samples, 1.12x10° — 7.16x10° CFU/ml range
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Fig. 25 RFU vs concentration for E. coli samples, 1.4x10* — 8.9x10° CFU/ml range

(Gain: 158)

4.11.3 Very Low concentration (<10° CFU/ml): Plating technique
Very low concentration range can be defined as bead/cellular concentration ranges of

less than 10° CFU/ml in artificial sputum. Working with lower concentrations, below 10°
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CFU/ml ranges are difficult using particle counting and fluorescent intensity
measurements. The swabs absorb around 120 pL of artificial mucous and post elution the
number of cells remaining in the eluate is in the order of 10*- 10° CFU/mI. With such a
low concentration, the fluorescence intensity values are no larger than the
blank/background signal, even with a high gain. Taking fluorescent picture with 10 pL
samples is equally challenging, where we might not get any cells in the frame while using
a 40x lens on the camera. Hence, plating technique is the only viable option.

The eluate, which comprises of E. coli cells and DI water, was first serially diluted in
LB media through two steps of 10 dilution each. Ampicilin was added at 1:100 ratios to
prevent the growth of any other contaminating species that may be present. The
experiments were repeated five times for 5 different samples of 50pL, taken from solutions
at each stage of elution and at different locations in the vial and spread on an Agar plate.
The plates were then placed in an incubator upside down (to prevent condensing water to
fall back on the agar) at 37°C for 16 hours. The number of colonies grown on the plate
represented the number of cells actually present in the initial diluted sample. The total

numbers of cells were then back calculated for the known volume and dilution.

4.12 Recovery Efficiency
Recovery efficiency is a parameter used to define the performance of the elution
process. It can be defined as:

- No. of beads/celk in solution afterelution
RecoveryEfficiency = - x100 (10)
No. of beads/celk absorbed by theswab with the sample
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Both the number of particles before and after the elution process has to be determined
to calculate the recovery efficiency. To determine the number of beads adhered to the swab
before elution, weights of individual swabs were taken before and after dipping it into the
solution. Once the weight and density of the absorbed solution were measured, the volume
was calculated. That determines the number of beads trapped in the swab fibre matrix,
under the assumption that they were homogeneously mixed.

The number of particles post elution can be calculated by any one of the
abovementioned methods, depending on the range of concentration. When both the values
were obtained, the recovery efficiency was calculated. The value of the recovery efficiency
determines the percentage of the beads/cells absorbed by the swabs that were finally
recovered after elution. Higher value of the recovery efficiency is desired, and the

experimental setup described in this thesis aims to do this.

4.13 Summary

This chapter provides a detailed description of all the materials and methods for the
experimental procedure. Cotton swabs were used for absorbing artificial sputum samples
because of their high absorbance properties and ease of use. Artificial sputum samples were
prepared by dissolving methyl cellulose in DI water and then mixed with flurophore-tagged
polystyrene beads or GFP tagged E. coli cells. Smaller magnetic particles were placed
inside the vial to impart impact forces on the swabs. A ring magnet was used to provide
both rotational motion and a circular translation of the magnetic particles. All these
materials were appropriately chosen to produce a compact device, provide higher impact

forces to maximize recovery and fasten the enumeration technique.

85



MASc. Thesis - S. Banik; McMaster University - Mechanical Engineering

Different techniques of detection and enumeration of eluted particles have also been
described in this chapter. The process depends on the initial concentration of the sample
before the experiments were made. Each of the techniques involve calculation of the
number of eluted particles based on the known data of different 10 uL samples. For each
of the calibration and experimental values, repeated measurements were performed by
taking samples from different zones of the vial and picturing different parts of the
microscope slide cover. These techniques also indicate the best estimate of the number of
particles under the assumption of homogeneous mixing of the solutions. The calibration
curves were drawn on the basis of the blank, which were calculated for each set of data at
the desired gain. The actual values at different concentrations were subtracted from the
blank values to obtain the actual RFUs. This allows the data to be used for repeated
experiments, by subtracting each experimental RFUs from their respective blanks. These

techniques allow examination of bulk samples quickly and efficiently.
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Chapter 5

Results and Discussions

This chapter deals with the characterization of the elution processes and identification
of the important control parameters that influence it. Elution time, rotational speed and
concentration of initial samples are considered to be the prime parameters. The rotation of
the magnet around the swab determines the energy that is imparted to the particles, which
then causes mechanical impingement and elution. Similarly, the duration of elution
determines the number of impingements that are caused. These two factors are of primary
importance in determining the elution from the swab and have been characterized. Next,
the concentration of cells or particles on the swab can also determine the elution efficiency
and its effect has also been characterized. The characterization of the effect of physical
parameters such as rotational speed and the duration have been performed using
polystyrene beads as their number remains invariant during the course of the experiments
and they are easy to quantify. Final experiments are conducted with E. coli cells to

demonstrate the elution under optimized conditions but at varying concentrations.

5.1 Effect of magnetic impingement

Several experiments were done, with and without the use of the said device, to
understand the effectiveness of the device over elution processes with no or mild agitation.
The impact of the repeated impingements offered by the magnetic particles on recovery

efficiency has been compared with that obtained from the no-agitation method.
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The experiments were performed by immersing dry swabs in the artificial sputum
samples, prepared as per the procedures described in section 4.6 of chapter 4. Separate
samples containing 5% v/v (~5x10® particles/ml) and 10% v/v (~10° particles/ml)
polystyrene bead concentrations were tested individually. In order to determine the elution
efficiency in no agitation case, the swabs were dipped in the artificial sputum solutions, air
dried for 30 seconds and dipped into the vial containing DI water. The experiments were
repeated for various elution times (30 s - 180 s) of 30 s intervals. Five repeats of
experiments were performed for each condition and the average recovery efficiency was
obtained. In order to determine the elution efficiency in the magnetically actuated case, the
same experiments were performed with the device at 300 RPM and for various elution
times (30 s — 180 s). The swabs were dipped in the artificial sputum solutions mixed with
polystyrene beads (~5 x 108 particles/ml and 10° particles/ml concentrations). They were
also air dried for 30s and inserted in a vial containing magnetic particles. The motor was
set to a fixed rotational speed of 300 RPM and the swabs were eluted by multiple physical
impingements. Recovery efficiencies were calculated and averaged to obtain specific
points for different elution times.

The recovery efficiencies for elution procedures with magnetic impingement and
without any significant agitation process are shown in Figures 26 and 27. Figure 26 shows
the recovery efficiencies for both procedures with a sample of 10° particles/ml bead
concentration. The recovery efficiency increases with elution time, but beyond an elution
time of 120s there is no significant increase. This happens for both the cases and for elution
without agitation, the recovery efficiencies rise from 33.68 to 41.8 % over the time period

of 30 - 120 s. The corresponding values for elution with magnetic agitation at 300 RPM
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for 30-120 s is 51 — 63.2% The maximum values obtained by no agitation method and
magnetic impingement at 300 RPM are 41.8% and 64.9% respectively. The difference in
elution efficiency was found to be statistically significant between no agitation elution
method and that at 300 RPM (p-value — 25 x 10°9).

Figure 27 shows the recovery efficiencies for both procedures with a sample of ~5 x
108 particles/ml bead concentration. For elution without any significant agitation, the
recovery efficiencies increase from 31.9 to 51.7% within elution times of 30 s to 120 s, and
then gradually attains a steady state. The corresponding values with magnetic agitation at
300 RPM are 57.6 — 81.5% within the same time period. The high recovery efficiencies
obtained from the physical impact of magnetic particles at a low rotational speed of 300
RPM shows promise of the device to be used for better elution of swabs. Once again, the
difference in elution efficiency was found to be statistically significant between no
agitation case and that at 300 RPM (p-value - 1.9 x 10%).
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Fig. 26 Comparison of recovery efficiencies for elution without agitation and with
magnetic impingement (300 RPM) of swabs dipped in 10% v/v (~10° particles/ml)

concentrated samples
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Fig. 27 Comparison of recovery efficiencies for elution without agitation and with
magnetic impingement (300 RPM) of swabs dipped in 5% v/v (~5x108 particles/ml)

concentrated samples

In the process with no significant agitation, the elution is primarily guided by
dissolution of artificial sputum in elution fluid. The artificial sputum sample entrapped
inside the fibre matrix had a higher bead concentration initially. When immersed in an
elution fluid, the artificial sputum dissolves in the elution fluid and the beads migrate along
with it. This process continues for the first few seconds and finally reaches a steady state
when the concentration of the two regions are balanced. The rates of dissolution can be

determined from the Noyes-Whitney equation [96]:

dm

D
— = A5 (G = Gy) (11)
where, m is the mass dissolved, t is the time, A is the surface area of the interface

between solute and solvent, D is the diffusion coefficient, d is the thickness of the boundary
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layer of the solvent, Cs is the mass concentration of the substance on the surface and Cy is
the mass concentration of the substance in the bulk of the solvent.

