A Smart Bandage for the Automatic Detection and
Treatment of P. aeruginosa Infections in Burns

by

David Hamdi
BEng, University of Victoria, 2017

A Thesis Submitted in Partial Fulfillment
Of the Requirements for the Degree of

Master of Applied Science

in the Department of Mechanical Engineering

© David Hamdi, 2020
University of Victoria

All rights reserved. This Thesis may not be reproduced in whole or in part, by photocopy
or other means, without the permission of the author.



Supervisory Committee

A Smart Bandage for the Automatic Detection and Treatment of P. Aeruginosa Infections
in Burns.

by

David Hamdi
BEng, University of Victoria, 2017

Supervisory Committee

Dr. Mohsen Akbari, Mechanical Engineering
Supervisor

Dr. Yang Shi, Mechanical Engineering
Departmental Member



Abstract

Infection of thermal injuries by bacteria is a growing concern in the healthcare community,
leading to increased rates of morbidity and mortality. P. aeruginosa, a rod-shaped, Gram-
negative bacteria is one of the bacterial species most commonly found in infected burns.
Detecting infections in burns is still a somewhat archaic process involving visual
inspection, in which dressings have to be removed (also causing more pain and discomfort
to patients) before samples are sent to a laboratory for analysis. Timely in situ detection
systems, which limit disturbances to the wound area, could drastically improve patient
comfort and healing outcomes. While established infections, with fully developed biofilms,
are difficult to treat, loose bacteria early on in an infection and biofilm formation are more
likely to fall easy prey to antibiotics, if the appropriate drugs are administered in a timely
manner. In this thesis a smart wound management system, geared towards detecting and
eliminating P. aeruginosa infections in burns is presented. Both non-functionalized general
purpose electrodes, paired with an affordable open source potentiostat, for electrochemical
analysis, and on demand drug releasing elements were developed by layering conductive
materials onto everyday cotton threads. The sensing elements were thoroughly
characterized with the detection of a P. aeruginosa biomarker over a range of
physiologically relevant concentrations and conditions. The ability of the thread based
sensors to detect live bacteria and be integrated in textile wound dressings was
demonstrated. Controlled drug release was also demonstrated through the development of
several drug release profiles. The presented technology has the potential to greatly improve
patient outcomes in burn wards and provides a platform for tackling other infectious

organisms with the further development of more thread based tools.
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Chapter 1: Introduction

1.1 Why Burns are a Big Deal

Thermal injuries are a serious issue facing Canadians and the rest of the world. It has
been estimated by the World Health Organization that roughly 188000 people pass away
each year worldwide from burns [1]. In Canada alone for the 2009-2010 period there were
roughly 127000 burn injuries reported nationwide [2]. Before delving further into the
statistics surrounding burn injuries it is important to understand the pathophysiology of this
type of injury. There are four degrees through which burns are classified with the first
degree being the least severe and the fourth constituting the worst thermal injuries possible,
based on the depth of the burn. The degrees of burn and their associated depth, appearance
and feeling are summarized in Table 1 below. In addition to the degree of burn, based on

the depth, burns over roughly 20% of the body can induce burn shock

Table 1: Degree of burns and their associated depth, appearance and feeling. [3]

Degree Depth Appearance Feeling

Only affects the
epidermis
Epidermis and part
of the Dermis
Full destruction of
the Epidermis and
3rd Dermis with White, Black or i

possible permeation Charred
into the
subcutaneous tissue

Possibly permeates No pain as the
all the way to

4th muscle or even - nerves have been
destroyed

bone.

15t Red Painful and Dry

2nd Red and Blistered  Swollen and Painful



There are several avenues through which thermal injuries occur, including those induced
through scalding, contact, flame and electrical burns. Scalding is burns through liquid,
often boiling water or oil. Contact is through touching a hot object, such as a stove top.
Flame induced burns are from anything with an open flame, such as a fireplace. Lastly
electrical burns can be subdivided into occurrences in which current does or does not pass
directly through the body [4]. Scalding accounts for 52.3% of burns in Canada while
contact, flame and electrical burns account for 29.9%, 11.0% and 4.8% of burn injuries
respectively [5].

While burns have a huge impact physically on the individual affected, they also have a
large economic impact, accruing costs both in terms of medical treatment and loss of
productivity. The Canadian government estimated economic losses of up to 366 million
dollars Canadian in 2010 due to burns, 177 million of which are direct costs, while 188
million are from indirect impacts (lost work etc.) [6]. It can therefore be put forward that
the expedient healing of burn wounds is important both for the physical and economic
health of the individual and the society within which that individual resides. The principles
of burn wound healing are similar to that of more commonly encountered wounds that the
body is able to deal with relatively easily, but burns have several complications that make
the process more difficult. Burns are typically formed with 3 zones, those being, from
innermost to outermost, the zones of coagulation, stasis and hyperaemia [4], [7], [8], [9].
[10].The zone of coagulation is the main point of the burn wound in which tissue death is
inevitable while the zone of stasis surrounding it initially contains tissue that can be saved
if the appropriate interventions are carried out. Typically blood vessels have been sealed

or destroyed in the zone of coagulation, thus preventing the initial healing processes from



taking place. Over the course of healing, the zone of coagulation will either expand to
include the zone of stasis, often due to additional issues such as infection [4], resulting in
a more grievous wound; or the tissue can be saved resulting in a healthier outcome and less
tissue death. Current methods for detecting infection are laborious and slow to yield results,
as they require specimens be analysed in a microbiology laboratory [7], potentially
resulting in precious treatment time being lost. Some examples of techniques used to
monitor burns for infection include regular surface swabs and tissue biopsies after which
the samples are cultured on agar plates for 24 hours before analysis.

Burn wound healing is made up of the three broad phases of inflammation, proliferation
and remodeling [9], [10]. The initial phase of inflammation is characterized by the
migration of immune system cells, notably neutrophils and monocytes, to the site of injury
before other immune system cells such as macrophages, which are either resident in the
tissue or produced from monocytes, start to work [9], [10]. During the inflammatory phase
the immune system cells previously mentioned are responsible for preventing infection,
clearing dead tissue and releasing signalling molecules, like for example growth factors
[9], [10]. Activated and attracted by the chemical signals released by the immune system
cells, fibroblasts begin migrating into the wound area, in order to start the next phase of
burn wound healing, proliferation [9]-[11]. The main purpose of the proliferation phase is
to begin closing the wound and rebuilding tissues such as blood vessels [9], [10]. During
the final phase of remodeling, the extracellular matrix laid out in the proliferative phase is
modified and added to with more collagen and elastin being laid down [9], [10].

Of course the healing process just outlined is in a relatively ideal situation and often

infection is a large concern due to the now heavily compromised immune system. The



immune system of burn patients is compromised in several ways, the first being broken
skin and the second, only in cases of extreme burns, compromised immune system cells.
The skin is a large part of the innate immune system, serving as an effective barrier to all
of the bacteria and other microorganisms we encounter in our daily lives [10]. Immune
system cells can be compromised in an increasing inflammatory cycle known as “systemic
inflammatory response syndrome” [9], wherein the unrestrained release of cytokines and
chemokines (largely by immune system cells) leads to the repression of integral parts of
the immune system such as neutrophil action to kill invading bacterium [9]. Of the

infectious microorganisms commonly found in burns one in particular stands out.

1.2 Burn Infection

Due to the often severely compromised immune system of burn patients they are
ripe targets for infection by opportunistic bacteria. One of the most prolific [7] and
deadly bacterial species when it comes to infections found in burn wounds, is
Pseudomonas aeruginosa. P. aeruginosa is a rod-shaped, Gram-negative, aerobic
bacteria, that is commonly found in soil and water samples [12] and is a normal part of
the skin biome. While not normally an issue for healthy individuals, P. aeruginosa
attacks immune-compromised members of society, such as those suffering from major
burns [12]. A huge problem in the modern health care setting, especially in burn wards,
P. aeruginosa infections have had in some cases up to a 77% [13], [14] mortality rate
(when looking at those patients infected with this bacteria). With 127,000 [2] burns
reported per year within Canada alone and reports of up to 9% [14] of patients in burn
wards developing infections as shown in one 25 year review of a single burn center, burn

infections are a major problem. More so than many of the other bacteria commonly found



in burn wounds, P. aeruginosa is a particularly nasty culprit, often leading to mortality or
increased rates and lengths of morbidity [15]. It has been shown that P. aeruginosa is
capable of growing in burn wound exudate and that the bacteria’s virulence is even
enhanced under such conditions [15]. In part due to the risk of infection, treatment of
burn wounds can be excruciatingly painful for patients. The World Health Organization
(WHO) recommends dressing changes up to twice daily to prevent oozing through the
dressing and to check for infection [16].

