Determination of antibiotic
susceptibility of the bacteria causing
urinary tract infections using a novel

lab-on-a-chip design

Benjamin Crane
2022



Determination of antibiotic
susceptibility of the bacteria causing
urinary tract infections using a novel

lab-on-a-chip design

A thesis submitted in partial fulfilment of the requirements
of Manchester Metropolitan University for the degree of

Doctor of Philosophy

Benjamin Crane
Faculty of Science and Engineering
2022



Abstract

Urinary tract infections (UTIs) are one of the most common types of
bacterial infection in the UK, and also are expensive to treat costing the
National Health Service ~£54 million between 2016 and 2017. Culture-based
antibiotic susceptibility testing (AST) is used to identify an antibiotic to treat
drug-resistant urinary tract infections and takes 48 hours to complete. Faster
prescription of effective antibiotics should reduce the risk of sepsis and poor
clinical outcomes. To address this need, we developed a Lab-on-a-Chip (LOC)
based method to conduct electrochemical AST using screen-printed
macroelectrodes (SPEs) and antibiotic-loaded hydrogels. SPEs were
fabricated using carbon-graphite based inks, with resazurin bulk modified
SPEs (R-SPEs) being fabricated through modification of the SPEs WE.
Polyvinyl alcohol (PVA) based hydrogels were loaded with the following
antibiotics were used; cephalexin, ceftriaxone, colistin, gentamicin,
piperacillin, trimethoprim and vancomycin as well as an antibiotic-free control.
LOC devices were then designed to encapsulate both the R-SPEs and the
antibiotic hydrogels to enable multiplexed electrochemical AST to occur on a
single device.

In the initial testing of the R-SPEs and the antibiotic hydrogels
independently of a LOC device, antibiotic susceptibility could be determined in
90 minutes for E. coli. After the preliminary work, eight chambered LOC
devices were spiked with simulated UTI samples. Each chamber contained an
R-SPE and an antibiotic hydrogel. After an incubation step, susceptibility of
Escherichia coli and Klebsiella pneumoniae could be established in 85
minutes of testing which is significantly faster than the 48 hours required for
conventional culture-based AST.

The sensitive detection of resazurin afforded by using the
electrochemical detection methodology incorporated onto a LOC device
described here offers an inexpensive and simple method for the determination

of antibiotic susceptibility that is faster than using a culture-based approach.
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Abbreviations

A. baumannii — Acinetobacter baumannii

Ag-SPEs — Ag|AgCl referenced screen-printed macroelectrodes
AST — Antibiotic susceptibility testing

ATCC — American type culture collection

BSES — Buffered supporting electrolyte solution

B. pseudomallei — Burkholderia pseudomallei

C. albicans — Candida albicans

C-SPEs — Carbon-graphite referenced screen-printed macroelectrodes
CE - Counter electrode

C. freundii — Citrobacter freundii

E. faecalis — Enterococcus faecalis

E. coli — Escherichia coli

Ep — Electrochemical reduction or oxidation peak position
GC — Glassy carbon

Ip — Electrochemical reduction or oxidation peak height
Ipc — Cathodic electrochemical reduction peak height

K. pneumoniae — Klebsiella pneumoniae

LOC - Lab-on-a-Chip

MRSA — Methicillin resistant Staphylococcus aureus
MDR — Multidrug-resistant

NCTC — National Collection of Type Cultures

NHS — National Health Service

NADH — Nicotinamide adenine dinucleotide

OD - Optical density

OM — Outer membrane

ONC - Overnight culture

PBS — Phosphate buffered saline

P. mirabilis - Proteus mirabilis

P. aeruginosa — Pseudomonas aeruginosa
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PVA — polyvinyl alcohol

RE — Reference electrode

R-SPEs - Resazurin bulk modified screen-printed macroelectrodes
S. typhimurium — Salmonella typhimurium

S. gallinarum — Salmonella gallinarum

SDC — Sample drop coverage

S. aureus —Staphylococcus aureus

S. saprophyticus — Staphylococcus saprophyticus
S. haemolyticus — Staphylococcus haemolyticus
UV — Ultraviolet

w/v — Weight by volume ratio

WE — Working electrode
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1. Chapter 1: Literature Review

A systematic review was conducted as part of this thesis chapter entitled ‘Lab
on a Chip devices for Urinary Tract Infection diagnostics’ and submitted to the
Journal of Medical Microbiology in February 2022 (MIC-D-22-00042).