Two different mechanisms operate during the processes of elution by magnetic
agitation. The magnetic impingement on the swab fibres causes the sample, absorbed in
the swab, to be locally squeezed out at the point of impingement. This eluted sample is
thoroughly mixed with the elution buffer due to convective motion of the surrounding fluid
caused by the motion of the magnets. However, after impingement, the surrounding elution
fluid gets absorbed back into the swab locally which dilutes the concentration of the
particles at the location. This process repeats itself for every impingement. The elution is
the most during the first few seconds as the sample close to the surface of the swab gets
eluted. Then, as the elution proceeds deeper into the swab matrix, the physical impact due
to the magnets cause mixing inside the swab between surface layers that have a lower bead
concentration and deeper layers that have a high bead concentration, as well as higher
matrix viscosity. Therefore, the number of beads extracted from the fibre matrix gradually
increases with each subsequent impingement. Over the long run, the concentration of the
beads in the fluid is nearly the same as that inside the swab and then there is no more
elution. Henceforth, the process reaches a steady state.

Higher values of recovery efficiencies are obtained from physical impingement of
particles on the swab tip and hence is a better elution process than any technique without
any significant agitation. Unlike the no agitation case, where the time constant associated
with the dissolution process is long and therefore only the sample at the surface layers of
the swab get effectively eluted, under magnetic impingement, not only is the surface elution

rapid, but the impingement also imparts forces to actively mix the sputum sample between
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the deeper layers of the swab and the surface layers that have absorbed the elution buffer
from outside. This effectively brings out the sample that have been absorbed deep inside
the swab matrix, which may not be eluted otherwise. The rotation of the magnet around the
swab determines the energy that is imparted to the particles, which then causes mechanical
impingement and elution. Similarly, the duration of elution determines the number of
impingements that are caused. These two are the most important parameters that affects
the recovery. The other important parameters which will influence the elution process are
— viscosity, concentration and type of cells/particles.

Scanning Electron Microscopy (SEM) images of the swab tips were taken in order to
visualize the elution of the microscopic particles from the swab head. Dry swabs were
immersed in a solution of artificial sputum with a bead concentration of ~10° particles/ml
for 30 s and air dried for 30 s. Some of these swabs were then introduced in the setup and
eluted for 60 s in distilled water at 100 RPM. Others were preserved as is to obtain images
of the pre-elution condition of the swab. Both the pre-elution and post-elution swabs were
super critically dried using a critical point dryer (Leica EM CPD300). Subsequently, a thin
conductive layer of gold (30 nm) was deposited on to it for SEM imaging.

The SEM images of the pre- and post-elution swabs are shown in Figure 28. These
images were taken at two different magnifications: 1000x (Figures 28a, b and c¢) and 5000x
(Figures 29a and b). Figure 28a shows the image of the pre-elution swab. It can be clearly
seen that the fibres of the swab head are immersed in the artificial sputum solution. Some
of the polystyrene beads are also visible. Figure 28b shows the image of the post-elution
swab for the control case of no agitation. This figure shows some of the polystyrene beads

retained by the swabs on the top matrix. Figure 28c shows the image of swab fibres after
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being eluted in the device by agitation with magnetic particles. The fibres of the swab are
visible and most of the artificial sputum has been removed (eluted) from the swab. Most of
the polystyrene beads are eluted from the top fibres. Some of the polystyrene beads
attached to the interior fibers in the swab are also visible. These images illustrate that the
active elution mechanism used is capable of removing the bulk of the viscous sample that
IS trapped in the swab material.

Better understanding of structural details of the fibres and the entrapment of
polystyrene beads can be obtained from Figures at 5000x magnifications (Figures 29a and
b). Figure 29a shows the polystyrene beads retained in the swab fibres in close detail. The
polystyrene beads are absorbed by the swab fibres and some beads also penetrate in the
inner matrix, when the swab was dipped in the sample. After elution without agitation, the
artificial sputum on the surface layer dissolves and most of the particles on the top matrix
are eluted. But some of the fibres in the inner matrices are retained. Figure 29b shows the
swab fibres after elution by magnetic actuation. This figure shows that less number of beads
are retained in the inner matrix of the swab as compared to the elution without agitation.
Beads trapped in the small cracks and crevices are hard to remove, although the ones on
the surface of fibres get eluted easily. Hence, these micrographs show the sources of
entrapment of beads, which can’t be removed even with an active mechanism and higher

impact force, therefore the recovery is less than 100%.
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Fig. 28 a) Distribution of polystyrene beads on swab fibres before elution, b) fibres post

elution (no agitation) c) fibres post elution (magnetic beads agitation) — 1000x
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Fig. 29 Distribution of polystyrene beads on swab fibres after elution with a) no agitation

b) magnetic agitation — 5000x

5.2 Effect of Sample Viscosity
Acrtificial sputum samples, prepared as per the procedures described in chapter 4

section 6, were used in all the experiments. It was intended to mimic the properties of
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macroscopic mucoid type of sputum samples as obtained from patients. These samples
were prepared by mixing methyl cellulose in DI (Deionised) water and has a high viscosity
of ~4.1 poise. In addition, polystyrene beads were also mixed with DI water samples for
comparison purposes.

Experiments were performed to compare the recovery of beads from swabs when used
with artificial sputum and DI water. Both artificial sputum and DI water were mixed with
polystyrene beads at 10% v/v (~10° particles/ml) concentrations. Dry swabs were dipped
in both the solutions individually, air dried for 30 seconds and placed inside the vial. The
device was set to a fixed rotational speed (100 RPM) and magnetic particles were allowed
to impinge on the swab tips. The recovery efficiency was calculated from the number of
eluted particles and initial absorbed beads, as shown in section 4.12. The experiment was
repeated for different elution times (30 s - 150 s). Each experiment with a specific elution
time was repeated 5 times and the values were averaged to obtain the bar graph.

The recovery efficiencies for elution procedures with artificial sputum and DI water is
shown in Figure 30. The recovery efficiencies increase from 48.2 to 56.9% within 30 to 90
s of elution time when DI water was used, and remains stable henceforth. When artificial
sputum was used, the efficiency increased from 39.3 to 48.6% over 30 — 120 s elution time.
For artificial sputum, the recovery efficiency increases with elution time, but beyond an
elution time of 120 s there is no significant increase. The difference between these two
results were found to be statistically different (average p value for population = 0.007),

although the 30 s and 120 s elution time were not as significant.
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Fig. 30 Comparison of recovery efficiencies for elution with artificial sputum and

with DI water with 10% v/v (~10° particles /ml) bead concentration

Artificial sputum shows lower recovery efficiencies than DI water and reaches a steady
value after a longer time. The polystyrene beads take a longer time to migrate into the
elution fluid from the swab fibre matrix, when they are present in a highly viscous and
dense artificial sputum solution. Also, the value of recovery is significantly less from
artificial sputum samples than that obtained from the DI water samples, since less number
of beads gets released from a denser and more viscous environment. On the other hand,
when dissolved in a less dense and less viscous DI water, the polystyrene beads withstand
comparatively lower resistance to migration into the elution fluid. Hence, the number of
recovered particles is greater as compared to artificial sputum. Also, the rate of migration
of particles from within the trapped swab fibre matrix is faster when DI water is used and

the process reaches a steady state comparatively faster. In spite of all the disadvantages,
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artificial sputum was used in the subsequent experiments, since it reflects the original

nature of macroscopic sputum more accurately than simple DI water.

5.3 Characterization

5.3.1 Effects of rotational speed of magnet

Rotational speed of the magnetic particles is an important parameter for elution, which
determines the number of impacts to the swab fibres and therefore is related to the amount
of material scrubbed per minute. This rotation of the magnetic particles is imparted by the
rotating ring magnet. In order to understand the variations of recovery efficiency with
rotational speed of magnet, experiments were done with constant elution times and bead
concentrations, but at different rotational speeds.

Several experiments were done at different rotational speeds to characterize its effect
on the number of eluted particles and recovery efficiency. Dry swabs were immersed in
artificial sputum solutions of 10% v/v (~10° particles/ml) polystyrene bead concentration.
They were then air dried for 30s and immersed inside the vial with elution fluid. Several
experiments were done by setting the motor at different rotational speeds (0 — 500 RPM),
keeping the elution time constant. Both recovery efficiency and the number of eluted
particles were recorded for each rotational speed. Five sets of experiments were done for
each rotational speed and the recorded values were averaged to obtain each data point. The
total number of eluted particles were calculated as per section 4.11 and recorded on the Y
axis along with elution times on the X axis. Similar curves were obtained for various elution
times (30 s — 120 s). Each curve represents the change of number of eluted particles or

recovery efficiencies with rotational speeds at a fixed elution time.
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Each dry swab weighing 0.41+ 0.07 g absorbs an average of 227 + 28 pl of the sample
when dipped into a solution of methyl cellulose and polystyrene. Hence, while working
with a sample mixed with polystyrene at a concentration of 10° particles/ml, the number of
particles absorbed in the swab was found to be around (1.8 +0.3) x 108 particles. The
swabs loaded with the sample were then eluted at different rotational speeds (100-500
RPM). The variation in average number of eluted particles with rotational speed with ~10°
particles/ml concentrated samples is shown in Figure 30. At lower rotational speed (100
RPM), the number of eluted particles were ~4 x 107 but it increased rapidly to about ~7x10’
particles at 500 RPM, when eluted for 30 s. When the elution time was increased to 60s,
the number of eluted particles increased for each rotational speed. The total number of
eluted particles increased to ~6x10" at 100 RPM and it gradually rose to ~8 x 107 at higher
speeds (500 RPM). With higher elution times, the number of eluted particles increased
further. At 90s elution time, the total number of eluted particles increased from ~6.5 — 10
x 107 within 100 — 500 RPM and then remained constant. Similarly, at 120s elution time,
the corresponding values are ~8 x 107 — 102 within the same speed range. The results are
not statistically significant at 100 RPM when compared with no-agitation case (p-value =
0.15) or at 200 RPM (p-value = 0.08), but it becomes significant at 300 RPM (p-value =