One of the problems with P. aeruginosa is its tendency to produce virulence factors that
aid the bacteria to survive and cause serious damage to the infected host. One of the
virulence factors produced only by P. aeruginosa is pyocyanin, a blue-green, redox active,
phenazine [17], [18], that is capable of killing Neutrophils [19]-[21]. Some of the specific
effects of pyocyanin on cells exposed to it include effects on cellular respiration [18], [22],
[23], modification of immune system functions [18], [22], [24], modification/impairment of
enzyme actions [18], [22], [23], as well as general cytotoxicity due to oxidative stress from
the production of superoxide and hydrogen peroxide [22], [25]. The chemical structure of

pyocyanin is shown below in Figure 1 reprinted from Hall et al. [25].



Figure 1: Chemical structure of pyocyanin. Reprinted with open access permission from Hall et al. [25] Creative
Commons Attribution License.

There are two positive aspects to the production of pyocyanin, the first being that due to its
redox active nature, the virulence factor can be detected through the use of non-
functionalized electrochemical sensors and that secondly it is a virulence factor produced
uniquely by P. aeruginosa [26] and can therefore be used as a specific biomarker for the
bacteria. Standard procedures for identifying bacterial infections still involves the use of
culture techniques that can take anywhere from 24 to 48 hours [26], creating a need for fast
reliable detection potentially through the electrochemical avenue presented by pyocyanin.
The prompt, in situ detection of P. aeruginosa infections has the potential to go a long way

in improving burn patient outcomes.

1.3 How Pyocyanin is Made and What it Does

The synthesis of pyocyanin, a chemical introduced in the previous section, is an
important biological function of P. aeruginosa and biofilms constructed by strains deficient
in its production have been shown to have difficulty forming biofilms (more on biofilms
shortly). Pyocyanin production is positively regulated by quorum sensing via quinolone

molecules [18], this is due to the fact that it is only worthwhile producing virulence factors



such as pyocyanin for the bacteria if others are doing the same. Essentially it ensures that
there will be a sufficient concentration of pyocyanin to be effective before the individual
cells commit to producing it, meaning in turn that the more bacteria is present the more
pyocyanin will be produced. As a brief aside, quorum sensing is a method by which
bacteria and other microorganisms self-organize. In this case bacteria continuously release
chemical signalling molecules, meaning that the more cells there are present the higher the
concentration of the signalling molecules will be. In our example of P. aeruginosa a high
concentration of one of these signalling molecules is necessary before the genes
responsible for pyocyanin synthesis are expressed.

The main precursor of pyocyanin is two molecules of chorismic acid which are used by
enzymes encoded by phz operons (can be thought of as the functional unit of bacterial
genes) [27] to produce Phenazine-1-carboxylic acid (PCA) [18], [26]-[29]. PCA is actually
the precursor for a variety of phenazine compounds each with their own synthesis
pathways, utilizing different Phz proteins [26], [27], [29]. As seen in the Figure 2 below
from [39] the PhzM and PhzS proteins are necessary for the transformation of PCA to
pyocyanin. PhzM is thought to closely resemble in form and function an O-
methyltransferases (enzymes that attach methyl [CH3] groups to molecules, as can be seen
by the replacement of the hydrogen atom attached to the lower nitrogen in the middle ring
with a CH3 group, in Figure 2 [26] below) similar to those found in other bacterial species
[27], [29]. PhzS is thought to be similar in nature to a hydroxylases [29] (which are

enzymes that add hydroxyl groups to compounds).
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Figure 2: The biosynthesis pathway from chorismic acid through to pyocyanin, using the PhzM and PhzS enzymes.

Reprinted with permission from Sismaet et al. [26] Elsevier.

As briefly touched on in the previous section pyocyanin can have a number of negative
consequences for the host, once the toxin has been released by the bacteria. One of the
mechanisms through which pyocyanin negatively affects eukaryotic cells is redox cycling
near or inside the mitochondria (the site of cellular respiration — which is the synthesis of
adenosine-tri-phosphate, the main energy currency of the cell) [23]. The redox cycling of
pyocyanin in eukaryotic cells is shown below in Figure 3 from Hall et al. [25] and shows
how pyocyanin is reduced by nicotinamide adenine dinucleotide phosphate (NADPH, a
cofactor) before subsequently transferring its newly acquired electron to oxygen forming

superoxide and then possibly hydrogen peroxide.
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Figure 3: Redox cycling of pyocyanin in eukaryotic cells, thanks to its reduction by NAD(P)H and subsequent electron
transfer to oxygen. Reprinted with open access permission from Hall et al. [25] Creative Commons Attribution License.

1.4 How is Pyocyanin Detected Electrochemically?

Due to the redox active nature of pyocyanin it is a prime candidate for detection and
analysis through the use of electrochemical techniques. A common electrochemical
technique called square-wave-voltammetry is commonly used to reduce and oxidize
pyocyanin. Square-Wave-Voltammetry (SWV) involves the use of a potentiostat to
maintain precise voltage levels between a carbon working electrode and a silver chloride
reference electrode while current is supplied to the system through the counter electrode.
The purpose behind having the third reference electrode to maintain voltage is that as the
current flows through the counter electrode it would be very difficult to maintain a voltage
based on Ohm’s law, as can be seen in equation 1 below, the voltage is directly dependant
on the current. If the voltage is constantly changing due to the supplied current it would be
next to impossible to accurately control the voltage and produce the waveforms necessary

for the technique.

V=1IxR @



The need for a precise reading of voltage, as can be seen in Figure 4, is due to the complex
waveform used in square-wave-voltammetry, a square wave and staircase function

combined.

First current
reading

First current
reading

Voltage

Second current
reading

Time

Figure 4: Voltage waveform for Square Wave Voltammetry. Two current readings are taken in every voltage cycle, one
at the end of the forward pulse and one at the end of the negative pulse. The voltage period is denoted in red, while the
time of current readings are marked by yellow arrows.

The current flowing into the working electrode is sampled twice during each cycle, before
they are subtracted from each other, eliminating the capacitive/charging current (essentially
the stream of electrons fed into the system by the counter electrode) in the process. Left
behind is the faradaic current, which is due to electron transfer at the working electrode
surface due to the redox cycling of the chemical species under investigation (the chemical
of interest will oxidize and reduce in concert with the forward and reverse voltage pulses)

(the surface area of the electrode exposed to the solution is therefore an important variable

10



when taking measurements). Different chemicals are susceptible to this voltage induced
redox cycling at different voltages (different environmental conditions) allowing for the

detection of a variety of substances.

1.5 Biofilm Formation

Biofilms can be thought of as one of the most abundant environments life makes for
itself. While biofilms themselves are not living things, they are inhabited by a multitude of
microorganisms, some of whom make biofilms and some of whom simply inhabit those
made by others. Biofilms are found everywhere from creeks in the forest, to medical
equipment in hospitals and can be inhabited by a multitude of species or one singular
species. Unfortunately biofilms can also become established in burn wounds, rendering
infections far more difficult to treat. The end goal of biofilms is the protection and success
of their inhabitants [30]. These complex heterogeneous structures are not static in time and
change and evolve in response to external stimuli in order to better suit the needs of their
inhabitants [30]. Biofilms are composed of both living cells and organic support material
known as extracellular polymeric substances (EPS). The EPS is produced by the cells that
inhabit the biofilm with different organisms producing different materials. Despite this
variety, the composition of the EPS can be broken down into the following general
categories: polysaccharides, proteins, DNA/RNA and fats [30]-[33]. Cellular structures
such as pili, fimbriae and flagella play roles in maintaining the structure of biofilm and in
the attachment of cells to the biofilm and substrate surface [30], [31], [33]. The structures
of biofilms and the phenotypes displayed by the cells that inhabit them vary greatly based
on a number of variables, such as the species of bacteria present, the strains of said bacteria,

the amount of bacteria present and environmental conditions (such as heat, shear forces
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due to fluid flow and nutritional elements that are available) [31], [33]. This variety of
biofilms is also displayed by the species of bacteria of interest in this thesis, P. aeruginosa.
P. aeruginosa biofilms are a major issue in the health care setting, causing infections in the
lungs and airways of cystic fibrosis patients, implantable medical devices, chronic wounds
and burn patients [34], [35]. Despite the variations in make up most P. aeruginosa biofilms
and those of other bacteria go through a predictable 5 step lifecycle. The steps of the P.
aeruginosa biofilm lifecycle are the initiation of attachment by planktonic (cells free in
media) bacterial cells to a surface (at this stage still reversible), the formation of micro
colonies and irreversible attachment to the surface, proliferation and the initial production
of EPS, maturation into fully 3D structures (often shaped like mushrooms, with a cap and
shaft [36]) in which nutrients, oxygen and cells can move and finally dispersion into the

environment in order to find new locations to set up shop [33], [34], [37], [38]. Figure 5

below taken from Olivares et al. [37] shows the lifecycle of biofilms graphically.