1.1 Bacteria and antibiotic resistance

Antibiotic resistance is one of the largest threats to global health and if left
unchecked will result in increasingly severe clinical problems when treating
bacterial infections, as a result of antibiotics being rendered ineffective. When
first introduced, antibiotics were highly effective and revolutionised the
treatment of bacterial infections. Alexander Fleming is credited as discovering
one of the most well known antibiotics, penicillin, in 1928 [1], and by 1945
antibiotics, including penicillin, were being mass-produced and distributed to
clinical settings [2]. The 1950s to 1970s were heralded as the golden era of
antibiotics as new classes and types were discovered and implemented.
However, post-1970s the discovery of new antibiotics has decreased, which
in turn has reduced the number of therapeutic options for infections caused by
bacteria which exhibit antibiotic resistance [3].

A timeline for the inception of antibiotics versus the detection of
antibiotic resistance is shown in Figure 1.1. The speed at which antibiotic
resistance can develop is best exemplified by penicillin, as in as little as five
years post inception antibiotic resistance was first detected. Antibiotic
resistance develops after an average of 13.8 years post-introduction (Value
derived from the average time for bacteria to develop resistance for the
following antibiotics; aminoglycosides [4], penicillin, sulphonamides,
methicillin, tetracyclines [5, 6], sulphones [7], streptogramins [8], cycloserine
[9], quinolones [10], azole [11], phenazine [12], diaminopyrimidine [13],
gentamicin [4], vancomycin [5, 6], carbapenem [14], mupirocin [15], imipenem,
ceftazidime, levofloxacin, linezolid [5, 6], daptomycin [16], ceftriaxone [17] and

ceftaroline [5, 6]).
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Figure 1.1. Timeline of the introduction of antibiotics into clinical settings (green), the development of antibiotic resistance (red) and significant antibiotic-related

historical discoveries (blue). R = resistant, MRSA = methicillin resistance Staphylococcus aureus. Timeline comprised of information taken from reviews by Ventola.
2015 and Hutchings et al. 2019, in addition to individual sources [6, 18, 19].
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Although the development of antibiotic resistance by a bacterial strain does
not make all antibiotics redundant, the effectivity of antibiotics decreases
considerably with each instance of resistance that occurs.

Single-drug resistant bacteria can be treated by identifying and then
using an alternative antibiotic that has a mechanism of action to which the
bacterium has no defence. Multidrug-resistant (MDR) bacteria, however, are
much more difficult to treat due to the limited number of antibiotics than can
be effectively implemented. The clinical definition of MDR is that an organism
has acquired “non-susceptibility to at least one agent in three or more
antimicrobial categories” [20]. An example of a bacteria that meets these
criteria is Gram-positive methicillin-resistant Staphylococcus aureus (MRSA).
MRSA has developed resistance to many of the commonly used antibiotic
groups including aminoglycosides, fluoroquinolones, macrolides and the
antibiotics tetracycline and chloramphenicol [21]. MDR behaviour is also
exhibited by Gram-negative bacteria such as Escherichia coli (E. coli) [22]
which demonstrates one of the highest resistances to both modern, and older
antibiotics [23]. These are just two examples of the more commonly known
bacteria; many other bacteria also exhibit singular and MDR behaviour. The
introduction of new antibiotics into clinical settings has partially alleviated the
issue of treating drug-resistant bacterial infections by providing alternative
antibiotic treatment options. However, given that it is now well established that
the overuse of antibiotics leads to the development of antibiotic resistance,
steps must be taken to ensure the longevity of any currently used antibiotics
to maximise the time they can be effectively used within clinical settings.