0.015) and henceforth.
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Fig. 31 Number of eluted particles vs rotational speed for different elution time at

10% viv (~10° particles/ml) concentration

Multiple impingements on the swab fibres are responsible for higher rates of elution.
As shown in section 3.5, the magnetic particles rotate at 2 x i X Nm, where Nn is the
rotational speed of the motor and i is the gear ratio. In one complete rotation, the magnetic
particles impart two impacts. Hence, the total number of impacts per minute become 4 x i
X Nm. As the rotational speed increases, the number of impacts on the swab fibres per
minute increase. The number of impacts at 500 RPM is 5 times higher than that offered at
a low rotational speed of 100 RPM. Higher forces of impact between the particles and the
swab provide better release of the samples due to efficient scrubbing action. Fresh elution
fluid enters the fibre matrix after each subsequent impact and allows faster dissolution of
artificial sputum. More particles can migrate into the elution volume, facilitating better

recovery and hence more beads are eluted from the swab tip.
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The forces acting on the swab due to the impingement of the magnetic particles
undergoing rotational and circular translational motion around it was measured by using a
load cell, as described in the Appendix A. The measured forces at different rotational
speeds are shown in Table 6. Higher rotational speed of the motor causes higher impact

forces to the swab fibre matrix, resulting in higher recovery of beads.

Rotational speed (RPM) Force (N)
100 3.24
200 3.82
300 4.15
400 4.52
500 4.75

Table 6. Impact forces offered by the magnetic particles on the swab tip at different

rotational speeds.

The corresponding change in recovery efficiency with rotational speed at same bead
concentration (~10° particles/ml) is shown in Figure 32. The recover efficiencies were
calculated from the number of eluted particles, as per section 4.12, and recorded on the Y
axis along with rotational speeds on the X axis. At lower elution time (30 s) and speed (100
RPM), the recovery efficiency (38.4 %) was slightly better than the no-agitation efficiency
(33.7%). But with increase in rotational speed, the recovery efficiency increased to 67.6%
at 500 RPM and then remained constant. When the elution times were increased, the
recovery efficiency increased for every rotational speed. The highest recovery efficiencies

were found at 120 s elution time, where the values increased from 44.6% at 100 RPM to
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73.4% at 500 RPM and then remained constant. In this case also, the average results
between 100 RPM and the method of no agitation is not significant (p-value =0.14), but

becomes significant at 300 RPM (p-value=0.0007).

10% v/v concentration
100

g
3 80
(&)
5 ¢ ¢ N
o @® 30s
£ 6 I 4 ’
T 60 ¢ @ 60s
=
g l i ® 90s
8
@ 40 @ @® 120s
o ! I

20

0 100 200 300 400 500 600 700

Rotational speed (RPM)

Fig. 32 Recovery Efficiency vs rotational speed for different elution time at 10% v/v

(~10° particles/ml) concentration

The number of eluted particles increases with the increase of rotational speed, owing
to the higher forces of impact and increased number of impingements per minute. The
recovery efficiencies (calculated as per section 4.12) also increase with higher number of
eluted particles. Since, the total number of impacts per minute increases proportionally
with rotational speed, the recovery efficiency also increases by an average of 29% between
100 and 500 RPM. The elution is the most during the first few impingement (until 500
RPM) and then the recovery efficiency attains a steady state. This is because initially the
bead concentration was higher inside the swab fibres than the elution volume. Multiple
impingements on the swab tip cause higher removal of material and simultaneous supply
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of fresh elution fluid to the fibre matrix. The rate of dissolution also increases with the
increased number of impacts per minute. As a result, more beads migrate into the elution
volume. After few impacts, the concentration gradient between the two separate zones
decreases and no more recovery of beads are possible. Hence, the recovery efficiency
remains constant.

Another important observation was made from the Figures 31 & 32. Figure 31
represent the number of particles eluted from the swab fibres at various rotational speed
and elution time. The corresponding changes in recovery efficiency are shown in Figure
32. It is observable that the elution time has a higher effect on the number of eluted particles
than the corresponding recovery efficiency. The curves for each constant elution times (30
s, 60 s, 90 s and 120 s) in Figure 31 are much wider apart than the constant elution-time
curves of Figure 32. This is because the recovery efficiency is influenced by both the
number of particles absorbed by the swab as well as the number of eluted particles. Even
though the initial concentration of the beads in the solution was the same, the total absorbed
volumes were different for each of the swabs. At a lower elution time (30s), the average
absorbed volume over different rotational speed experiments is 114+12 pL. For
experiments at 60 s elution time, this average absorbed volume was 134 puL+48 pL. The
corresponding values for 120s elution time was 126+21 pL. The average change in the
absorbed volumes for each of the rotational speed experiments for 30s and 60s constant
elution time is ~29% and over 30s and 120s is ~25%. These changes in absorbed volume
depends on the swab fibre material and also influence the total number of particles that is
absorbed on the swab tip. Since the recovery efficiency parameter takes into account both

the pre- and post-elution conditions into account as opposed to the number of eluted
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particles, the values between each constant elution time curves for both the figures vary
from each other.

Similar observations were made from experiments performed with artificial sputum
samples mixed with polystyrene beads at 5% v/v (~5 x 108 particles/ml) concentration. The
experiments were performed to record the changes of recovery efficiencies with changes
in rotational speeds, while keeping the elution time constant. The change in the number of
eluted particles is shown in Figure 33. At lower elution times (30 s), the number of eluted
particles range from ~3 — 5 x 107 particles/ml over the range of 100 to 500 RPM. A uniform
increase in the number of eluted particles is observed with the increase in rotational speed
for different elution times. When the elution time is increased, the number of eluted
particles increases for each rotational speed. At 120s elution time, the total number of
eluted particles range from ~5 to 10 x 107 particles/ml over 100 to 500 RPM. In this case,
also, the average results are statistically insignificant between 100 RPM (p-value = 0.24)

and the method of no agitation, but becomes significant after 300 RPM (p-value = 0.018).
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Fig. 33 No of eluted particles vs rotational speed for different elution time at 5% v/v
(~5x108 particles/ml) concentration
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The trend in recovery efficiency followed that of the number of eluted particles. The
change in recovery efficiency with the change of rotational speed for samples with ~5x108
particles/ml bead concentration is shown in Figure 34. The recovery efficiency at 30
seconds of elution time increased with the rotational speed from 37.4 to 72% within 100 -
500 RPM, while the no-agitation recovery was only about 31.9% at the same elution time.
The recovery efficiency increased uniformly with the increase in rotational speeds for all
elution times. Higher elution time also resulted in increased efficiency. The corresponding
recovery efficiencies from 100 — 500 RPM increased to 54.7 — 80.4% at 90 s of elution
time. At higher elution times, the recovery efficiencies increased up to 400 RPM and
plateaued after subsequent speeds. For instance, at 120 s the recovery efficiencies increased
to 57% at 100 RPM to 82% at 400 RPM and then remained constant. Following the results
of number of eluted particles between the case of no agitation and magnetic impingement
at various rotational speeds, the statistical significance is visible after 300 RPM (p-value =

0.0048), but not at 100 RPM (p-value = 0.27).
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Fig. 34 Recovery Efficiency vs rotational speed for different elution times at 5% v/v

(~5x108 particles/ml) concentration
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As described in the previous section, the increased number of impacts at higher
rotational speeds is responsible for the increase in the number of eluted particles and the
recovery efficiencies. Higher impact forces are inflicted on the swab fibres at higher
speeds, which results in a scrubbing action to remove entrapped beads from the swab fibres.
Fresh fluid enters the fibre matrix after each subsequent impact, facilitating dissolution of
artificial sputum and simultaneous migration of beads into the elution fluid. At low elution
time (30 s), there is a 34% increase in recovery efficiency at 500 RPM compared with that
at 100 RPM. At higher elution times, there is a lower increase in efficiency within the same
speed range. For instance, at 120 s the increase in recovery efficiency is 28%. One of the
reason for this behaviour is that the immersion of the swab by itself for a longer duration
of time causes an increase in the elution efficiency. Therefore, the starting point for the
data (0 RPM) at higher elution time is at a higher level corresponding to the elution of a
larger amount of the surface bound artificial sputum and the particles in it. Due to the higher
starting point, the increase after magnetic impingement is not as much as in the case of
lower elution time. These results show that elution time also has a significant effect on the

recovery efficiency and is a vital parameter to be characterized.

5.3.2 Effect of time

The duration of elution procedure also has a significant effect on the recovery
efficiency. As shown in the previous section, the recovery efficiency increases with the
rotational speed when the elution times are kept constant. But it also increased at every
speed when the elution times are increased. Hence, several experiments were done to

observe the change in recovery efficiency with time.
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To predict the nature of elution rate with changes in time, experiments were done with
10% polystyrene in artificial sputum samples. Dry swabs were dipped in artificial sputum
samples concentrated with 10% v/v (~10° particles/ml concentration) polystyrene beads.
They were air dried for 30 s and immersed in the vial with elution fluid. The motor was set
to a specific rotational speed and the number of eluted particles was noted with the change
of time (30 s - 120 s). The recovery efficiencies were calculated as per section 4.12 and
recorded on the Y axis along with elution times at X. Five repeats of experiments were
performed for each condition and the average values of recovery efficiency were obtained.
Similar experiments were repeated for five different rotational speeds (100 - 500 RPM).
Each curve represents the change of recovery efficiencies with elution time at a fixed
rotational speed.