5. Dispersion %

Figure 5: Five stages of P. aeruginosa biofilm development. The first stage is reversible attachment, the second is
irreversible attachment, the third is proliferation and matrix production, the fourth is maturation and the fifth and final
phase is dispersion into the environment. Reprinted with open access permission from Olivares et al. [37].
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Biofilms are a large part of the problem of infected burns because they make the bacterial
infections far more resilient. In particular bacteria become more resistant to antibiotics, the
principle treatment option for wound infections. It has been theorized that this increased
antimicrobial resistance is due to several major factors, namely delayed and diminished
antibiotic delivery due to the biofilm environment and material components as well as the
lowered growth and activity rates of bacteria deeper in the biofilm [39], [40]. Suci et al.
[39] performed an in-depth investigation of ciprofloxacin penetration into P. aeruginosa
biofilms and found that there was a significant reduction in the amount of ciprofloxacin
that diffused through the biofilm structure. The lowered diffusion and activity of antibiotics
in biofilms is likely due to difficulty of the antibiotic molecules physically diffusing
through the biofilm material as well as due to interactions with the variety of materials
found in biofilms that can either chemically modify the antibiotic or in a sense grab onto
it, slowing its diffusion [40]. The principle behind the lowered growth rate hypothesis is
that deep within the biofilm there are fewer nutrients and less oxygen. This starved
environment induces the bacteria to have a slower metabolism therefore up taking less of
any antibiotic that diffuses down into the lower reaches of the biofilm [40] it also slows

down cell division which affects the efficacy of the drug.

1.6 Treating P. aeruginosa Infections

Once detected a common choice of tool for combatting P. aeruginosa infections is
an antibiotic called ciprofloxacin. ciprofloxacin is a fluorinated quinolone that affects most
gram-negative and many gram-positive bacterial species [41]. ciprofloxacin is the first
choice among quinolone antibiotics when it comes to the treatment of P. aeruginosa [42].

Like other quinolones ciprofloxacin targets DNA gyrase and topoisomerase 4 [41]-[43].
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Both DNA gyrase and topoisomerase 4 are involved in the coiling and uncoiling of
bacterial DNA during the replication process [43]-[45]. Figure 6 below from [45] shows
the roles of DNA gyrase and topoisomerase 4 in DNA replication; topoisomerases most

prominent role is unlinking interlinked chromosomes right before cell division.

Bacterial type Il topoisomerases

Negatively supercoiled Relaxed Positively supercoiled
Gyrass Gyrase
R St <
— P A—
Topo IV Topo IV

T Topa IV

Interlinked chromosomes
TRENDS In Microbigiogy

Figure 6: Role of bacterial type 2 topoisomerases. Reprinted with permission from [45]

Both of these enzymes are composed of 2 subunits, one involved in splitting DNA coiling
and the other in energy transduction from the hydrolysis of adenosine triphosphate (ATP)
(to allow for the DNA splitting and joining/coiling) [42], [45]. In order to perform their
roles the aforementioned enzymes have to covalently bond to the DNA strands [45]. Once

this has occurred the enzyme-DNA complex is vulnerable to ciprofloxacin which
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irreversibly binds to the complex, sealing them together and breaking up the DNA [42],
[45].
While antibiotics have proven to be effective against motile bacteria, they have much more
difficulty clearing infections that have formed biofilms. As was discussed earlier several
EPS components are known to bind aminoglycosides another type of antibiotic commonly
used to treat bacterial infections. Suci et al. [39] showed that some regions of biofilms
environment experienced 30 to 70 percent less ciprofloxacin than the bulk media
concentration through which it was delivered. It has been postulated that this is due to
multiple factors such as entrapment or modification by the EPS [39] (modification likely
due to extracellular enzymes). It has also been theorized that increased survival of bacteria
in biofilms exposed to antibiotics such as ciprofloxacin is due to the antibiotic arrival being
slowed and spread out enough for bacteria to produce resistance factors [39].
1.7 Previous Attempts to Detect P. aeruginosa Electrochemically

Sharp et al. [46] demonstrated the electrochemical detection and analysis of
pyocyanin at clinically relevant concentrations using a carbon fiber electrode and a
nAutolab type 3 potentiostat (Eco-Chemie, Utrecht, Netherlands). Physiologically relevant
concentrations of pyocyanin were detected, ranging from 1 — 100uM. The sensor is
comprised of roughly 2000 fibers, 10um in diameter sandwiched between two pieces of
laminated plastic before the fiber array was baked with an unidentified resin to form one
large sensor. The intra batch stability of the sensors was investigated with strong consistent
signal strength found across multiple batches of electrodes. The length of the sensors are
not included in the paper, however a rough estimate for the diameter at 20mm can be

calculated based on the fiber diameter. The sensors are therefore likely small and could
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potentially be attached to the surface of a wound dressing, but not easily integrated inside
of one. Webster et al. [21] used commercially available disposable electrode arrays and
square-wave-voltammetry  (the principle method used to detect pyocyanin
electrochemically), to both detect clinically relevant concentrations of pyocyanin (once
again 1-100uM) in spiked human fluid samples and to demonstrate that several other
species of common bacteria do not produce anything that would interfere with the detection
of pyocyanin via SWV. It was shown that two different strains of Escherichia coli,
Staphylococcus aureus, Staphylococcus epidermidis and Bacillus cereus produced no
factors with similar peaks when undergoing square wave voltammetry from -0.5 to 0.0
volts. The limit of detection for pyocyanin in a variety of human bio fluids were determined
such as 1.81uM for urine and 0.16uM for blood-heparin. The potentiostat used in this study
was the CHI 842C, costing $9500 [47]. Sismaet et el. [26] used the same disposable
electrodes as Webster et al. [21] and a CHI 1040C potentiostat to investigate pyocyanin
production in clinical samples from 94 patients, all of which demonstrated pyocyanin
production. Sismaet et al. [26] also showed through genomic analysis that 99.9% of the
known P. aeruginosa strains had the two genes (PhzM and PhzS) necessary for pyocyanin
production; lending credence to the idea of using this phenazine compound as a biomarker
for P. aeruginosa. Ciui et al.[48] utilized similar printed electrodes on nitrile gloves
coupled with an Autolab PGSTAT 302N potentiostat to detect pyocyanin and pyoverdine,
both virulence factors of P. aeruginosa, on various surfaces and while contaminated with
a variety of disinfectants likely to be found in a hospital setting. While many of the
aforementioned studies successfully detected pyocyanin, none of them did so with both

inexpensive and flexible electrodes as well as affordable and portable potentiostats.
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1.8 Smart Bandages

Detecting chemical markers is a good first step, however interest in smart bandages
and wearable health monitoring technology that brings analytical ability to the point of care
has been on the rise for some time now [49], [50]. Applications for wearable, sensing
technology, including smart bandages, have been found in the detection of harmful agents
[51], detection of the biomarkers of infectious agents [48], chronic wound monitoring and
treatment [52], [53] as well as determining users physiological state through the
electrochemical analysis body fluids [54], [55]. Mishra et al. [51] developed a system
whereby electrodes printed onto a nitrile glove were coupled with a miniaturized, wearable
potentiostat (EmStat3 blue, Palmsens) coasting roughly $3000, in order to detect dangerous
organophosphate compounds on different surfaces. The work done by Mishra et al. [51] is
similar to that carried out by Ciui et al. [48] but shows how a portable potentiostat system
could be used to detect P. aeruginosa. Both Mostafalu et al. [52] and Mirani et al. [53]
developed pH sensing hydrogel wound dressings to detect and treat bacterial infections in
wounds. Mostafalu et al. [52] took a more involved route with the use of PANI coated pH
sensors, screen printed on paper, that were developed by Rahimi et al. [56]. A
microcontroller served as the brains of the system by monitoring the sensor array and
triggering antibiotic release, via a heating array and thermo responsive micro particles,
once a suitable pH change was detected. Mostafalu’s work demonstrates the possibility of
a self-contained wound monitoring system, but makes use of sensors monitoring for
general symptoms of infection not bacteria specific markers. Mirani et al. [53] took a more
passive approach and utilized chemical pH indicators to detect pH changes brought on by

bacteria. Brilliant yellow and Cabbage juice change color when in different pH solutions
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and were infused into beads before being 3D printed into alginate meshes and then encased
in the overall alginate dressing. These pH sensitive patches were combined with drug
eluting scaffolds made in a similar fashion. Lastly Mostafalu et al. [55] developed a suite
of thread sensors for the detection of physiological parameters, that are easily integrated
into existing wound dressings; while sensors weren’t developed for the specific detection
of pyocyanin and subsequently P. aeruginosa, glucose sensors were coupled with a custom
made potentiostat board. While the previously described work set up a great ground work,
potentially enabling healthcare practitioners to say “yes there is an infection”, it does not
help to identify the specific microorganism causing the infection, leading to a continued

dependence on laboratory analyses for final determination of the insulting species.