Antibiotic stewardship is an essential element in preventing antibiotic
resistance from developing rapidly as well as extending the lifespan of the
antibiotics that have seen prolonged use in the clinical settings. The UK has
taken steps in recent years to reduce the use of antimicrobials. Figure 1.2
shows the prescription of antibiotics in clinical settings within the UK wherein
the general trend shows that there is a steady decrease in the prescription of
antimicrobial agents over time demonstrating that the stewardship schemes

do function as intended.
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Figure 1.2 Shows the change in daily defined doses (DDDs) of antibiotics between 2014 to 2019 in the
UK. Figure courtesy of the Nuffield Trust and Health foundation [24], data from the Public Health
England, English surveillance programme for antimicrobial utilisation and resistance (ESPAUR) report
[25]

Education about the current antimicrobial resistance situation is being
conducted at the professional and public level to ensure people understand
the issues that are currently being faced regarding antibiotic resistance. As
part of the overall stewardship scheme, a document was published in 2015 by
the National Institute for Health and Care Excellence (NICE). The purpose of
the document was to educate health and social care practitioners, the
organisations that commission and provide care, and the people taking
antimicrobials on how antimicrobial agents can be used effectively [26].
Overall, the UK government aims to reduce the use of antibiotics by 15% by
2024 from 2019 as part of the five-year national action plan [27].

More recent government publications like “What is antimicrobial
resistance and why do we need to take action against it?” published in 2021
by Ashiru-Oredope are more designed for public education about antimicrobial
resistance and what the public can do to help prevent it [28]. These types of
schemes are a step in the right direction for current and future antimicrobial
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stewardship, however independently they are insufficient for sustainable long
term antibiotic use. Two considerations must be met to ensure the longevity
and effectiveness of any currently used antibiotics or antibiotics that are
discovered in the future. Firstly, the use of broad-spectrum antibiotics for non-
time-sensitive illnesses should be reduced. This would help reduce the rates
of the development of antibiotic resistance as there is a known correlation
between the overuse of an antibiotic and the development of antibiotic
resistance in bacterial organisms [29-31]. Secondly, antibiotic prescriptions
must be conducted more efficiently. When a patient is diagnosed with a
bacterial infection that requires antibiotic treatment, the most effective
antibiotic should be identified rapidly, and then prescribed to maximise the
chances of effectively treating the infections with minimal chance for recurring
bacterial infection by the causative pathogen.

Antibiotic resistance development is caused by the acquisition of genes
which confer antibiotic resistance the process of which is both polyfactorial
and complex. Bacterial genetics are complicated, with an estimated 20,000
potential resistance genes, fortunately, few of these genes alone grant
functional resistance [32]. It is of note that resistance to one antimicrobial
agent can be achieved through the presence of one or several different
mechanisms as shown in Figure 1.3, therefore, a bacterium may have just
one, or many of resistance enabling genes in its genome [33]. All these
mechanisms decrease the likelihood of an antibiotic successfully binding to a
target site, thereby allowing the bacteria to survive [33]. Antibiotic resistance
can be innate, acquired or occur via mutation [34]. Innate resistance is where
a resistance trait is always expressed within the bacterial species which is
present independently of antibiotic exposure and horizontal gene transfer
(HGT) [35]. This type of innate resistance is enabled by the
lipopolysaccharides of the outer membrane which gives the membrane a low
permeability to antibiotics, as well as in efflux pumps that can remove any
antibiotics that permeate the membrane [36, 37]. Acquired resistance requires
the addition of new genetic material to the genome of a bacterium, e.g.

bacteria can acquire new genetic material via HGT.

5|Page



Efflux pump induced drug removal
A A

O e

Enzymatic inactivation of drug

Modified drug site

A
A A
Altered permeability:

A A ,  Limited drug uptake

Figure 1.3. Schematic showing antibiotic resistance mechanisms that protect bacteria from antimicrobial
agents; 1) modification of the drug target site to prevent the binding of the antibiotic with cell elements;
2) drug inactivation, such as enzymes that chemically alter or break down antibiotics; 3) active drug
efflux, such as efflux pumps to prevent accumulation of antibiotic inside of the membrane; 4) limiting the
uptake of a drug, such as changes in the membrane bacteria can reduce their permeability to antibiotics.