The changes in recovery efficiency with time for elution with a sample of 10% v/v
(~10° particles/ml) concentration is shown in Figure 35. The recovery efficiency increased
with the elution time. In the control case, without magnetic actuation, there was a small
increase in recovery with elution time (33.7 - 41% within 30s - 150s). At low rotational
speed (100 RPM), the recovery efficiency increased from 39.3% at 30 s to 48.6% at 120 s
and then remained nearly the same. Higher elution time resulted to an increased efficiency,
but with a less significant rate of increase than the effects seen with rotational speed. As
shown in the previous section, the recovery efficiency increases with the rotational speed.
But at higher speeds, the recovery efficiencies also attain a steady value much faster. For
example, at 500 RPM the recovery efficiencies increase from 67.9% at 30s to 71.2% at 90
s and became constant afterwards. For 400 RPM, it remains horizontal at around 62%. The

effects of elution time on recovery efficiency is significant at lower speeds as compared to
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higher speeds. With lower rotational speeds (100 RPM) the recovery efficiency shows an
increase of 9% (39% to 48%). But at higher RPMs, the slope of the curve decreases (only
about 4% increase in recovery efficiency) and elution efficiency doesn’t have a pronounced
effect on time. Considering both these parameters, an operating condition of 500 RPM and
120s are found to be suitable for maximum recovery. Even though there is a very low
increase in average efficiency, the recovery efficiency values are not significant between
30 s and 60 s (p-value = 0.56) but has a higher significance between 30 s and 120 s (p-
value = 0.021) of elution time.

The process of elution is influenced by two factors — impact force and dissolution. The
duration of elution determines the number of impingements that are caused. When the
rotational speeds are kept constant, the total number of impacts per minute remain the same
over the entire time period. At lower elution times, the total number of impacts (4 X i X Nm
X t) has a significant effect on the number of eluted beads. For 30, 60 and 90 s, the increase
in total number of impacts over time results in increased average impact force on the swab
fibres, thereby increasing the number of recovered particles and the efficiency. Fresh fluid
entering the fibre matrix helps in dissolving the artificial sputum solutions that pushes the
beads into the elution fluid. But the dissolution reaches a steady state after a very small
amount of time, and after that the impact is the only operating force acting on the swab.
The impact force surrounding the swab removes the beads from the swab matrix, but only
to a certain extent. After ~90 s, most of the beads that were free to move to the eluate had
already migrated. The ones trapped deeper into the fibres does not get eluted and remains

inside even at higher elution times.
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Fig. 35 Recovery Efficiency vs elution time for different rotational speeds at 10% v/v

(~10° particles/ml) concentration

Similar experiments were done with 5% v/v (~5 x 10® particles/ml) and changes in
recovery efficiencies with elution times were also recorded. For ~5x108 particles/ml
concentration (Figure 36), the efficiencies ranged from 37.4 to 59% at 100 RPM speed
within the range of 30 — 120 s of elution time. The recover efficiencies increased with
higher rotational speeds for each elution time. For instance, at the next higher speed (200
RPM), the corresponding recovery efficiencies ranged between 56.8 to 64.5% for elution
times of 30 s — 120 s. For higher speeds (500 RPM), the corresponding values translate to
72 — 84.8% within the same range of time. The highest value at 120 s and 500 RPM is
~84.8%. With higher constant speed curves, the change in recovery efficiencies was small
over increasing elution time. For example, the values for 500 RPM ranged from 72 — 84.8%

for 30 — 120 s. There is no significant increase in average efficiency for 30 s to 60 s of
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elution time (p-value = 0.34), but has a statistical significant at around 120 s (p-value =
0.002).

As in the previous case, the magnitude of the slope was smaller at higher speeds than
that at lower ones. This is because the elution is predominantly dependent on the impact
and dissolution initially. So, maximum elution occurs within the first 30 s. Beyond that,
the dissolution gradually reaches a steady state as described before. At higher rotational
speeds, with more number of impacts, the rate of migration of fresh fluid is more than that
at lower speeds. Hence, the rate of dissolution is faster and the concentration of the beads
at two separate zones (elution fluid and artificial sputum) is equilibrated quickly.
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Fig. 36 Recovery Efficiency vs elution time for different rotational speeds at 5% v/v

(~5x108 particles/ml) concentration

5.3.3 Effect of concentration

The effects of rotational speed on recovery efficiency were studied in sections 8.3.1

under two different concentrations — 10% v/v (~10° particles/ml) and 5% v/v (~5x108
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particles/ml). The values of recovery efficiencies were found to change in both the cases
and hence further experiments were done to observe the effects of concentration on
recovery efficiencies.

Experiments were done with a specific elution time and rotational speed to observe the
effects of concentration on recovery efficiency. Since it had already been established that
higher rotational speeds (400 - 500 RPM) and elution times (120 s) produce better recovery
of beads, experiments were performed only with those specific parameters. Dry swabs were
dipped in artificial sputum solutions of different concentrations (10° — 10° particles/ml), air
dried for 30 s and immersed in DI water in a vial for elution. The motor was set at constant
speeds of 400 and 500 RPM for each specific set of experiments and magnetic impingement
was employed to elute materials from the swab tip. The recovery efficiencies were
calculated for experiments with each concentration. Five repeats of experiments were
performed for each condition and the average recovery efficiency was obtained. Two
different curves were obtained for different rotational speeds (400 and 500 RPM). Each
curve represents the change of recovery efficiencies with concentration at a fixed rotational
speed.

The variation of recovery efficiency with changes in concentration of polystyrene
beads in artificial sputum solution is shown in Figure 37. From this figure, it is evident that
higher recovery efficiencies were obtained at lower concentration. The value of the
recovery efficiencies decreased with increasing concentrations. For instance, at 500 RPM
the recovery efficiencies decrease from 92% at ~10° particles/ml concentration to 72% at
~10° particles/ml concentration. As described in section 5.3.1 of the same chapter, the

recovery efficiencies increase with RPM with each specific concentration points. At 0.01%
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v/v concentration (~10° particles /ml) of polystyrene in artificial sputum, the efficiency
reaches to 92% for 500 RPM and 89% for 400 RPM. Higher concentrations (10% v/v

concentration or ~10° particles/ml) yield lower recovery (61 and 72 % respectively for 400

and 500 RPMs respectively).
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Fig. 37 Effect of concentration on recovery efficiencies at higher rotational speeds

(120 s elution time)

The increase in recovery efficiency at lower concentration is a surprising result and it
could be a result of various effects. When the swabs are dipped in a solution of artificial
sputum and polystyrene beads, the sample is absorbed by the cotton tip. Higher
concentration of the sample allows more number of particles to get absorbed to the swab
fibres. Under the influence of impact forces and dissolution into the elution fluid, the beads
migrate from a region of higher concentration inside the swab matrix to a region of lower
concentration (the elution fluid). The ability of the artificial sputum sample to dissolve into
the eluent fluid could be influenced by the particle loading. High particle loading could
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make it more difficult to dissolve sample that are in the deeper layers of the swab and
therefore produce a lower elution efficiency. Alternatively, the process of reabsorption of
the eluent fluid after local impact into the swab and the particle loading of the surface layers
due to the reabsorption can be influenced by the concentration of the particles in solution.
In low concentration samples, the number of particles in the eluent solution is
comparatively low. The reabsorption could preferentially absorb some of the fluid post
elution and therefore retain more of the particles in the eluent fluid as compared to the high
concentration case. Finally, after the elution process is complete, some of the fluid is
adsorbed on the outer surface of the swab while it is being taken out. The number of
particles adsorbed on the surface from the fluid is dependent on the number of available
adsorption sites and can also be dependent on the concentration of beads in the elution

fluid. This phenomenon can be demonstrated from the Freundlich adsorption [97] isotherm,

X

—= Kc/m (12)

where, X is the mass of adsorbate, m is the mass of adsorbent and C is the concentration
of adsorbate in solution, K and n are temperature-dependent constants. As these processes
happen simultaneously during the elution process it is difficult to decouple them separately
to identify the specific causative factor. All the three factors are expected to have some role
in the behaviour of the elution process and the dependence of elution efficiency on
concentration.

The concentrations of polystyrene beads were adjusted in all the cases to demonstrate
real-life bacterial samples. Different concentration ranges were defined in section 4.11 —

high (10° -107 particles/ml), medium (107 -10° particles/ml) and low ranges (<10°). The
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effects of concentration on recovery at different rotational speeds were also studied from
the recovery efficiency vs rotational speed curves for different concentration.