1.9 Current Work

Despite the remarkable advances previously outlined, to date, there are no systems
that combine the detection of bacterial infections through specific biomarkers, with the
delivery of the right therapeutics for the job, in one affordable and portable package. Herein
we report a system that combines specific bacterial detection and treatment. Low-cost
sensor and drug eluting threads were developed using a simple layering technique with the
help of a squeegee and casting (for the drug releasing threads) methods. The sensors are
coupled with a low-cost, portable, open source potentiostat described by Ainla et al. [57].
The sensors were rigorously tested both for the detection of pyocyanin over a spectrum of
physiologically relevant concentrations as well as their susceptibility to interference from
other materials and finally their biocompatibility. Meanwhile effective control of drug

release, was established; an important factor given the rise of antibiotic resistant bacteria.
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As seen in Figure 7 below the system consists of 4 subsystems, those being the three
pyocyanin detecting non-functionalized electrode threads as well as the drug releasing
hydrogel encapsulated heating element threads, the microcontroller controlled, wearable,
open source potentiostat and finally a smartphone for wireless communication, control and
instantaneous data readout. With these subsystems combined, burn wounds can be

effectively monitored and managed for infection by the P. aeruginosa pathogen.

Close up view of
drug eluting

threads. \

Cellphone for
data readout.

Wound dressing
with sensing and
treatment threads.

Potentiostat
mounted in a
wearable case.

Figure 7: Schematic of the proposed system. A) A cellphone used to control the potentiostat and display the results of
electrochemical tests. B) The potentiostat mounted in a wearable case for attachment to a patient. C) Medical dressing
with three sensing threads as well as one drug eluting thread woven within. D) Close up view of the drug eluting
thread, coated in alginate intermixed with PNIPAM-PEGDA particles.
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Pyocyanin being a specific biomarker for P. aeruginosa [26] and being redox active makes
for an excellent candidate for the electrochemical detection and identification of P.
aeruginosa. Using thread based technology to detect the pyocyanin biomarker has several
advantages in that it is inexpensive and innately flexible; allowing for the thread based
technology to be integrated into new and existing wound dressings. Thread based
technology can also draw on the long established techniques used by the textile industry to
create new patterns and integrate sensors and drug delivery threads into pre-existing fabric
patterns. While detection and identification are important aspects of dealing with infections
in burn wounds, equally as is important is the timely deliverance of the appropriate
therapeutics. Timing is important when it comes to burn management as infections become
harder to deal with, the more entrenched they become, establishing biofilms and taking a
large toll on the patient. The addition of the on demand drug eluting threads allows for the
immediate application of antibiotics, in this case ciprofloxacin, indicated for use with P.
aeruginosa [42], [58]. Like other quinolones, ciprofloxacin targets DNA gyrase and
topoisomerase 4 [41]-[43]. Both DNA gyrase and topoisomerase 4 are involved in the
coiling and uncoiling of bacterial DNA during the replication process [43]-[45]. Both of
these enzymes are composed of 2 subunits, one involved in splitting DNA coiling and the
other in energy transduction from the hydrolysis of ATP (to allow for the DNA splitting
and joining/coiling) [42], [45]. In order to perform their roles the aforementioned enzymes
have to covalently bond to the DNA strands [45]. Once this has occurred the enzyme-DNA
complex is vulnerable to ciprofloxacin which irreversibly binds to the complex, sealing

them together and breaking up the DNA [42], [45].
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While thread based electronics are inexpensive and easily integrated into existing wound
treatment programs, the electronics associated with using the electrodes are normally
expensive and bulky. Potentiostats are necessary to run square-wave-voltammetry on a
three electrode system, however potentiostats can cost tens of thousands of dollars, with
even the small portable commercial versions costing in the thousands of dollars range. An
inexpensive, wearable and open source potentiostat designed by Ainla et al. [57] is utilized
in this work, demonstrating that there are affordable alternatives for electrochemical
analysis in a healthcare setting. With results shown to be similar to those of commercially
available options, the open-source potentiostat is a fraction of the cost at under a hundred
dollars.

Prior studies have for the most part focused on either just detecting specific biomarkers or
when also treating infections detecting them through general non-species specific
indicators. The overall goal of developing the components of an affordable and wearable
smart wound dressing that can detect and treat a specific infection, in this case P.

aeruginosa, in clinical burn wards has been met.
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Chapter 2: Thread Based Electrodes

2.1 Why Cotton Threads?

There has been growing interest in affordable, point of care diagnostic systems for
some time, as they offer quick turnaround times for analyses and cut out the middle man,
in this case laboratories [59], [60]. There has also been growing interest in utilizing
everyday materials such as cotton threads to fulfill this role. Mostafalu et al. [55] developed
a suite of thread based sensors for medical diagnostics, showing how inexpensive, flexible
materials can be used in medical diagnosis. The flexibility, low cost, accessibility and ease
of manufacturing are some of the major benefits that come with developing sensors out of

cotton threads.

2.2 Thread Manufacturing

A variety of threads are manufactured and utilized for this project. The threads can
be divided into two sub categories, those utilized in the detection of pyocyanin and those
used to carry and release antibiotics. Both subcategories of thread were produced in a
similar fashion. Cotton thread was cut into appropriate lengths, with several strands having
their ends taped in-between two pieces of double sided tape. The threads were then treated
with a plasma machine (DYNE-A-MITE 3D treater, from ENERCON), on each side
(flipping the taped ends and hence the threads). Plasma treating was done in order to
remove any wax coatings that might have prevented absorption of the conductive inks or
wicking of analyte. The threads were then cut from the tape and passed through the tip of
a 200 pL pipette tip. The pipette tip was then passed through a squeegee containing silver
ink. The squeegees were developed by Karperien et al. [61] and made by cutting a syringe
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in half and removing its outlet nozzle before filling the remains of said nozzle with
polydimethylsiloxane (PDMS). A small hole was then punched through the PDMS with a
23 gauge needle and the container (remains of the syringes body) were filled with
conductive ink. The squeegees were utilized to ensure a more even coating of ink was
applied with each pass. Working and counter electrodes were made with three base coats
of silver and 3 outer coats of stretchable carbon ink. After each coating with silver ink the
threads were suspended horizontally just above a hotplate at 120°C for 5 minutes before
being laid out on the hot plate, still at 120°C, for a further 10 minutes. The coating process
was repeated a further three times with stretchable carbon ink at 120°C once again. After
coating, the threads were cut into the desired length (in this case 3cm), after which dupont
pins had their connectors painted in stretchable carbon ink before one end of the thread was
crimped in place and the whole assembly was baked at 120°C for 10 more minutes. A
similar process was carried out for reference electrodes and drug eluting electrodes but
with only silver chloride ink and straight silver ink being applied during any part of
assembly respectively. Lastly the drug eluting threads were cast into a solution of alginate
containing the thermo-responsive PNIPAM-PEGDA micro particles, which contained

ciprofloxacin.

2.3 Cotton Thread Electrodes Close Up

Shown below in Figure 8 are Scanning Electron Microscopy (SEM) images of the
thread based electrodes. The extra base layers of silver on the working and counter
electrodes helps with conductivity, and therefore a clearer signal, due in part to its material
properties as well as filling out the layers leading to less breaks and irregularities in the

conductive outer layers of the thread electrode. Comparing the carbon with silver base coat
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threads and silver/silver chloride coated threads with the cotton threads, a much smoother
and more uniform outer surface can be seen on the electrodes. The smoother outer surface
makes the surface area more controllable, which is important for signal reproducibility.
The next section will highlight the difference, quantitatively, in terms of the signal

generated by carbon working and counter electrodes with and without a silver base coat.