This enables the transfer of segments of plasmid DNA along a pilus to another
bacterial cell and this donated genetic material is then integrated into the
recipient cells genome forming recombinant DNA [38]. This form of gene
transfer is non-specific, but it can enable the transfer of effective antibiotic
resistance genes. The other limiting factor of HGT is that as a cell-mediated
process not all bacterial cells are compatible due to surface occlusions, this
has been observed in both Gram-positive [39] and Gram-negative bacteria
[40]. An example of the impact of HGT is the development of resistance to the
antibiotic colistin which was initially used as a backup antibiotic for use with
critically ill patients in the event of infection with MDR Gram-negative bacteria.
Colistin is a polymyxin type antibiotic which functions by binding to the
lipopolysaccharides and phospholipids bound to the outer membrane of the
Gram-negative microorganism [41]. Resistance to colistin develops in the form
of the transferable gene mcr-1 which causes changes in the target site
structure which, in turn, causes a reduction in the affinity of the antibiotics
active site to the external nodule on the Gram-negative bacterial outer
membrane [41, 42]. The mcr-1 gene has now been reported in E. coli isolates
in China, Denmark, Germany and the UK [42].

Mutations can also change the bacterial genome. Bacteria have an

average probability of a mutation occurring in a cell of between of 1x10¢ to
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1x10° with most of the mutations being deleterious for the cells [32, 43].
However, in response to certain selection pressures, bacteria can alter their
mutation rates by modifying interactions between allelic elements that are
responsible for DNA repair and replication processes to increase the
probability of a mutation occurring [44]. This innate ability is balanced by the
rate at which beneficial and deleterious mutations occur within a cell that
undergoes a mutation with a probability of 2x10° [45] and 2x10* to 8x10*
respectively when looking at an E. coli K-12 model [46]. This process is what
enables bacteria to develop methods of coping with natural selection
pressures such as the introduction of antibiotics [44]. Provided acceptable
conditions are presented bacteria can replicate at a rate that is significantly
faster than that of larger organisms [47] with an example being E.coli which
can replicate every 20 - 40 minutes under optimal conditions [48]. Coupled
with the large size of bacterial populations, this fast replication time offsets the
low probability of the beneficial mutations and enables them to occur at a rate
unseen in organisms with slower replication cycles. Mutations that are
beneficial to the bacteria and pertain to antibiotic resistance occur in only a
handful of genes which encode antibiotic modifying enzymes, drug targets,
drug transporters and regulators that control drug transportation [35].
Mutations that change genes to enable antibiotic resistance that do not result
in cell death will then be passed on to successive generations of daughter cells
resulting in a new population of antibiotic-resistant bacteria.

1.2 Gram-negative and Gram-positive bacteria

Bacteria are split into two distinct groups by differences in the structure of the
cell walls. Gram-negative bacteria have an “envelope” which consists mainly
of three distinct parts; the outer membrane which contains the
lipopolysaccharides/endotoxins, the cell wall derived from peptidoglycan, and
the inner membrane or cytoplasmic membrane [49]. Although technically
porous due to the inclusion of many transmembrane proteins [50], the
glycolipid derived outer membrane (OM) [51], serves as a very strong
protective barrier for the cell as it prevents the uptake of harmful substances
[52]. Additionally, there is a layer called the periplasm which is located
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between the OM and inner membrane The periplasm is significantly more
viscous than the cytoplasm due to the periplasm’s high density of proteins [53].
Gram-negative bacteria can use the periplasm to isolate potentially harmful
enzymes to prevent them from reaching the cytoplasm [54]. The properties of
the OM and the periplasm confer antibiotic resistance properties. Due to this,
Gram-negative bacteria are generally considered to be more innately
antibiotic-resistant than Gram-positive bacteria due to the properties of the
bacterial envelope [52]. The higher antibiotic resistance rate demonstrated by
of Gram-negative bacteria has led to the World Health Organisation classifying
Gram-negative bacteria as critical priority, versus the high priority of Gram-
positive bacteria, which demonstrates the threat posed by antibiotic resistant
Gram-negative bacteria [55]. An example of this is the study by Abbas et al.
2020, wherein it discussed that of the Gram-negative isolates taken from a
tertiary care hospital, 64% were extensively drug resistant [56]. There are
several Gram-negative bacteria strain types which are classified as medically
important due to this innate antibiotic resistance including Acinetobacter spp.,
Campylobacter spp., Enterobacteriaceae, Legionella pneumophila,
Pseudomonas aeruginosa and Vibrio cholera. Gram-negative bacteria can be
single drug resistant or MDR to a range of aminoglycosides, carbapenems,
fluroquinolones, polymyxins, sulphonamides, tetracyclines, third or fourth
generation cephalosporins and/or ureidopenicillins [49].