Several experiments were done, as described in section 5.3.1, with polystyrene bead
concentrations of ~10% particles/ml, ~10° particles/ml and ~10° particles/ml in artificial
sputum samples. Dry swabs were immersed in artificial sputum solutions, air dried for 30s
and eluted in a vial with DI water by agitating with magnetic particles. The concentrations
were kept constant during the entire experiments and recovery efficiencies were obtained
for different rotational speeds. Five experiments were done for each rotational speed at a
specific elution time and averaged to obtain a single point in the curve. Similar curves were

obtained for different elution times (30 - 120 s).
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Fig. 38 Recovery Efficiency vs rotational speed for different elution time at 1% v/v

(~108 particles/ml) concentration

The variations in recovery efficiencies with changes in rotational speed with 1% v/v

(~108 particles/ml) concentrated samples is shown in Figure 38. At low elution time (30 s)
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the efficiencies increase from 25.3 to 50% over 100-500 RPM. With higher elution times,
there is a corresponding increase recovery efficiencies. For 120s elution time, the
corresponding recovery efficiencies range from 43 — 85% with increase in rotational speed
(100-500 RPM). Also, the highest value of recovery efficiency (85%) at 120 s elution time
and 500 RPM is a significant improvement over the control case of no agitation (36.8%) at
the same elution time.

Significant improvements in recovery efficiencies were observed when experiments
were done with samples at a lower concentration of ~10° particles/ml. The effects of
recovery efficiency with rotational speed for different constant elution times (30 — 120 s)
are shown in Figure 39. At this concentration, recovery efficiencies of 48 - 84% were
obtained over the range of 100-500 RPM at low elution time (30 s). With increase in elution
times, the recovery efficiencies increased and the highest went up to 90.3% at 500 RPM
and 120 s. The average errors in recovery were significantly lower (+ 4.06% average).
Hence, working with lower concentrations can be beneficial in terms of both productivity
and accuracy.

Artificial sputum samples with 0.001 v/v (~10° particles/ml) concentration samples
were also eluted from the cotton swabs. The changes in recovery efficiency with rotational
speed for different elution times are shown in Figure 40. Higher efficiencies also mark the
recoveries of these samples as a significant improvement over highly concentrated
samples. At 30 s elution time, the recover efficiency increased from 50-89% over 100-500

RPM range.
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Fig. 39 Recovery Efficiency vs Rotational speed for different elution time at 0.01%
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An important characteristic, obtained from the above three figures (Figures 38 — 40),
is that at high concentrations, the effect of time on recover efficiency is more significant as
compared to the low concentration. That is why there is a much more difference between
different constant-elution time curves in Figure 38 than those in Figures 39 and 40. As
mentioned before, for samples with lower bead concentration, a small amount of time is
sufficient to dislodge the low numbers of particles absorbed by the swab tip. This happens
within the first few seconds of elution. Also, at a constant rotational speed there is no
significant increase in efficiency over time. But with samples at higher concentration, more
number of particles gets absorbed by the fibres and only the surface layers get eluted first.
After subsequent impacts, the beads trapped within the inner fibre matrices get eluted. With
higher elution time, the swab fibres are subjected to more number of impacts and hence the
recovery efficiency slowly increases. This has already been shown in section 5.3.2 for
higher concentration samples.

The characterization of various parameters done with polystyrene beads provides
optimum values of operations. Although higher values of both these parameters are desired,
after an optimum value of 500 RPM and 120 s of elution time, the recovery efficiency
attains a steady value. Polystyrene beads mixed with artificial sputum served as a model
for actual bacterial samples in viscous body fluids. Hence, subsequent experiments were

done with E. coli to validate the results obtained from polystyrene beads.
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5.4 E. coli samples

Experiments were done with bacterial samples mixed with artificial sputum at different
concentrations to observe the effects of rotational speed, elution time and concentration on
the recovery efficiency. The artificial sputum was prepared by dissolving methyl cellulose
in DI water, as described in section 4.6. Methyl cellulose have been frequently used for cell
culture of colony forming cells and toxicity assays without any adverse effects [98]. Hence,

the artificial sputum samples acted as an ideal model for all elution experiments.

5.4.1 Effect of rotational speeds

Similar experiments were done with cultured E coli mixed with the artificial mucous
at two different concentrations (~6 x 10° CFU/ml and ~6 x 10® CFU/ml). Although the
concentration of bacteria could not be kept exactly the same between different experiments
due to its growth, care was taken to ensure that the order of magnitude of its concentration
was maintained. These experiments were performed to study the effects of rotational speed
of the magnets on the recovery efficiency.

Experiments were done with a specific concentration and elution times to observe the
effects of rotational speed on recovery efficiency. Dry swabs were dipped in the artificial
sputum samples and air dried for 30s before being immersed in the elution fluid inside the
vial of the device. Experiments were performed at various rotational speeds (100-500
RPM) of motor while keeping the elution time constant. Five repeats at each experimental
condition was performed and the average recovery efficiency was recorded. Four different
curves were obtained for different constant elution times (30 s-120 s). Each curve

represents the change of recovery efficiencies with rotational speeds at a fixed elution time.
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The recovery efficiencies were calculated as per section 4.12 and recorded on the Y axis

along with rotational speeds at X axis.

The variation in recovery efficiencies with the change in rotational speeds at a fixed
concentration of ~6 x 10° CFU/ml is shown in Figure 41. As observed in experiments with
polystyrene beads (Figure 31), the recovery efficiencies increase with increase in rotational
speeds. The recovery efficiencies increase from 47.6 to 78.4% with increase in rotational
speed from 100 to 500 RPM for 30 s of elution time. With higher elution times, the recovery
efficiency increases, similar to the experiments with polystyrene (Section 5.3.2). The
change in the recovery for 100 RPM across different elution times (30 s-120 s) is minimal
(47.6 —53.9%). At higher elution time (120 s) the recovery efficiencies increase from 53.9
to 81.5% within the same range of rotational speed. Also, the average difference in
recovery efficiencies for different elution times, while keeping the RPM same, is only
3.6%. As seen in the experiments with polystyrene, the average recovery efficiency values
are not statistically significant for lower rotational speeds, between 100 RPM and the case

of no agitation (p=0.46), but is statistically significant at 300 RPM (p=0.0006).
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Fig. 41 Recovery efficiency vs Rotational speed for ~6x10° concentration samples at

different elution times

Multiple impingement on the swab fibres is responsible for higher recovery of bacterial
cells than the control case of no agitation (46.3% at 30 s to 48.2% at 120 s). The number
of impacts inflicted on the swab tip per minute by the magnetic particles depend on the
rotational speed (= 4 x i x Nm). With the increase in rotational speed, the total number of
impacts increase resulting in higher number of impact forces on the swab fibres of same
magnitude. This provides higher number of eluted cells from the swab fibres and hence the
recovery efficiency also increases. The rate of elution is also aided by the increased rates
of dissolution at higher speeds. With each impingement of the magnetic particles on the
swab tip, fresh elution fluid enters the fibre matrix and dissolves the artificial sputum. The
E. coli cells absorbed in the inner matrices along with the artificial sputum migrates into

the elution volume along with the dissolution.
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Similar experiments were done with ~6 x 108 CFU/mI concentration samples and is
shown in Figure 42. At lower elution times (30 s), the recovery efficiency increases from
47 — 82% with increase in rotational speed from 100-500 RPM. With increase in elution
times (30 s — 120 s), the recovery efficiency increases, but the change is not in significant.
For instance, at 500 RPM, the change in recovery efficiency is only ~2.7%. This is also
similar to the results obtained from the experiments with polystyrene (section 5.3.2). Once
again, the recovery efficiency values between the control case of no agitation and low
rotational speed (100 RPM) are not statistically significant (p-value = 0.25), but is

significant at 300 RPM (p-value = 0.007).
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Fig. 42 Recovery efficiency vs Rotational speed for ~6x10® concentration samples at

different elution times

The effects of speed, elution time and concentration on the recovery efficiency of
bacterial cells are similar in trend to the effects obtained from the experiments with

polystyrene beads (section 5.3.1, 5.3.2 and 5.3.3 respectively). The recovery efficiencies
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increase with both the rotational speed and time. Higher changes in efficiencies are visible
in case of rotational speed, while small changes are visible in case of elution times. This is
because, the dissolution attains a steady rate after only ~90 s of elution time. Post
dissolution, when majority of the beads have migrated from the fibre matrix to the elution
volume, the concentration becomes identical in both the zones. Hence, no further elution
is possible. Also, the highest attainable efficiency tends to increase with decreasing
concentration, owing to the opposite movement of cells from the eluate to the fibre matrix
due to a negative concentration gradient between the higher number of eluted cells in the
fluid and that of the region inside fibre matrix. For concentrations in the medium

concentration ranges, further experiments were done to establish this concept.

5.4.2 Effect of concentration

Subsequent experiments were done to study the changes of recovery efficiencies with
rotational speeds at lower concentrations. Lower concentration ranges (in the order of 10°
and 10° CFU/mI) were explored. The dry swabs were immersed in the bacteria-laden
artificial sputum samples, air dried for 30 s and eluted in the device. The changes in
recovery efficiencies were calculated with the change in rotational speed of the motor,
while keeping the elution time constant. Similar curves were obtained for samples with two
different concentrations.

For measurements with significantly lower concentration, fluorescent intensity values
have been measured for each set of experiments and compared to a calibration curve.
Fluorescent intensity values ranged from 2328.9 + 357.7 RFU to 3249.77+ 418.1 RFU for

100 to 500 RPM respectively, at 105 CFU/mI concentration range. These fluorescence
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intensity values were compared with the calibration curve to obtain the concentration and
the required no of eluted cells from the measured volume:

Concentration = RFU —944.06 (14)

0.0113

The equivalent values of fluorescence for 10° CFU/mI concentration at 100 and 500
RPMs are 1260 + 80 to 1563.4+ 174.9.