Cotton Silver/silver- Carbon with silver
thread chloride base coat

Figure 8: Non-functionalized sensing threads. Notice the smooth uniform surface of the threads coated in conductive
material.
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Chapter 3: Sensor Characterization

3.1 Detecting Pyocyanin in Ideal Conditions

To demonstrate the system’s ability to detect pyocyanin and subsequently the
bacteria P. aeruginosa, a serial dilution from 1pM - 100uM of pyocyanin was made in
PBS, before three biological replicates were measured each with three technical replicate
readings taken. To test the sensors 2mL cryotubes were filled with 1.5mL of pyocyanin —
PBS solution from the serial dilution. Three holes were drilled in a cyrotube lid, through
which the thread sensors could fit. The lid was subsequently glued to a piece of aluminium
with a hole cut into it. The same containment vessel lid was used for all the tests, in order
to keep the electrode spacing even across replicates. A set of electrode threads plugged into
jumper wires attached to the potentiostat would be passed through the lid holes and secured
with a grip on the jumper cables. A cryotube filled with the desired concentration could
then be screwed in place, thus immersing the threads in the desired analyte. Once a
cryotube of pyocyanin was secured 3 readings were taken with the potentiostat using square
wave voltammetry with a frequency of 10Hz, a step voltage of 5mV and a pulse amplitude
of 10mV. The experimental setup can be observed below in Figure 9. Three rounds of
washing with distilled water filled cryotubes was performed between each concentration

in an effort to reduce cross-contamination.
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potentiostat.

Potentlostat
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Figure 9: Experimental setup for the characterization of cotton thread based electrodes. A cryotube containing blue
pyocyanin is screwed into the holding cap while electrodes are slotted through. The potentiostat circuit board is
attached with the electrodes via a breadboard.

As mentioned in the previous chapter the extra silver base layers helped to improve the
clarity and linearity of readings for different concentrations of pyocyanin. Figure 10-A and
B show a concentration gradient and calibration curve for sets of sensors in which the
working and counter electrodes are fabricated with 6 layers of carbon and not silver base
layers. The r-squared value is not acceptable at only 0.8012 and the error bars in Figure 10-

B (representing the sample standard deviation) show significant overlap.
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Figure 10: A) The normalized calibration curve for electrodes without a silver base layer, using SWV for
concentrations ranging from 1 — 150 uM. B) Standard curve for pyocyanin in PBS using electrodes without a silver
base layer, at -0.29V (vs Ag/AgClI). Error bars denote sample standard deviation n=3.

The sensors demonstrated a linear behaviour with an r-squared value of 0.9825, derived
from the calibration curve in Figure 11-B. As can be seen Figure 11-A each concentration
of pyocyanin is easily distinguishable from the others. Concentrations of up to 130uM have
been reported in the sputum of patients suffering from cystic fibrosis [21] while
concentrations of up to 25.4uM have been detected in the burn exudate found on soiled
dressings of infected patients [62], although the authors noted concentrations were likely
higher in the burnt tissue adjacent to the dressings. Findings related to the clinical levels of
pyocyanin encountered by healthcare practitioners are within the limits of detection

displayed in Figure 11-A.
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Figure 11: A) The normalized calibration curve for electrodes with a silver base layer using SWV for concentrations
ranging from 1 — 150 uM. B) Standard curve for pyocyanin in PBS using electrodes without a silver base layer at -
0.29V (vs Ag/AgCI). Error bars denote sample standard deviation with n=3.

The limit of detection for the setup outlined in this thesis was calculated using the process
outlined by Armbruster and Pry [63]. First the limit of blank (LoB) was calculated with
equation 1 shown below, in which SD stands for standard deviation and the 1.96 is the z

value corresponding to a 95% confidence interval.

LoB = mean ontror + 1.96(SDcontror) @

Afterwards the limit of detection (LoD) was calculated using equation 2 shown below. The
standard deviation associated with 20uM was used in equation 2, as it was the lowest

reading distinguishable from the control.

LoD = LoB + 1.96(SDyo,m) ©)

Using these formulas a limit of detection for the experimental setup was determined to be

roughly 2.4uM.
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3.2 Selectivity and Interference Studies

To verify the selectivity of the newly developed thread sensor — potentiostat system,
pyocyanin was detected in the presence of a variety of substances likely to be encountered
in a medical setting. Some of materials include the cells of the human body itself and their
excretions as well as other tools used by health care practitioners to combat infections.
In order to ensure human cells would not interfere with the detection of pyocyanin, HaCat
cells (Addexbio, USA, Catalog Number: T0020001) were grown in Dulbecco’s modified
eagle’s medium (DMEM, Gibco™ by ThermoFisher Scientific, Waltham, MA, USA), with
10% fetal bovine serum (Gibco™ by ThermoFisher Scientific, Waltham, MA, USA) and
1% penicillin-streptomycin (Gibco™ by ThermoFisher Scientific, Waltham, MA, USA).
The cell media used to grow the HaCat cells as well as some unused media was
subsequently spiked with pyocyanin for a final concentration of 75uM of pyocyanin. A
similar protocol, as was used for the initial sensor characterization was carried out, with
the samples contained in cryotubes for testing. However for this trial technical triplicates
were not taken, instead each condition had 3 biological replicates and each replicate had
its own set of sensors made for it. As can be seen in Figure 12— A & B there are large
differences in the signals from spiked and un-spiked cell media samples, indicating that
signal interference from at least the outer layer of skin cells is unlikely. The signals in the
presented graphs have not been normalized in order to visually highlight the difference in

current produced with and without pyocyanin present in solution.
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Figure 12: A) Pyocyanin detection in the same solution as unused cell media at a concentration of 75uM. B) Pyocyanin
detection in the same solution as cell media used to grow HaCat cells at a concentration of 75uM. Error bars denote
sample standard deviation with n = 3.

Human tissue is not the only thing involved in the typical burn healing process, as during
the treatment of burns a variety of methods are used in an effort to prevent and treat
bacterial infections. It is important that treatment and in particular preventative measures
do not interfere with the detection of P. aeruginosa; otherwise an infection could be
allowed to develop for longer than it otherwise would, with healthcare practitioners trusting
incorrectly that the system showed no pyocyanin production. The antibiotic used as the
treatment option in the presented system is ciprofloxacin. While antibiotics have been
known to hinder the production of pyocyanin, it can be seen in Figure 13 - A that
Ciprofloxacin seems to boost the signal generated for the detection of pyocyanin.
Interference from Ciprofloxacin was tested for with the same methodology as for possible
cell based interferences. The solution was prepared by making an initial Img/mL solution
of ciprofloxacin in distilled water. Next 0.75mL of the Ciprofloxacin solution and 0.75mL
of 150uM pyocyanin in PBS solution were mixed for a final concentration of pyocyanin of

75uM. As seen below in Figure 13 - A the 75uM pyocyanin solution gave off a reading
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closer to that which would be expected from a 95-100uM solution or a boost roughly
equivalent to an increase in concentration of 20uM. As it turns out ciprofloxacin can be
detected electrochemically using both differential pulse voltammetry [64], [65] and Square
Wave Voltammetry [66] (the former being closely related to the latter). However the
detection peak for ciprofloxacin is all the way up at 1.0 V, far away from the roughly -0.3
V at which point pyocyanin reacts. There have been studies investigating the relationship
between ciprofloxacin and pyocyanin; it was shown by Grant et al. [67] that pyocyanin
increases the MIC of ciprofloxacin for P. aeruginosa. The results attained by Grant et al.
indicate the possibility of Ciprofloxacin and pyocyanin interacting; however the authors
draw the conclusion that the increased MIC is simply due to changes in the behavior
(initiation of biofilm formation) brought on by pyocyanin.

In terms of preventative measures taken against infection the World Health Organization
(WHO) recommends the application of either silver nitrate 0.5% aqueous, silver
sulfadiazine 1% or 11% mafenide acetate [16]. To date only silver sulfadiazine 1% has
been tested, once again following the same methodology as the other signal interference
studies. A silver sulfadiazine solution of 1% weight per volume was made in PBS before
1.5mL was sequestered in a cryotube as the control and 0.75mL was added to 0.75mL of
150uM pyocyanin solution to produce a final concentration of 75uM of pyocyanin. The
Silver Sulfadiazine solution also raised the peak signal current higher, by a factor
equivalent to around 25uM; however another peak wasn’t generated where the pyocyanin
peak is found as seen, shown in blue, in the control group line in Figure 13 — B. While the
presence of both ciprofloxacin and silver sulfadiazine increase the signal of pyocyanin,

pyocyanin itself is easily distinguishable from the background signal.
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Figure 13: Materials signal interference study. A) Pyocyanin detection in the presence of ciprofloxacin at a
concentration of 75uM. B) Pyocyanin detection in the presence of Silver Sulfadiazine at a concentration of 75uM.
Error bars denote sample standard deviation with n = 3.