Unlike Gram-negative bacteria, Gram-positive bacteria do not have an
OM to enable innate antibiotic resistance and cell protection [52]. Instead,
Gram-positive bacteria also have a thicker peptidoglycan cell wall to protect
against pressure generated by the external and internal sources, this cell wall
is reinforced with teichoic acids that form strands that run through the wall
structure. These polymers make up 60% of the cell wall mass marking them
as having intrinsic importance to the function of the cell wall [52], with the
remaining 40% being made up of peptidoglycan [57]. Although the Gram-
negative and Gram-positive peptidoglycan are structurally very similar, the
Gram-negative peptidoglycan strands are roughly a few nM thick whereas the
Gram-positive strands are 30-100 nM thick and are layered more densely than

their Gram-negative counterparts [58, 59]. The type of crosslinking that occurs
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is also different [60, 61]. Functionally, the crosslinking of the peptidoglycan cell
wall of some Gram-positive bacteria infers a degree of antibiotic resistance
due to the use of transpeptidase crosslinking enzymes which are not
recognised by the active site of certain beta-lactamase antibiotics [61, 62].
These intrinsic differences alter the kinds of antibiotic that are effective against
each of the Gram types, requiring some differences in how antibiotics are

prescribed to treat Gram-negative and Gram-positive bacteria.

1.3 Urinary tract infections

Urinary tract infections (UTIs) are one of the most common types of bacterial
infection in the world and due to their commonality, are one of the most
expensive to treat. In the UK, UTIs accounted for 224,670 hospitalisations in
2014 [63] with catheter-associated UTIs costing the National Health service
(NHS) ~£54.4 million between 2016 and 2017 [64]. UTIs are categorized as
either: 1) Uncomplicated, which are characterised by a person having no
structural or neurological issues of the urinary tract and are otherwise healthy
[65] or 2) Complicated, which are characterised by a person having structural
or neurological issues, immunosuppression and other associated
immunological disorders or otherwise being compromised [66].

UTIs are precipitated by the colonization of the urethra followed by
migration of the bacteria up the urinary tract to the bladder [67], usually
initiated the contamination of the periurethral tract by a gut dwelling
uropathogen [67]. The urinary tract, and by extension the bladder, are largely
covered by the uroepithelium which is comprised of the umbrella, intermediate
and basal layers which serve to provide effective protection from pathogens,
toxins, and urine. This protection is polyfactorial with membrane lipids, surface
glycans, and other uroepithelial cell constituent elements all providing a
measure of protection against bacterial colonisation [67, 68].

Due to the environment being nutritionally deficient, uropathogens will
attack the host cell lining of the urinary tract, damaging the cells to release the
nutrients contained in the cytoplasm which also provides a niche
microenvironment for bacterial growth [67]. Health complications can arise

from complicated UTIs due to further bacterial colonisation from the bladder to
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the epithelium in the kidneys. From here, bacteria can migrate across the
tubular epithelial barrier and enter the bloodstream causing bacteraemia [69].
Bacteraemia results in urosepsis which make up 25% of sepsis cases in adults
with an associated mortality rate of 25% to 60% [70]. This is further
exacerbated by the fact that hospitals often use indwelling catheters for
vulnerable persons who may have prolonged stays. Indwelling catheters are
involved in 70-80% of confirmed complicated UTIs [71], and given that
improperly treated complicated UTIls can develop into bacteraemia this
demonstrates the significant health risk to vulnerable persons. The serious risk
posed by UTI migration up the urinary tract illustrates the importance in the
prescription of an effective antibiotic to treat UTIs, especially complicated
UTls.