The recovery efficiencies, changing with rotational at constant (120 s) elution time,
are shown in Figure 43. Elution with lower concentrations of E coli in the artificial sputum
sample show similar increasing trend in recovery efficiency as observed before. At a
concentration of ~2 x 10 CFU/ml, the recovery efficiencies increase from 52% to 86%
over the range of 100-500 RPM, which is a significant improvement over the control case
(46.25%) of no agitation at the same concentration. Recovery efficiencies up to ~90.4%
can be obtained at 500RPM with ~3 x 10° CFU/ml sample. Hence working with lower
concentration of cells can be beneficial at higher rotational speeds. The average recovery
efficiency values between the control experiments and various speeds are statistically
insignificant at lower rotational speed (p-value = 0.36 at 100 RPM), but is significant at
300 RPM (p-value = 0.0016). But, when compared between two different concentrations,
the values are mostly insignificant (p-value = 0.27 at 100 RPM, p-value = 0.39 at 200
RPM), but is closer to statistical significance at higher rotational speed (p-value = 0.078 at

400 RPM).
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Fig. 43 Recovery efficiency vs rotational speed for low concentration samples at 2

min elution time

Similar experiments were done for 1 min elution time to obtain the same nature of
curve. The recovery efficiency vs rotational speed curves of the two concentrations (~2 x
10° and ~4 x 10° CFU/mI) is shown in Figure 44. For ~2 x 10°® CFU/ml concentration, the
average number of eluted particles range from ~1 — 1.5 x 10 CFU/ml over 100-500 RPM.
This corresponds to a recovery increase from 49.1 — 86% with an average error of +3.4%.
For ~4 x 10° CFU/mI samples the efficiencies increase from 50.8 — 86.6% over the same
range of rotational speed and almost coincides with the values of the previous curve for
higher rotational speeds. The recovery efficiency values obtained from experiments with
lower cell concentrations were lower at low rotational speeds than higher concentration
experiments, but it increases when operated under higher rotational speeds. Also, the values
obtained for recovery efficiency at 60 s is lower than those obtained from the previous

curve with 120 s. Similar to the previous experiment, the average recovery efficiencies
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between the control case and that of different speeds are insignificant at 100 RPM (p-value
= 0.3) but is statistically significant at 300 RPM (p-value = 0.006). Also, when compared
between two different concentration, the recovery efficiency values between control case
of no agitation and lower rotational speeds are insignificant at 100 RPM (p-value = 0.41),
but the values are close to statistically significance at higher rotational speeds (p-value =

0.066 at 400 RPM).
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Fig. 44 Recovery efficiency vs rotational speed for low concentration samples at 1

min elution time

The trends for ~108 and ~10° CFU/mI concentration ranges was also studied at 120 s
elution time. The variation of recovery efficiency with rotational speed at higher bacterial
concentration for 120s elution time has been shown in Figure 45. This shows a similar
trend to the results obtained from polystyrene samples. The recovery efficiencies increase
with increase in rotational speed for constant concentration and constant elution time.

These curves also become steeper with lower concentration. Lower concentration (~6 x 102
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CFU/ml) of E. coli shows higher maximum efficiencies at high rotational speeds (81.5%
at 500 RPM). But at 100 and 200 RPMs, higher concentration samples show better
efficiencies (53.9 and 68.3% respectively) than lower concentration samples (47.1 and
55.8% respectively). While working with samples at higher concentration, it can also be
seen that there is no statistical significance between the recovery efficiencies of control
case and at low rotational speed of 100 RPM (p-value = 0.08, but has statistical significance
with an increase in rotational speed (p-value = 0.003 at 300 RPM). At higher concentration
ranges, the curves once again collide with each other and mostly has no statistical
significance between two different concentration curves (p-value = 0.15, at 100 RPM, p-

value = 0.08 at 300 RPM, p-value = 0.02 at 400 RPM).
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Higher recovery efficiencies are obtained at lower concentration of samples, as seen
in the above figures and also with the polystyrene experiments (in section 5.3.3 of this
chapter). Higher concentration of the sample allows increased number of cells to get
absorbed to the swab fibres. But, the higher cell loading can produce an impediment to the
dissolution of samples from the inner fibre matrices. Also, the process of reabsorption can
affect the recovery efficiencies of samples with lower concentration, by retaining more
cells onto the swab tip than samples with higher eluate concentration. Finally, some
particles are also adsorbed on the surface of the swab fibres. More number of adsorption
sites are available on the surface layers of the swab after elution, when samples with lower
cellular concentration is used. Hence, more number of bacterial cells can get adsorbed to

the surface when the swab is taken out, resulting in a decrease of recovery efficiency.

5.4.2.1 Low concentration

For samples lower than 10° CFU/ml, cell counting with both imaging and plate reader
is inadequate. Working with lower concentrations are difficult using particle counting and
fluorescent intensity measurements. The swabs absorb around 120 pl of artificial mucous
and post elution, the total number of cells remaining in the eluate is in the order of 10°.
With such a low concentration, the fluorescent intensity values almost coincide with those
obtained from the blank/background signal, even with a higher gain. Taking fluorescent
picture with 10 puL samples is equally challenging, where we might not get any cells in the
frame while using a 40x lens on the camera. Hence plating technique is the only viable

option.
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Experiments were performed to study the effects of rotational speed on recovery
efficiency. Cultured E. coli bacteria were mixed with artificial solution at ~4 x 10* CFU/mll
to prepare the samples. The swabs were immersed in the sample, air dried for 30s and
immersed in the vial of the device with LB media as elution fluid. Elution was done at a
constant speed of 500 RPM with two different elution times — 60 and 120 s. Post elution,
the cells were plated on agar plates and grown into colonies inside an incubator. Two
separate batches were done for each elution time and the efficiencies were calculated based
on the number of eluted cells.

Higher efficiencies of 82.7 and 71.5 % were found at 120 s elution time, while the
corresponding recoveries were 63.8 and 60.5% at 60 s. These values represent lower
efficiencies than the ones witnessed in previous experiments. The possible reasons behind
these lower efficiencies could be due to non-homogeneous mixing of cells in the eluate or
rupture of the bacterial cells. Since 5 batches of only 10 pL samples were taken for plating,
it is possible that due to non-homogeneous mixing there is inadequate number of cells in
the sample taken. This results to lower colony formations and hence leads to inappropriate
determination of concentration. Also, the death of bacterial cells will reduce the number of
colonies formed and thereby undercount the bacterial concentration in the eluate. Despite
these issues, the plating technique is the only viable method of counting the number of

eluted cells at lower sample concentrations.

5.5 Summary
Elution, aided with impact from magnetic particles, provides a better performance

compared to the process without agitation. Rotational speed, elution times and
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concentration of polystyrene beads/cells in the sputum samples were considered as

important parameters for characterizations. Experiments were done with polystyrene and

artificial sputum solution to validate the effects of the device and then repeated for E. coli

samples. The effects can be summarized as follows:

Higher rotational speed prompts more impact force to the swab fibres, thereby
provoking higher recoveries. With polystyrene, the maximum attainable
efficiencies 73% at high concentrations (10° particles/ml), while with E. coli
the corresponding value is 81% at 120 s elution time.

The recovery efficiencies increase with increase in rotational speed but
plateaus after the elution reaches a stability at 120 s.

Higher elution time promotes better efficiencies as well, although the slope of
the curve is lower than that of the Efficiency-rotational speed curve, which
proves the quicker stability of dissolution. Hence, most of the elution occurs
within the first 60 s due to dissolution, centrifugation and impact and beyond
which the concentration between the two separate zones become the same.
Better efficiencies are recorded at lower concentrations compared to higher

ones, effectively implying the use of the setup at lower concentration.
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Chapter 6

Conclusion and Future Work

6.1 Conclusions

Swabs are used as a collection device for many biological samples and its complete
elution is a desired step for clinical and forensic diagnostics. Several efforts have been
made to enhance the recovery efficiencies of elution processes. Mechanical and chemical
techniques of elution are the most popular approaches to elution and are described in
chapter 2. These include the use of chemicals to digest the cotton fibres to remove intact
cells, vortexing, piezoelectric vibration or pressurized fluid-flow. Although some of the
chemical techniques reach the 70% recovery efficiency mark, they require the addition of
a number of reagents specific to the analyte of interest. Most mechanical techniques of
elution are generic, work with a wide range of sample types and have lower elution times
(~30s — 10 mins). But they also require higher volumes (~5ml) or continuous flow of eluent
and highly intricate systems for detecting the target analyte. Although these techniques
include some indirect agitation methods for elution, none of them inflict direct (normal)
physical contact to the swab fibres. Mechanical techniques that produce direct impact
forces on the swab fibres can extract higher number of particulates as they can penetrate
deep into the fibre matrix than agitation by convective flows or non-physical impact.
Elution by multiple impingement on swab fibres can, therefore, be an important area of
elution. Hence a mechanical approach of elution has been introduced in this thesis to

improve the recovery efficiency and elution time.
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In this thesis, a device has been designed to facilitate better elution by using impact
forces on the swab by magnetic particles. These magnetic particles undergo simultaneous
rotation around their own axis and a circulatory translation around the central axis to cover
maximum surface area of the swab. This process improves the efficiency to ~92% at low
concentrations (~10° particles/ml) when experimented with polystyrene and ~86% with E.
coli. The device offers a robust design with reduced cost of parts and manufacturing. Laser
micro-machining and 3D printing allows rapid manufacturing and mass production in a
short time. Since this is a bench top device, it can be used in any research or clinical
environment. The device also has a provision to be controlled by a laptop for an easy plug-
and-play operation.