3.3 Stability of Cotton Thread Based Electrochemical Sensors

The ability of the sensors to detect pyocyanin accurately and reliably over time is
another important facet of sensor development. One of the benefits of this technology is
less of a need to check and change the dressings as often as traditional bandages, however
if the sensor signal drifts with time and exposure this would not be a possibility. Stability
of the sensors was broken down into three categories, short term stability (on the time scale
of minutes and hours), midterm stability (on the time scale of days) and long term stability
(on the time scale of weeks and months).
The short term stability of the sensing threads was tested over the course of 24 hours with
sensing threads immersed in a PBS solution containing pyocyanin, similar to the original
sensor characterization studies. The same solution of 100uM pyocyanin in PBS was used
for all the tests. Three different sets of electrodes made up the biological replicates, with
each set being left in solution for 24 hour and one reading being taken at 0, 15, 30, 60, 120,

180, 240, 300, 360, and 1440 minutes. As can be seen in Figure 14 - A the short term signal
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stability was well maintained over the course of 24, with a slight dip towards the end of 24
hours. There was no statistical significance between the various different time points. The
samples were tested one after another, over the course of a 3 day period, suggesting that
the sensors might have at minimum a good 3 day shelf life.

The midterm stability study was carried out in a similar manner with the electrodes being
immersed for a week at a time immediately after fabrication. The readings were taken every
day at the same time for a week as can be seen in Figure 14 - B. The signal drifted over the
course of the week, resulting in a statistically significant difference between days one and
7, as determined by the one-way ANOVA test using GraphPad Prism version 8 (GraphPad
Software, La Jolla, California, USA). The cause of this drop in current is not currently

known but could be due to a chemical degradation of the conductive inks.
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Figure 14: Stability study results. A) Short term signal stability over the course of 24 hours. B) Midterm signal stability
study over 3 days. Error bars denote sample standard deviation with n = 3. P-values: *<0.05, **<0.01, ***<0.001,
***%<0.0001).
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3.4 Real World Simulations of the Thread Sensors in Action

While the principles behind our smart bandage have been proven, it was prudent to
test the system in some more realistic settings. The more realistic settings involve the
detection of live P. aeruginosa on agar plates and the detection of pyocyanin using

electrodes that have been woven into a medical gauze.

3.4.1 Materials and Methods

Two plates were used to grow bacteria, while two other plates were not inoculated
S0 as to serve as controls. A P. aeruginosa colony was inoculated into 3mL of LB broth
and cultured at 37°C until they had a concentration of 108CFU/ml. In the meantime tryptic
soy agar (TSA) plates were prepared under sterile condition according to the
manufacturer’s instructions. 100uL of P. aeruginosa infected broth at 108CFU/ml was
then pipetted onto the agar plates and spread using a cell spreader before further incubation
at 37°C for 24 hours. A blueish green color was observed on the plates. A set of sensors
was then placed onto a plate surface and a reading taken in a biosafety cabinet.
A single set of sensors was used for this experiment in order to demonstrate the sensors
ability to alternate between contaminated and uncontaminated samples while maintaining
the appropriate signal levels. The other bacterial samples were grown using the exact same
methodology by culturing the bacteria in broth before being spread over an agar plate and
further incubated for 24 hours.
For testing the ability of electrodes to detect pyocyanin after being woven into medical
gauze, they were threaded through with the help of a needle. The needle was pressed threw

the fabric, after which an electrode was inserted into the needle and the needle subsequently
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removed. This was performed for every “stitch”. Iml of 100uM pyocyanin in PBS solution
was then placed in a petri dish before the medical gauze was placed within the petri dish
as well.

3.4.2 Results and Discussion

Two peaks shown in purple can be observed in Figure 15 — A, indicating different
concentrations of pyocyanin produced by the P. aeruginosa samples. According to the
standard curve developed in PBS this represents a concentration of between 20 - 40uM of
pyocyanin, however another standard curve would need to be prepared on agar plates
before this value could be confirmed. The purpose of this study was simply to show that a
significant difference could be detected between samples with and without P. aeruginosa.
Figure 15 — B shows the results of using the sensors to detect other bacteria, namely
Staphylococcus aureus, Proteus mirabilis and Klebsiella pneumoniae as well as a control
plate of sterile TSA. None of the bacteria exhibited any peaks in current within the

measurement window.
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Figure 15: A) Detection of live P. aeruginosa bacteria on TSA plates. B) Attempted detection of Staphylococcus
aureus (SA), Proteus mirabilis (PM) and Klebsiella pneumoniae (KP).
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Additionally in order to demonstrate the ability of the threads to be integrated with
traditional medical dressings a set of electrodes was woven into some standard medical
gauze. The experimental setup and results can be viewed below in Figure 16 A and B. The
signal was much lower than for the standard setup when the electrodes are immersed in
solution, due to a lot of the pyocyanin being absorbed into the gauze far away from the
electrodes; however the results were good enough for a positive identification of P.

aeruginosa.

15

10+

Current (uA)

T T
0.5 04 0.3 0.2 0.1 0.0
Voltage (V)

Figure 16: A) Thread electrodes woven into medical gauze. B) Detection of 100uM of pyocyanin with electrodes
woven into medical gauze.
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Chapter 4: Drug Release Threads

Detecting bacterial infections is important but once an infection has been identified
it must be treated as quickly as possible. The sooner an infection is stopped the better. Due
to the need to tackle bacterial infections without delay our smart bandage has an integrated
drug delivery system. If a positive result is found for a P. aeruginosa infection, the user,
most likely a nurse, will be notified on their phone or similar interface device. In theory
once notified of an infection the health care provider will be given the option to deliver
ciprofloxacin to the wound immediately by increasing the temperature of the silver drug
eluting electrodes.

The drug delivery system is composed of a cotton thread, coated in several layers of silver.
The silver coated thread is in turn coated in 2% (w/v) alginate cross-linked with 1% calcium
chloride infused agarose and subsequently 2% (w/v) calcium chloride solution. Within the
alginate are suspended thermo-responsive PNIPAM-PEGDA particles loaded with
ciprofloxacin (Figure 17 — A). Temperature induced drug release was evaluated from both
loose drug loaded particles and those encased in alginate around a heating thread. The final
vision is for the temperature induced drug release to be controlled by a microcontroller,
however for this study water baths were utilized. Release was performed in pre-heated PBS
solution and the results analyzed with the help of a pre-prepared calibration curve for
ciprofloxacin and an Infinite M Nano, Tecan plate reader, using an excitation wavelength
of 278nm and an emission wavelength of 450nm.

PNIPAM-PEGDA thermo-responsive micro particles were made with microfluidics. A

microfluidic droplet generator was produced using photo lithography, during which molds
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made of Su-8 were via photolithography were used to cast PDMS. The PDMS chips were
subsequently treated with a plasma machine and attached to glass microscope slides.

An inner aqueous phase was made up of 1% w/v 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone photo initiator, 10% wi/v poly(n-isopropylacrylamide) (PNIPAM),
distilled water, 10% wi/v poly(ethylene glycol) diacrylate (PEGDA), 0.4%w/v BIS and
0.6%w/v APS (which was added last). The outer aqueous phase was made up of heavy
mineral oil and 10%v/v Span 80. Each solution was stored in a syringe (with the aqueous
phase covered by aluminium foil to protect from pre-mature UV exposure. A syringe pump
(Harvard Apparatus PHD 2000) was used to control the flow of each solution, with the rate
for the outer oil phase set to 25ul/min and the inner aqueous phase set to 2.5uL/min. After
particle formation and upon leaving the microfluidic chip, the particles were exposed to
intense UV of 20mW/cm? in a spiraling tube for cross-linking. The cross-linking coil was
mounted directly on top of ice in order to avoid premature heating. Particles were then
washed via centrifugation with a dish soap - distilled water mix once and then distilled
water only, a further three times. To the wash the particles, 1mL of distilled water or the
dish soap distilled water solution would be pipetted into the Eppendorf containing the
newly formed particles and vortexed briefly before centrifugation to once again separate
out the particles. The supernatant was then pipetted out and the cycle repeated. The
particles were then lyophilized for 24 hours. Microscope images of the particles during
formation and after UV curing can be seen in Figure 17 — A and B. Analyses of the particle
image using ImageJ showed a normal distribution in particle size based on the diameter, as

can be seen in Figure 17 — C.
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The polydispersity index (PDI) was calculated according to equation 4 [68] and resulted in
a PDI of 0.11. A PDI of less than 0.2 is commonly found to represent an acceptably
homogenous distribution of particle size [69].

PDI = @

xRi|l Q

In equation 4, o represents the standard deviation while x-bar denotes the mean.

Diameter (pm)

Figure 17: A) Microscope image of unloaded thermos-responsive PNIPAM-PEGDA micro particles. B) Histogram of
particle size, demonstrating a gaussian distribution around a diameter of 114um.