UTls are caused by a spectrum of different bacterial organisms which
is shown in Figure 1.4. As previously discussed, drug resistance occurs in
both Gram-negative and Gram-positive bacteria although in the past decade
there has been an increase in MDR Gram-negative bacteria [49]. This, in
conjunction with the fact that the majority of UTIs are caused by Gram-
negative bacteria, in uncomplicated and complicated UTIs at 84% and 77%
respectively [67, 72-77], means that UTIs could become especially difficult to

treat over time.

Uncomplicated UTI Complicated UTI
3% 2% 1%

1%
H‘In%

3%
2%

2% k
2%

\‘ [l UPEC (Gram-negative, MDR) L \
\ . K. preumoniae (Gram-negative, MDR)
\ I:I S. saprophyticus (Gram-positive, MDR) \
[ Enterococcus ssp. (Gram-positive, MDR) 11%
[ GBS (Gram-positive) )

. P. mirabilis (Gram-negative, MDR)
Ml P aeruginosa (Gram-positive, MDR)
. S. aureus (Gram-positive, MDR)

[l Candida ssp.

Risk factors Risk factors

- Female gender - Indwelling catheters

- Olderage - Immunosuppression

- Youngerage - Urinary tract abnormalities
- Antibiotic exposure

Figure 1.4. Predominant causes of uncomplicated, and complicated UTIs in addition to the associated
risk factors. Taken from Flores-Mirales et al. 2015 [67]. UTI causative bacteria that can be MDR include;
UPEC [78], K. pneumoniae [79], S. saprophyticus [80], Enterococcus ssp [81], P. mirabilis [82], P.

aeruginosa [83], and S. aureus [84].
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This could potentially lead to increasingly poor patient prognosis for vulnerable
patients.

Uropathogenic E. coli (UPEC) can migrate into the cytoplasm of the
epithelial cells wherein it multiplies rapidly, forming a short-lived intracellular
bacterial community similar to a biofilm. This film production and cytoplasm
invasion give UPEC an innate ability to circumvent the patient's exocytosis
defence [85, 86]. The formation of an intracellular bacterial community also
allows UPEC to survive the tight bottlenecks that can occur with urinary tract
invasion such as; ascension to the kidneys, inflammation, toll-like receptor 4
mediated expulsion, umbrella cell exfoliation and urination [87, 88]. UPEC
driven UTIs can also reoccur due to bacteria stored inside intracellular
reservoirs. These reservoirs are made up of between 4 and 10 cells which
remain sequestered and viable for up to months post-infection before
proliferating to cause a reoccurring UTI [87].

Klebsiella pneumoniae (K. pneumoniae), the second most common
causative agent of UTIs, shares a similar infection pathway to E. coli using pili
to facilitate biofilm formation and colonisation of the bladder [89] but develops
fewer intracellular colonies compared to E. coli as the binding is comparatively
weaker [90, 91]. The combination of the persistence of UTIs, the potential for
reoccurring UTIs and the MDR characteristics shown by Gram-negative
bacteria indicate that UTIs will become increasingly difficult to treat over time.
This is compounded by the fact that UTIs make up a large proportion of all
bacterial infections and the fact that improperly treated UTIs can cause serious
health issues, further highlighting the importance of developing accurate and
rapid methods of determining antibiotic susceptibility of uropathogens to

efficiently treat UTIs and prevent recurring infections.

1.4 Current methods of UTI determination

The determination of the presence of a UTI is carried out using the
identification of clinical symptoms [92] or the use of a dipstick [93]. The
presentation of clinical symptoms varies slightly depending on the urological
area to which bacteria had migrated to, with a bladder infection presenting as

pungent or cloudy urine, lower abdominal or urethral pain, urine contaminated
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with blood, frequent urination and pain when passing urine. Infection of the
kidneys however presents as pain in the flanks, fever, rigours and chills.