This device solves major issues typical of other elution processes. First, this technique
provides higher recovery efficiencies than other mechanical and chemical processes. This
device also provides higher recovery efficiencies for samples with lower concentration and
hence can be used in forensic labs where the number of available samples are very low.
Secondly, unlike some other chemical processes, this technique is generic to any kind of
sample and swab fibre types. The device is most suitable for recovering cells from different
body fluids like saliva, mucous, semen or blood, absorbed by the swab fibres. Apart from
body fluids samples, swabs holding biological agents from environmental surfaces can also
be eluted. Thirdly, the robust design and smaller size allows the device to be used in
different clinical, forensic and laboratory settings. Also, due to cheaper means of
manufacturing and assembly, the vials and smaller magnets can be discarded after every

experiment, thereby preventing contamination.
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However, several design considerations had to be made. For instance, precise fitting
is required to maintain the specific gap between the central vial and planetary gear. The
ring and planetary gears were manufactured with microscopic precision to eliminate the
possibility of backlash errors and interference. Hence, the assembly of this device is a bit
difficult as it contains a lot of smaller parts. Secondly, this device is capable of eluting
different types of swab fibres, but swabs with larger tips might require larger elution
volumes to get completely immersed into the fluid. Furthermore, a portion of the impact
forces applied by the magnetic particles on the swab fibres can also be translated to the
cell. Under the influence of compressive forces or mechanical shocks, the different
properties of E. coli (cell wall & cytoplasm elongation rate, proliferation rate, DNA
replication rate) can undergo some reversible change [99]. The cell volume and growth rate
(volume/time) are very insignificant and is observable only at high stresses (over ~134
kPa). These effects on the cell wall can be seen only over a very small period of time, after
which they retain their normal shape and all properties on the removal of compressive
forces [100]. Care has been taken to start the enumeration process after a certain period to
provide enough time for the cells to retain its structural properties and avoid any anomalies
in counting of the number of eluted cells. Furthermore, the outer surface of the E. coli cells
consists of lipopolysaccharide molecules, which contains several truncated carbohydrate
chains [101], and can interact with the cellulose molecules of the cotton swabs. Addition
of cyclodextrines to neutralize the effect of cellulose adhesion, thereby liberating E. coli

cells more easily.
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6.2 Future work

Even though the effectiveness of the use of multiple impingements to elute samples
from the swabs have been described, other mechanisms of elution by these magnetic
particles have not been explored. In this device, the magnetic particles undergo a rotational
motion around its own axis and also a circulatory translational motion around the central
axis. Further modifications can be made to the device by introducing different trajectories
of motion to the impacting particles. This can be done by using multiple magnets at
different angles, or by synchronised motion of magnets. Electromagnets are the best
options for these cases, although the magnitude of the magnetic force obtained will be
significantly lower than those obtained by neodymium magnets.

Moreover, the characterization of different parameters was done only with samples of
artificial sputum mixed with polystyrene beads and E. coli K12 cells. E. coli, being a gram-
negative bacterium, has higher rate of elution than gram-positive bacteria as shown by
Harry et al [92]. This showed that the values of recovery efficiencies can be slightly
different for different kinds of bacteria. Experiments can be done with different other
pathogens: a combination of virus, bacteria or mammalian cells, which might act
differently by clinging to the fibre matrices differently. Experiments can also be done with
real biological samples containing human sputum, blood, urine etc. Moreover, the
techniques can be extended to environmental sampling and recovery of bacterial spores
from stainless steel surfaces or food surfaces.

Another important area of improvement is the sensitivity of the detection techniques.
Experiments were done with the device for different concentration ranges up to 10*

CFU/ml, beyond which the detection techniques fail to provide significant values.
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Repeated experiments can be done with the plating technique by taking several small
aliquots of elution fluids from different parts of the collection vials to get an average value
of the total number of eluted particles from the number of colonies. For samples with E.
coli concentrations less than 10* CFU/ml, the cells can be concentrated at the bottom of the
vial by spinning it in a laboratory centrifuge at high speeds. Most of the elution fluid can
then be collected from the top, leaving the cells and a small volume of residual fluid. Plating
technique can be used subsequently to count the number of eluted cells.

Finally, the elution chamber can be modified to incorporate an outlet with a valve to
allow the flow of elution fluid to lysis and PCR chambers. Since the purpose of the
experiments is to provide increased number of eluted particles for subsequent processes of
DNA analysis, it is beneficial to provide the eluted fluid directly to the lysis or PCR zone
without loss of samples. This will produce a compact lab-on-a-chip device for the entire

chain of process.
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APPENDIX A

Measurement of forces on the swab

Load cell

A load cell was used to measure the forces on the swab head. For this purpose, a load
cell (3132_0 - Micro Load Cell (0-780g) - CZL616C) has been used along with a bridge
board (1046 _0 - PhidgetBridge 4-Input). For force measurements, a swab is attached to the
surface of the load cell and hanged from the top by clamps in a vertical direction. The load
cell and swab setup acts as a cantilever beam and works on the principal of strain gauge.
Calibration was done at no weight and 4 known weights with a gain of 128 to create an
equation of converted force (gm-force) vs bridge value (mV/V). The calibration curve was
found to be:

Converted force = -2961.95 x bridge value + 21651 (15)

Experiments were then performed, replicating the actual cell elution process at
different RPMs, and the corresponding bridge values were compared with the calibration
curve to obtain the force values. The load cell is sensitive to the 100th decimal places and

has a range of 0-780 g-force.

Measurement of forces

The setup is considered to be a cantilever, with the fixed end being the measuring end.
As shown in Figure 46, the swab end was attached to the load cell plate. The load cell was
held in position by means of a clamp. The load cell was connected to a bridge board which

in turn was connected to the laptop. The swab tip was placed inside the vial with magnetic
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particles. The device was connected to the motor and the rotational speed was increased
from 100 to 500RPM. The reaction forces at the fixed end was measured under the
influence of the impact forces at the tip by the magnetic particles. The values were recorded
from the Bridge-full mode Phidget21 software.

The values of the forces were taken at the point of contact of the swab with the load
cell plate. The forces were measured at the fixed end and the shear force (V) is same
throughout the entire length of the swab. This reflects the value of the operating force at
the swab head tip to be exactly equal to the force applied at the free end. The impact of the
rotating magnetic particles to the swab head produces dynamic forces applied to the free
end. Hence the data rate was taken at 8/ms and averaged over the time period. Forces were

calculated in kg-f at different rotational speeds and converted to N.

“’ Controller

‘

N

Fig. 46 Experimental setup for measuring forces with load cell
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APPENDIX B
Device design & fabrication

The device, used in this thesis, consists of the following parts:

e Motor

Support walls for motor

e Horizontal arm

e Planetary gear

e Ring gear

e Support walls

e Pillars

e Bearing

e Cylindrical placeholders

All these parts are made of acrylic and produced either by laser cutting or 3D

micromachining as described in the next section. The device layouts and the description of
the device has already been given in section 3.6. The device works with the principle of
sun and planetary gear, where the planetary gear rotates around the static ring gear. In order
to reduce the form factor of the device, the centre distance between the mating gears should
be minimized. The centre distance is calculated after leaving sufficient space for the vial at
the centre, the addendum diameter of the rotating gear and a clearance. The planetary
rotation system is then designed with an inner planetary gear rotating around the teeth of
an external fixed ring gear, the centre distance being 38.1mm. The device and its parts have

been shown in Figure 47 and the exploded view is shown in Figure 48.
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Fig. 47 Device and its parts

To make the device compact, the gear system has been designed on the basis of centre
distance. In order to generate enough torque at higher speed requirements, the number of
teeth in the planetary gear can’t be less than 16. Also, to make the outer diameter of the
device lower, as well as accommodate the planetary gear and the necessary clearance, the
number of teeth on external ring should be optimized. This restricts the gear ratio to 2.88,
above which the centre distance increases. The gear ratio between the mating gears was
rounded to 2.9, with a module of 2.5 mm. The module was determined by the circular pitch,
which again is a function of the number of teeth on the gear. The module is calculated from

[102]
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__ 2acosp (16)

T 14i-9.77

where, a is the centre distance and i is the gear ratio, and B is the helix angle (0).
The device is designed with 16 teeth on the planetary gear, 46 teeth on the outer ring
gear and a facewidth of 12 mm on both structures to prevent gear failure. The number of

teeth on inner gear was calculated from [102]

__2acosp
zZy = s a7

The pressure angle was chosen to be 20° (Standard values are 14.5 and 20). Higher
pressure angles tend to result in gear teeth with greater bending strength, lower efficiency,
and lower contact ratios. But when the number of teeth becomes very small (less than 12),
the pressure angle must be increased to prevent undercutting during manufacture.

Once the set of gears were designed, they were put together to assemble the device.
The ring gear is held static by means of smaller pillars, while the planetary gear is
connected to a horizontal arm. To maintain free rotation of the planetary gear, a bearing is
placed in a slot at the bottom end, which in turn is connected to a small cylindrical
placeholder and attached to the horizontal arm. The arm is connected to the motor shaft by
means of a tightening screw. The device consists of a motor that rotates an arm which
carries the magnet around. The magnet sits on the planetary gear which undergoes rotation

and a circular translation around the vial which is placed at the centre.