In order to load the micro particles with drugs, a 1mg/mL solution of ciprofloxacin in
distilled water was made. 15mg and 25mg of particles for the particle and alginate coating
release studies respectively were placed Eppendorf tubes, before 1mL of the 1mg/mL
ciprofloxacin solution was added. The particle — ciprofloxacin solutions were allowed to
sit in the fridge at 8°C for 24 hours. Due to the inverse thermo-responsive nature of
PNIPAM-PEGDA particles they switch from hydrophilic to hydrophobic after crossing a
temperature threshold of 32°C. Due to this change in hydrophilicity the particles are able
to either take up drug laced solution or expel the solution depending on the surrounding

temperature. When cooled, the particles are in a hydrophilic state and fill with water infused
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with ciprofloxacin, subsequently once heat is applied the particles change to hydrophobic,
forcing any solution contained within out and in the process shrinking. After loading for
48 hours the particle containing solution was centrifuged and the supernatant extracted.
The drug loaded particles were then washed 4 times in distilled water in order to remove
any excess ciprofloxacin on the exterior of the particles.

In order to heat the drug loaded particles, they had to be suspended in an encasing material
around the silver heating elements. Alginate was chosen as the encasing material because
it is already approved by the Food and Drug Administration (FDA) for wound treatments
and allows for the diffusion of drugs. In the final product, once drug delivery has been
initiated the silver thread will be responsible for heating the drug delivery array with the
help of an applied voltage by a microcontroller; however for the purposes of this project
water baths were used to implement the correct temperatures with microcontroller
controlled heating something that remains to be developed. The heat generated by the silver
coated cotton thread will induce the change in hydrophilicity of the PNIPAM-PEGDA
particles and force the loaded ciprofloxacin out into the alginate, from which it will diffuse
into the adjacent wound bed.

In order to confirm the systems delivery of the drug in accordance with temperature both
just the particles and particles coated in alginate around a silver coated thread were tested.
The alginate coated drug release was also tested in a pulse release that will be discussed
shortly. The release tests were performed at 3 different temperatures, namely 25 °C in a
water bath, 37°C carried out in a vacuum oven and 42°C carried out in a water bath.
Particles and particle — alginate mixtures cross-linked around silver coated threads were

submerged in pre-heated PBS buffer, before having their temperature maintained via either
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oven or water bath. Figure 18 — A shows the release profiles of PNIPAM-PEGDA particles
on their own in 25°C, 37°C and 42°C. At 25°C a slow release of up to 25% of the maximum
amount of drug is released, before a plateau is achieved. 37°C follows a similar trend but
with a higher peak of release at roughly 50% of the maximum release. Finally at 42°C, the
triggering temperature, a quick burst release is observed before a plateau whose difference
from that of 25°C and 37°C is statistically significant. This study of the drug release profile
of PNIPAM-PEGDA particles on their own demonstrates controlled release on demand,
with higher levels of drug release with higher temperatures. As seen in Figure 18— B similar
trends were observed when drug release with the alginate encasing around a heating thread
was tested. Lower amounts of overall relative drug release were achieved, likely due to
some of the ciprofloxacin remaining in the outer alginate coating. The alginate coating was
both a hindrance and a help, in that it reduced the passive release (something to be avoided
due to the rise in antibiotic resistant microorganisms) but it also reduced the peak amount
of drug released when drug release was intended. The leakage of antibiotic represents an
area in which significant improvement is needed, as premature release of antibiotics can

lead to the development of antibiotic resistance.
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Figure 18: A) Ciprofloxacin release from loose PNIPAM-PEGDA particles. B) Ciprofloxacin release from alginate

encased heating threads. Measurements were taken with an Infinite M Nano, Tecan plate reader, using an excitation

wavelength of 278nm and an emission wavelength of 450nm. Error bars denote standard error with n = 3. P-values:
*<0.05, **<0.01, ***<0.001, ****<0.0001).
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To further demonstrate the on demand release of ciprofloxacin with the use of the
PNIPAM-PEGDA micro particles a pulsatile release profile was made. Threads were
encased in alginate containing drug loaded PNIPAM-PEGDA particles as before. The
threads were immersed in PBS kept at 42°C in a water bath for 5 minutes before cooling
in room temperature in PBS for 25 minutes, the cycle was repeated 4 times, with the PBS
collected after each change for analysis. Spikes in released ciprofloxacin are shown to
correspond with spikes in temperature, as seen below in Figure 19. There was less overall
release when compared to the continually heated samples discussed above. The reduction
in drug release is expected as the particles spend much less time in their hydrophobic
state. The big take away from Figure 19 is that drug release is triggered when heating is
triggered but that the drug release plateaus when the system is cooled at room

temperature for extended periods of time.
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Figure 19: Pulse release of ciprofloxacin using 42°C and room temperature. Error bars denote standard error with n = 3.
P-values: *<0.05, **<0.01, ***<0.001, ****<0.0001).
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Chapter 5: Biocompatibility

Biocompatibility of the system is crucial given its intended purpose for the treatment
of burns. Depending on the degree of the burn some or all of the layers of the skin and
underlying tissue can be damaged and exposed. In order to test the biocompatibility of our

smart bandage components, in vitro cellular tests were conducted.

5.1 In Vitro Cell Studies

An in vitro biocompatibility test was performed according to 1SO 10993-5, for the
biological evaluation of medical devices [70]. Extracts of the materials in cell media were
prepared according to 1SO10993-12, whereby 0.1g of each type of thread were soaked in
1mL of cell media for 24, 72 and 168 hours long. Prior to soaking the thread samples in
cell media they were extensively cleaned and sterilized in order to reduce the chance of
contamination. Briefly the thread samples were washed three times in distilled water,
followed by three washings in 70% ethanol and finally washed once again in water. The
samples were then immersed in dulbecco’s phosphate buffered saline (DPBS) overnight
before UV sterilization for one hour on each side. HaCat cells were seeded into a 96 well
plate with a cell density of 5000 cells per well and subsequently allowed to incubate for 24
hours. The cell media was then passaged with the contaminated media and incubated for a
further 24 hours. After the final incubation and removal of the extract contaminated cell
media, 110uL of cell media with 12ul of prestoBlue (Invitrogen by Thermofisher
Scientific, Waltham, MA, USA) was allowed to incubate with the cells for a half hour.
After the half hour incubation 100uL of the used cell media - prestoBlue solution was used
to take a fluorescence intensity reading with excitation and emission wavelengths of 560nm
and 590nm respectively using an Infinite M Nano, Tecan plate reader. ISO 10933-5 [70]
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defines material to have a cytotoxic effect if they induce a drop of 30% in cell viability,
which is observed in all of the samples after one week as shown in Figure 20-A. The carbon
with silver base layer of carbon exhibited strong viability of 83% and 89% for one and
three days, with no statistically significant difference between its viability and that of the
control (as determined by a two way ANOVA conducted in Graph pad Prism software);
However like both the silver and silver/silver chloride threads the cellular viability for
silver coated in carbon dropped to roughly 17% cell viability after one week. Silver and
silver/silver chloride demonstrated significant cytotoxic effects after one day, dropping
immediately to around 17%. These results show that the silver compounds are the ones
causing the cytotoxic effects and that the carbon acts as a shield for the silver in the base
layer of the working and counter electrodes, at least for the first few days of use. The
breakdown of the carbon and subsequent release of silver into the media, as shown by the
drop in cell viability for cell media extract made over the course of a week, also potentially
shows some insight into the gradual drop in signal in the midterm stability study, as a

decomposition of the carbon material could reduce the signal.
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Figure 20: In vitro biocompatibility study for which HaCat cells were incubated in cell media used to soak cotton
thread layered in the named material(s). Error bars denote standard deviation. P-values: *<0.05, **<0.01, ***<0.001,
***%<0.0001).

5.2 Second in Vitro Cell Study

Another in vitro cell study using the same methodology as before was conducted but with
smaller amounts of electrode material. 1cm lengths were chosen due to their future use in
animal studies (due to size constraints), while 3cm lengths were chosen as that is the length
at which the sensors have been characterized thus far.

As seen in Figure 21-A for the 1cm lengths there is no statistically significant difference
between any of the materials and the control for up to three days. On day 7 there is a
statistically significant difference between the control samples and the silver/silver chloride
samples with a significant decrease in cell viability, but not enough for it to be called
cytotoxic. In Figure 21-B showing the results for the 3cm long samples, the silver/silver

chloride samples show significant cytotoxic effects by day 3, showing an ongoing issue
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with biocompatibility. Before use in patients this issue needs to be improved so as not to

cause more harm than good in patients.
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Figure 21: A) In vitro biocompatibility results for 1cm long samples, over 7 days. B) In vitro biocompatibility results
for 3cm long samples, over 7 days. ). Error bars denote standard deviation. P-values: *<0.05, **<0.01, ***<0.001,
**%%<0.0001).