Dipsticks contain reagents to enable the detection of nitrites, leukocyte
esterase, proteins and blood the presence of which can be used to identify a
UTI as the confirmation of these biomarkers indicate that there are bacteria
present in a urine sample [93]. Medical history is also taken into consideration
as there are numerous factors which contribute to a patient’s susceptibility to
UTI infection, including but not limited to; dysuria, nycturia, pollakiuria, prior
infections, turbid urine, present or increased incontinence, suprapubic pain
[94] and antibiotic exposure within the last two to four weeks [95].

After the presentation of symptoms or a positive dipstick test, a broad-
spectrum antibiotic is often prescribed until the results from cultured based
AST are made available [96], however, this practice presents two major
issues. Firstly, if the pathogenic bacteria are resistant to the action of the
antibiotics, then there will be no effect on the pathogen, and the non-
pathogenic bacteria that inhabit the gastrointestinal tract may be negatively
impacted, which in combination may cause a detrimental effect on the health
of the person involved [97]. Secondly, the prescription of broad-spectrum
antibiotics for a bacterial infection that is antibiotic-resistant is a major
contributor to the further development of antibiotic resistance in pathogenic
bacteria which reduces the longevity of frequently used broad-spectrum
antibiotics [23, 98].

The reason for this reactionary antibiotic prescription is that bacterial
identification and culture-based AST take time. The process starts with
midstream urine capture followed by agar-based culture to facilitate pathogen
isolation and identification [93]. The identification of bacteria is conducted
using chromogenic agar which can be used to identify Gram-negative E. coli
as well as Gram-positive Staphylococcus saprophyticus and Enterococcus
species [99] with the time to identification being between 18-30 hours after
urine collection [100]. If the colony forming unit (CFU) count from the urine
sample is 210* CFU/ml and contains a singular or one of the prominent types
of uropathogenic bacteria then the urine sample is considered positive for a

UTI [101]. A variety of factors affect the next step in the treatment process.
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Men, pregnant women, and children under 16 years will have urine samples
collected, and culture-based AST will be conducted to identify a narrow-
spectrum antibiotic which is effective. Women who are not pregnant may be
prescribed an immediate antibiotic after presentation of clinical symptoms if
the symptoms are severe enough to warrant immediate treatment. A backup
antibiotic may be used if the patient's symptoms become worse. If patients
who are undergoing antibiotic treatment see their conditions worsen the
antibiotic treatment may be reassessed. Additionally, patients will be referred
to hospital if they show signs of serious illness or conditions that arise from
complications such as sepsis [102].

After isolation of the bacteria, and after determining that an antibiotic is
required to treat the UTI, culture-based AST is carried out. The current gold
standard method for AST is the disk diffusion assay. This phenotypic based
method first requires the isolation and growth of bacteria to sufficiently large
population [103] before observation of zones of inhibited bacterial growth on
nutrient agar around disks loaded with antibiotics. This type of assay produces
a result within 16-24 hours after isolation of the pathogen [104, 105]. When an
antibiotic is required due to either severe symptoms, or the immediate
antibiotic is ineffective it can take upwards of 72 hours for an effective antibiotic
to be prescribed in which time the health of a patient could deteriorate.

Genotypic based testing offers an alternative to disk diffusion assays
which can be completed in less time [106, 107]. Molecular methods such as
the polymerase chain reaction (PCR) can be used to identify resistance genes
in the pathogen which can enable the identification of which antibiotics the
bacteria may be resistant to [108, 109] within 10-16 hours [110, 111]. The
benefit of the reduced time to analysis is offset by the following disadvantages:
1) high equipment costs [104, 105]; 2) the requirement for a preincubation step
[112]; 3) the potential for multiple resistance genes [113]; and 4) that some
resistance genes do not confer phenotypic resistance [32].

A more rapid method of conducting AST would enable the identification
of the most effective antibiotic to treat a bacterial infection, ideally within the

timeframe of a visit t