138



MASc. Thesis - S. Banik; McMaster University - Mechanical Engineering

Fig. 48 Exploded view of the device

The device has been assembled in the following steps:

1.

The base is placed on a flat surface first and eight support pillars are inserted inside
in the slots and glued with the base.

The ring gear is placed on the top and the top of the pillars are inserted on to the
slots present on the bottom of this gear.

The motor is placed on the base, in between the two support wall slots.

The support walls are placed in their respective slots and screwed with the motor
to prevent any lateral movement.

The motor shaft is attached to a hole in the horizontal arm.

The other end of the horizontal arm is press fitted to a bearing by means of a

cylindrical placeholder.
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7. The bearing is attached to the base of the planetary gear, which holds the ring
magnet.

8. The vial is placed at the middle of the device by means of a clamp.

MODIFICATIONS OF THE DEVICE
A new compact design was developed in order to reduce the form factor of the device.
This device also works on the same principle of sun and planetary gear combination. The
device description and the working principle of the device has already been given in section
3.6.2. The different parts consisting of this modified device is shown in Figure 48 and the
exploded view is shown in Figure 50.
The device consists of the following parts:
e Motor
e Support walls for motor
e Horizontal arms
e Sun gear
e Planetary gears
e Lower gears
e Bearings
e Cylindrical placeholders
e Central support

e Base
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Fig. 49 Schematic of the modified device and its parts

The gear combination was designed on a centre design of 30mm at 20° pressure angle.
The number of teeth on the central gear was 32 on a gear ratio of 2 and module 1.25mm.
Higher facewidth of 15mm was provided to the central gear as compared to the external
ones (10mm) to handle greater torque at high speeds. An extra pair of gears are introduced
at the bottom. The horizontal arms are made to rotate by the help of these, which supports
and aids the revolution of the top external gears around the static gear. The lower gear
combination was designed on the basis of centre design, which was valued to 24mm. There
are 16 teeth on each gear, with a gear ratio of 1 and module 1.5. The facewidth was chosen
to be 10mm and the pressure angle was 20 degrees. These gear combinations now rotate at

the same speed as that of the motor, when the central one is connected to the motor shaft.
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This device arrangement brings down the total extent of the device to 82.2mm, thus

allowing a more compact solution than the previous design (152mm).

Fig. 50 Exploded view of the modified device

The device has been assembled in the following steps:

1. The base is placed on a flat surface first and the central support is affixed on
top of it by means of a screw.

2. The motor is placed on the base, in between the two support wall slots.

3. The support walls are placed in their respective slots and screwed with the
motor to prevent any lateral movement.

4. One of the lower gear is placed on top of the motor shaft by press-fitting.

5. A bearing is press-fitted to the base of the complimentary lower gear and the

combination is slid on the central support and placed on the mid central notch.

142



MASc. Thesis - S. Banik; McMaster University - Mechanical Engineering

. Two small shafts on top of the left lower gear are attached to holes in the
horizontal arms.

. The other ends of the horizontal arms are press-fitted to bearings by means of
bearing supports.

. The bearings are attached to the base of the planetary gears, which holds the
ring magnet. Two planetary gears are used to balance the horizontal force
applied to the sun gear which mates with the planetary gear.

. The central fixed gear is screwed on top of the central stand and has a central

hole to place the customized vial described in section 3.6.2.
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APPENDIX C

Machining processes

Laser micro-machining

Laser micro machining was used for most of the smaller parts like the base, the support
walls, the support pillars and the horizontal arms from acrylic sheets. Acrylic sheets of
6mm thickness were cut into various shapes by laser using a Trotec Speedy 300 Laser
engraving machine [103]. It has a 355 cm/second processing speed with an addressable
accuracy of 5um, which works on 12-120 Watts of sealed-off CO> laser. A Laser pointer
allows precise positioning of the object at the start. A ferromagnetic stainless steel
worktable is provided on a granite block to ensure a flat work surface. Honeycomb table
insert is used while cutting, which reduces reflection of the beam from the Table and
prevents melting of the back. A strong exhaust system and slight vacuum prevents slippage
of materials.

The acrylic sheets were placed on the honeycomb table. The design, made in Autodesk
Inventor, was exported to a .stl file and loaded to the JobControl software that managed the
workflow in the laser cutter. All the required parts are crafted one by one and assembled

together.

3D printing
For intricate parts, where higher resolution, accuracy, precision and surface finish are

needed, 3D printing was used. All the gears and bearing supports were made by 3D
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printing. The ProJet HD 3000 [104] was used for this purpose. It works on a Multi-Jet
Modelling technology, which utilizes photo-curable acrylic. Multi-jet printing is a type of
inkjet printing which deposits photo-curable plastic resin from a piezo printhead. The
molten material ooze out of multiple nano-jets on the platform, and is cured layer-by-layer
by UV light. The printer also provides automatic creation of wax support elements. Non-
toxic wax materials provide easy melt away supports within an operating range of 18-28°C.
Wax supports of such lower melting point melts away easily without affecting the cured
acrylic.

The device has an ultra-high definition resolution of 656 x 656 x 800 DPI (x-y-z), with
an accuracy of 25 pum. Higher resolution was required for the mating gears to avoid
interference and hence 3D printers were used. Overheating and tooth damages were
prevented by allowing for a blacklash between all the gears. Allowing a 20° pressure angle
provides a scope for ignoring the undercutting, although it requires a closer tolerance on

gear-to-gear centre distance.

145



MASc. Thesis - S. Banik; McMaster University - Mechanical Engineering

APPENDIX D

Ring Magnets vs Bar Magnets

The ring magnets used in the device is diametrically magnetized, which means that the
north and south-seeking poles are on the opposite sides of the circular curvature. The
magnetic field strength (H) is defined as the magnetizing force or the measure of the vector
magnetic quantity that determines the ability of a magnet to induce a field at a given point.
The magnetic field or the magnetic induction (B) induced by a field strength, H, at a point
is the vector sum of the magnetic field strength and the resultant intrinsic induction (M). It
is also defined as the flux per unit area normal to the direction of the magnetic path. The
relation between B and H is given as,

B = pio(H + M) (18)
where, M is the magnetization of the material. o is the magnetic permeability. The

radial field on the horizontal plane of the ring magnet is given as,

Hy(r,2) = 52— (tan™ [_—] — tan™1 [Z"‘]) (19)

r—71
where, a 2-D analytical approach is assumed with an infinite parallelepiped (Figure
51) whose height is h, z is the vertical height, r is the radius from centre, ry is the inner

radius and o is the surface magnetic pole density. [88]
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Fig. 51 A) Ring with symmetric axis (z) and radial polarization, B) Infinitely long

parallelepiped approach. [88]

A ring magnet of initial magnetic induction (M) of 2.65T is used for the analysis. A
ring magnet was chosen as compared to the more commonly available bar magnet in order
to minimize the duration of time per rotation cycle when the magnetic field imposed by it
is tangential to the surface of the swab. This phenomenon is described in Figures 52 and
53. A bar magnet is assumed that have the same magnetic remanence as that of the ring
magnet and equal circumferential dimensions when rotated. The length of this bar magnet
is considered to be equal to the diameter of the ring magnet. The rotating bar magnet is
shown in Figure 52 (a) for different positions of the circumference from x=0 at the left end
to x=39.9mm after completing one full circle. The forces offered by the magnets along the
circumference are shown in Figure 52 (b). Since the magnetic poles lie on the opposite
ends only, the forces act at those two ends. This gives two distinct peaks of the maximum

magnetic remanence, with a positive and negative value for either poles.
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While rotating around the magnetic particles inside the vial, the bar magnet comes to
certain positions when both of them are parallel to each other. This is shown in Figure 52
(c). the lines of forces acting on the magnetic particles unit is shown in red lines, emerging
from north poles and ending in south poles. The forces are resolved into two directions:
parallel and perpendicular to the magnets. The resultant force parallel to the magnets acts
in one direction away from the north pole, while the forces perpendicular to the bar magnet
balances each other. Hence, for each rotation of the bar magnet there are two situations
when the resultant magnetic forces act parallel to the swab. To avoid this phenomenon,

diametrically magnetized ring magnets are used.

(c)

Fig. 52 a) Different positions of the rotating bar magnet along the outer circumference.
b) Magnetic remanence along the circular surface c) acting forces on the magnetic

particles when they are placed parallel to each other.

The rotating ring magnet is shown in Figure 53 (a) for different positions on the

circumference from x=0 at the bottom to x=39.9mm, completing one full circle. The ring
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magnet has a distinct magnetic distribution, where the north and south poles lies on the
opposite curved surfaces. The polarity is maximum at two opposite poles and decreases
smoothly to zero at the equator before reversal of polarity. This allows a uniform change
in the magnetic field along the surface, which resembles a sinusoidal curve. The change in
magnetic remanence along the circular surface is shown in Figure 53 (b). Due to the
uniform decrease in pole strength, and their subsequent reversal, the magnetic force
experience by the smaller magnets inside the vial never becomes tangential to the swab

surface.

x=19.95
B=0

X=9.975 i X=29.925
B,=2.65 ‘ B=-2.65

x=0
B=0

(a)

Magnetic remanence (T)

Fig. 53 a) Different positions of the rotating ring magnet along the outer circumference.

b) Magnetic remanence along the circular surface
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