5.3 Possible Solution to the Cytotoxic Nature of the Conductive Materials

In order to rectify the cytotoxic nature of the Silver Chloride material, as that is the
Silver based compound exposed directly to the wound, a solution of polycaprolactone
(PCL) was electro spun onto the reference electrodes. In brief 15 w/w% PCL (MW 45,000,
Sigma Aldrich, USA) was dissolved in an 80:20 ratio of Dichloromethane (CH2CI2, Sigma
Aldrich, USA) and methanol (Fisher Chemical, USA). The solution was kept at constant
agitation at room temperature for 2 hours, until the solution became homogeneous. The
solution was loaded into a 10mL syringe, and an 18-gauge blunted needle was attached.
The loaded syringes were then loaded into a programmable syringe pump (New Era Pump
Systems, USA). The PCL coated threads were prepared using a customized electrospinning
system where the syringe pump is elevated above a conductive base collector and the
needle and base collector are attached to positive and negative terminals of a high voltage

power supply (Gamma High Voltage Research, USA), respectively. Typically the thread
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or material to be coated is moved and spooled while the dispensing needle is kept
stationary. In this situation however the dupont pins had to already be attached to the
relatively short reference electrodes (3cm), so the needle and syringe pump were moved
during dispensing instead. The idea behind this porous biocompatible coating was to create
separation between the Silver Chloride reference electrodes while still permitting wound
exudate to come in contact with the electrode. Two aspects of these electro spun electrodes
had to be tested, namely that the extra coating did not affect the signal and secondly that
the coating did in fact improve biocompatibility. Shown below in Figure 22-A are the
readings for 100uM with and without reference electrodes coated in PCL. The peaks reach
roughly the same value and as can be seen in Figure 22-B no statistically significant
difference as determined by Welch’s T-test were found; however the standard deviation

for the electrode sets using reference electrodes coated in PCL is noticeably increased.
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Figure 22: A) Comparing signal acquisition between sets of electrodes with and without reference electrodes coated in
PCL. B) Comparing peak current values at -0.31V and -0.29V (Vs Ag/AgCl).
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5.4 Further in Vitro Biocompatibility Studies

Now that it had been established that the PCL coating did not negatively affect the
measurement of pyocyanin concentration in solution, further in vitro biocompatibility
studies were undertaken to determine the effectiveness of the PCL coating in mitigating
the cytotoxic effects of the silver-chloride. This study was carried out the same as for the
previous in vitro biocompatibility study but of course with new materials. As seen below
in Figure 23 the result for the PCL coated silver/silver chloride thread was much improved
with significant increases in biocompatibility. Both 1 and 3cm long samples showed
increased cell biocompatibility, with the 1cm long samples displaying no cytotoxic results
over the course of the week; the 3cm long samples displayed positive results for the first 3
days and mixed results on day 7. Due to the nature of the tests performed the thread was
fully immersed for 24 hours and the cells directly exposed to the extract obtained through
this method. In clinical use the thread could be in contact with the wound bed but the PCL
would in theory keep the silver chloride from direct contact with the patient’s tissue while
still allowing wound exudate to come in contact with the electrode, creating somewhat of
a buffer between the silver/silver chloride and underlying tissue. The results show
significant improvement, in terms of biocompatibility, with the additional layering of PCL,
however further investigation of the 3cm long day 7 sample is required as well as further

validation in in vivo wound models.

49



200

mm= Control wess 1cmPCL+Ag/AQC! wess 3cm PCL + Ag/AgC

150

100

% cell viability

50

Day 1 Day 3 Day 7

Figure 23: Carbon and PCL coated silver/silver chloride biocompatibility studies. Error bars denote standard deviation
with n = 3. P-values: *<0.05, **<0.01, ***<0.001, ****<0.0001).
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6.0 Conclusion and Future Work

The potential for a smart, bacteria specific, wound dressing system that can be
integrated with existing treatment options for burn patients has been developed and shown.
Affordable cotton thread based electrochemical sensors were developed and extensively
tested in conjunction with an open-source potentiostat. The sensors demonstrated a linear
response with an r-squared value of 0.9825 under ideal conditions. Under non-ideal
conditions the sensors were shown to be able to detect pyocyanin in a variety of solutions
and circumstances, including while the electrodes were woven into medical gauze and
detecting pyocyanin in a bacterial culture. Sensor signal stability, an important concern
was also demonstrated with only small, statistically insignificant, deviations in signal
strength over 24 hours of immersion. Over the course of a week of continual use the signal
strength demonstrated a gradual decline, with a statistically significant difference between
day 1 and day 7. The degradation is likely do to decomposition of the electrode material
but warrants further investigation. While the signal does degrade, it is still possible to get
a positive identification of pyocyanin even after 7 days of use. The final portion of the
stability study, the long term stability of the sensors, their shelf-life for lack of a better
word, is part of the future work and is currently underway. Another possible test to carry
out is simply immersing some sets of sensors in a pyocyanin solution for one, three and
seven days before taking readings.

The sensors ability to detect pyocyanin in adverse conditions was evaluated and found to
function well. A signal for pyocyanin could easily be distinguished while in solution with

both used and unused cell media, ciprofloxacin and silver sulfadiazine.
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Real time, effective control of drug storage and release was demonstrated through the use
of PNIPAM-PEGDA micro particles, enmeshed in crosslinked alginate and coated on
Silver coated cotton threads. Controlled release of ciprofloxacin based on temperature for
loose PNIPAM-PEDGA particles was demonstrated with significant statistical differences
noted between room temperature, body temperature and 42°C. A similar trend was
observed for the drug release profile of particles encased with alginate around a heating
element thread. For this study the heating elements were tested with the use of ovens and
water baths, mostly looking at the drug release of the particles through the alginate,
significant characterization of the heating threads themselves and the microcontroller
utilized to heat them is still required. The amount of voltage and the duty cycle used to heat
the heating threads will need to be explored in depth for accurate, precise control over the
temperature.

The thread based technologies effectiveness and ability to be integrated with current
medical dressings was proven with in-vitro bacterial cultures and the detection of
pyocyanin while thread based electrodes were woven into standard medical gauze.
Perhaps the biggest challenge facing this work is the biocompatibility. The initial cell
viability study revealed that the silver compounds involved in this work carried a large
cytotoxic effect, however 13 times more material was used in those tests than is supposed
to go on an actual wound. A secondary in vitro study was carried out using the same
protocol but with significantly less sample material, more in line with what is intended for
use in the field (1 and 3cm long samples). The secondary study showed much less cytotoxic
behaviour with only the 3cm long silver/silver chloride and to a lesser degree the 3cm silver

samples displaying this property. The Silver heating elements encased in alginate have
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already appeared in an animal study carried out by Lucas et al. [61] in which tissue staining
revealed no inflammatory response and re-epithelization; however no in-vitro
cytotoxicity/cell viability study was conducted for silver encased in alginate and containing
ciprofloxacin loaded PNIPAM-PEGDA micro particles, something that will need to be
evaluated in the future. Since the alginate coating seems to not produce significant
biocompatibility issues, at least in the animal model, a possible solution for the carbon and
silver electrodes as well as the silver/silver chloride reference electrodes could be an extra
coating with a biologically inert and porous material such as PCL. This theory was tested
with several silver/silver chloride reference electrodes being coated in PCL using an electro
spinner. The measurements taken with the PCL coated reference electrodes were in
accordance with readings taken previously and didn’t impact the peak current level in any
significant way. The reference electrodes coated in PCL had their cytotoxicity re-evaluated
in vitro with smaller amounts of material (1 and 3cm long). The results showed much
improved biocompatibility with the only negative effects being observed for the 3cm long
samples after 7 days. Another possible coating that could improve the biocompatibility is
one of polyethylene glycol diacrylate (PEDGA). The Silver heating elements are unlikely
to cause significant issue in the long run as they will ultimately be encased in alginate.

Lastly the development and integration of more thread sensors and drug delivery systems
into a compact, inexpensive package will be undertaken. This work has demonstrated the
ability to produce bacteria specific sensing systems cheaply; combining the electrical
systems involved in this project with those needed for other forms of measurement, such
as temperature and pH to name but a few, into one small low cost package with a multitude

of sensing and treatment options available would represent a major step forward in caring
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for burn victims. In terms of specifically targeting P. aeruginosa the analysis of pyoverdine
using the same setup as described in this thesis should be undertaken. Pyoverdine is another
redox active virulence factor unique to P. aeruginosa that can be detected using the same
technique of SWV, but it has a peak in the positive voltage range at 0.4V. Pyoverdine can
be used for additional confirmation as to the presence of P. aeruginosa in a burn wound
using the same sensors developed in this study. Redox active compounds unique to other
bacteria could potentially also serve as rapidly detectable biomarkers and warrant further

investigation.
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